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Preface

During my four years study, we characterized the role of miR-155 in physiological and pathological angiogenesis. MiR-155 affects microvascular endothelial cells (ECs) characteristics by inducing podosome formation through targeting Smad1 and Smad5.

It is necessary to present the well-known role of miR-155, the multifunction microRNA that we studied in ECs. MiR-155 mediates pathological angiogenesis in breast cancer and inflammation proesses. Moreover, miR-155 also increases the vascular permeability and dysfunction of ECs. Podosomes, the actin-rich adhesion structures specialized for matrix degradation by recruiting metalloprotease, were previously found to be induced by transforming growth factor-β (TGFβ) in bovine aortic ECs (BAECs). MiR-155 overexpression in BAECs induces podosome rosettes by targeting Smad1 and Smad5, the downstream effector of TGFβ and its receptor Alk1 which represses podosome formation.

The effect of miR-155 and its targets on podosome formation in microvascular ECs and on physiological angiogenesis were unknown and have been the main purpose of my project.

VEGF/notch pathway is well known to balance angiogenesis by switching tip cell and stalk cell phenotypes. Compared with the podosome superstructures in 2D cultured ECs, podosomes units, as the functional organelles of tip cells in vivo, also recruit metalloproteases to degrade the extracellular matrix components to enable cells with sprouting and invading capabilities when exposed to VEGF. Delta like 4 (Dll4), the membrane bound ligand expressed by tip cells, functions on the notch receptor on adjacent stalk cells (devoid of podosomes). In microvascular ECs, Smad1 and Smad5 transcription factors were known to collaborate with the Notch pathway, to promote the stalk cell phenotype (without podosomes). In addition, VEGF was knwon to increase the matrix degradation capabilities of podosomes and notch activation to have the opposite effect. It was unknown if Smad1 and Smad5 played a role in the regulation of podosome formation in microvascular ECs. In order to elucidate the underlying mechanism of miR-155 on podosomes formation, we first explored whether or not Smad1 and Smad5 were also miR-155 targets in microvascular ECs.

During retinal angiogenesis in response to angiogenic factors, podosomes were detected in the vascular network and shown to contribute to EC sprouting. This gave a good prospect to study podosomes in vivo and our study aimed to explore if miR-155 overexpression in the vasculature of the retina in neonatal mice influences retinal angiogenesis through the regulation of podosome formation.

Introduction 1. Cardiovascular system

The cardiovascular system is a closed tubular network which consists of the heart and blood vessels. The blood has a directed flow in the vessels though the rhythmic contraction and relaxation of the heart (1) . It is termed as blood circulation and acts as one of the most important functions for survival. Organisms maintain the homeostasis and metabolism, which depends on regulating the blood flow to fulfill the requirement of organs and tissues (2) . The vasculature is distributed throughout the body and is divided into arteries, veins and capillaries. (Figure 1)

The vascular system

Arteries contain blood ejected by the heart so that it transfers nutrients and oxygen to all organs. Large arteries are thick and elastic and termed elastic arteries. They withstand the pressure from blood in the lumen. Based on this character, arterial dilation is accompanied by ventricular ejection. So they can store part of the blood in the form of potential energy and the arterial pressure is called systolic pressure. However, when ventricular diastole begins, the blood containing arteries retract to flow blood continuously. Therefore, the potential energy is converted into kinetic energy and the pressure generated during this period is diastolic pressure. The transition between potential energy and kinetic energy can be transferred from the aorta to lower limb arteries to sustain the continuity and stability of blood supply.

Deficiency of the buffering function above speeds up the pulse wave and aggravates the ventricular hypertrophy (3) . In addition, medium size arteries, small arteries and arterioles have more smooth muscle cells than large arteries. They are also named muscular arteries. The more slim arterial branches possess, the less elastic fiber and more smooth muscle cells they have.

Veins are responsible for transporting the blood back from the whole body to the atrium.

Small veins derive from capillaries and merge into medium-size veins and large veins gradually. Compared with arteries, veins are characterized by thinner walls, larger lumen, less smooth muscle cells and elastic fibers. The back flow of blood depends mainly on pressure difference in venous tubes rather than heart contraction. The dark red blood contains a high level of CO 2 , and has low internal pressure and slow velocity. Venous valves on the vein walls prevent blood reflux so that it returns to the heart.

Capillaries are vessels of the finest (diameter 7~9µm) and are the most widely distributed vessels that connect arterioles and venules. They branch and anastomose to generate a reticulated pattern. Capillaries exist in all kinds of organs and tissues. Their density depends on the metabolic conditions (1) . The capillaries are highly permeable due to their thin walls, large gaps or gap junction between adjacent ECs and slow blood flow (4) .

Figure:

1 Schematic representation of circulation system. The "red" vessels contain arterial blood with high oxygen levels. The"blue"vessels contain venous blood with high CO 2 levels. The circulatory system is divided into the blood pulmonary and systemic circuits. The two ventricles work as a pump to provide arterial blood to the body and venous blood to the lungs. The two atriums in the heart collect blood from the two circuits. Lungs release CO 2 and capture O 2.

Arterial and venous walls

Vascular walls are a series of tubes through which blood flows. In contrast to capillaries, the tunica intima, the tunica media and the tunica adventitia distribute from the vascular lumen surface to outward in sequence (5) (Figure2).

The tunica intima is the innermost layer of the vascular wall and consists of the endothelium and subendothelial layer. Endothelial cells contact the blood directly. The subendothelial layer is a thin sheet of connective tissue with a small amount of collagen and elastic fibers and is located between the endothelium and the internal elastic lamina. The tunica media lies in between the tunica intima and the tunica adventitia. The thickness and component of the tunica media depends on the type of vessels.

Compared with the vascular wall of the veins, the arterial wall is thicker and displays a more distinct stratification. Large arteries are dominated by elastic lamina but few smooth muscles. For the elastic lamina, elastic fibers contract the dilated vessels and collagen fibers contribute to sustain the tension. The tunica adventitia consists of loose connective tissues that contain spirally or longitudinally distributed elastic fibers and collagen fibers. When vessels are injured, the main cells of connective tissue, the fibroblasts, repair the tunica adventitia.

The main component of medium or small size artery wall consists in smooth muscle cells. Vascular smooth muscle cells and endothelial cells are connected to form myoendothelial junctions by which smooth muscle cells receive chemical information from the blood or from endothelial cells. Under pathological conditions such as arteriosclerosis, smooth muscle cells in the tunica media migrate into the tunica intima. The tunica intima become thicker as it undergoes hyperplasia and connective tissue is produced. (6) . (B) A layer of endothelium and the surrounding pericytes constitute walls of capillaries.

The EC monolayer and the basement membrane constitute the wall of capillaries. Only one red blood cell can pass through the lumen which is surrounded by 1~3 endothelial cells.

Pericytes are located between the ECs and the BM and have protective and nourishing functions (Figure 2).

Endothelial cells and their functions

Endothelial cells are flat, either elongated or polygonal. They are located between the circulating blood and the subcutaneous tissue. Their apical membrane contacts blood directly.

At the basolateral membrane, ECs are separated from perivascular components by the basement membrane. They form a monolayer and arrange together tightly to cover all the surface of the lumen (7) .

Endothelial cell phenotypes depend on the function of organs, vascular type and shear stress, the tangential force of the flowing blood on the endothelial surface. In arteries, ECs align along vascular axes under the effect of hemodynamic shear stress (8) . And directional ECs undergo the remodeling and disordered arrangement in the environment of low shear stress (9) . Mostly, ECs in vessels combine together by tight junctions to form an uninterrupted monolayer. But in organs such as in the liver, discontinuous endothelium with poorly formed basement membrane is found in hepatic sinusoids. In filtration organs such as renal tubules or secretion organs such as endocrine glands, the endothelium in capillaries is fenestrated and has no diaphragm (10) .

Role of ECs in angiogenesis

ECs play a leading role during angiogenesis. When exposed to hypoxia or upon stimulation by angiogenic factors, ECs breach the basement membrane, proliferate and migrate toward the place with higher concentration of factors or low oxygen (11,12) . They are assembled as the elongated sprouts with branches. The mechanism of angiogenesis will be illustrated in the following context.

Vasopermeability regulation of ECs

ECs sustain the integrity of wall to control the exchanging between plasma and tissue fluid (13) . They control the entry of soluble components, blood cells and plasma macromolecules into the surrounding tissue. Tight junctions between cells prevent the leakage and intercellular space swallow vesicles for the exchange of substances (14) . Thus ECs play the role on selective permeability barriers. As shown in figure 3, when vessels undergo strong vasopermeability, plasma proteins such as angiogenic factors, are released into the interstitial space. Some ECs are activated and undergo angiogenesis. Clinically, impaired barrier functions induce the occurrence of extracellular edema and inflammatory cell infiltration.

ECs maintain vascular integrity

ECs secrete BM components not only to enable cell attachment but also to enhance the strength of vascular walls. Upon vessel injury, the effective constituents of BM, such as collagen-IV and microfibrils, adhere and aggregate platelets to form thrombus. Microfibrils are 10-15 nm fibers which provide strength, assemble elastin and sequester latent TGFβ (15) . Deficiency in fibrillins, the major protein of microfibrils, results in Marfan syndrome. This hereditary connective tissue disease affects the musculoskeletal system, cardiovascular system and the eyes. Furthermore, the proliferation and migration of ECs generate new blood vessels to repair the wound tissue. In conclusion, synthesized substances of ECs and subendothelial tissue assemble stable vascular walls (16) .

Figure 3:

The role of permeability in the angiogenenic cascade. When stable vessels undergo an increase in vascular permeability, plasma protein, including growth factors, extravasate to the ECM and thereby facilitates migration and proliferation of ECs. Finally ECs form the lumen

Endothelial cell secretion

Active substances are synthesized and secreted by the enzyme systems found in ECs, such as endothelial-derived vasodilator factors (NO, prostacyclin I2) and vasoconstriction factors (Endothelin-1, thrombin A2). It ensures a balance between contraction and relaxation to sustain the normal blood pressure and blood flow (17) .

Taken together, there are close interactions among different functions of endothelial cells to facilitate normal functioning of the cardiovascular system. In the normal situation, the barrier function of the endothelium relies on its integrity. The endothelium produces substances that protect against thrombosis and ensures proper flow of blood. However, the endothelium becomes dysfunctional with diabetes, elevated cholesterol or when smoking.

Functional changes in ECs include a pro-inflammatory response, reduced vasodilation, and proliferative and pro-thrombotic properties. Finally, blood clotting, thrombus formation and vascular inflammation will be induced (18) . Endothelial dysfunction is characterized by elevated inflammatory factors such as NF-kB, Interleukin-6, Interleukin-8, GM-CSF and STAT3 pathway activation. Conversely, the level of anti-inflammatory proteins such as VEcadherin, eNOS or angiopoietins1 are decreased. (19) .

Functions of endothelial cells from cerebral capillaries

Compared with microvessels depicted above, cerebral capillaries also consist of ECs and pericytes embedded in a basement membrane. In addition, more than 85% of the surface of capillaries is surrounded by the end-feet of astrocytes (20) . In contrast, unlike other microvascular ECs, specialized brain microvascular ECs (BMECs) have fewer or smaller pores and complex intercellular tight junctions to prevent the passage of harmful substances.

In addition, efflux transporters reject the small liposoluble molecules that diffuse into BMECs into the circulating blood (21) . However, HBMVECs allow the diffusion of O 2 hormone and blood glucose (22) . Collectively, HBMVECs filter the substances across the blood brain barrier.

Alzheimer's disease, stroke, multiple sclerosis, and brain tumors and a variety of neurological diseases are associated with blood brain barrier dysfunction (23) .

Lymphatic endothelial cells

Lymphatic endothelial cells (LECs) line the inner surface of the lymphatic vessels. These LECs produce chemokines to recruit immune cells to the lymphatic system. The signals are transferred between LECs and immune system to regulate immunity and tolerance (24) . LECs participate in maintaining body fluid balance, regulating lymphocyte recirculation, immune response and transport of tissue fluid and protein (25) .

Extracellular matrix and basement membrane

Introduction to the extracellular matrix (ECM)

The extracellular matrix is formed by macromolecules secreted by cells to form complex network structure (26) . It consists of 5 kinds of proteins: collagen, non-collagen glycoproteins, elastic proteins, proteoglycan and glycosaminoglycan. According to biochemical and morphological differences, the ECM is composed of two independent entities: basement membrane (BM) and interstitial matrix (27) . The ECM is a dynamic structure and influences cell behavior in several manners: the interaction between ECM molecules or between ECM and growth factors, the signal transmission of cell-ECM. ECM components are different in various tissues. Their functions are structural support, cell adhesion and differentiation and communication between cells (28) . Interstitial matrix exists between cells and alleviates the stress placed on ECM.

ECM remodeling is the alteration of the balance between matrix production, alteration and degradation. ECM proteolysis results in tissue destruction. Excessive ECM deposition occurs in invasive cancers, cardiovascular diseases and fibrosis. In these diseases, increased crosslinking of matrix and impaired fiber alignment result in enhanced ECM stiffness and the pathological tissues suffer from impaired compliance (29) . In addition to biochemical signals, ECM also provides mechanical cues that regulate cellular phenotypes. The mechanical forces such as tension, compression and shear forces are translated into biochemical signals. These processes are referred to as mechanotransduction (30) .

ECs sense the ECM topography and stiffness through alteration of integrin receptor signaling. Then Rho/Rock is activated and phosphorylate MLC to stimulate actin polymerization and decrease cell-cell junctions. Permeability is induced which facilitate the diffusion of leukocytes and the occurrence of inflammation. ECs exposed to shear stress also present actomyosin contraction and cellular stiffness and thereby barrier dysfunction is induced (31) .

Similar to epithelial cells, the basement membrane, a specialized type of ECM, underlies the basal surface of ECs. The BM is responsible for fixing endothelial tissue on connective tissues. In kidneys, the glomerular basement membrane (GBMs) allows the transfer of water and soluble substances but prevent blood cells and proteins from entering the renal tubules. So GBMs serve as a semipermeable selective barrier and are crucial for appropriate blood filtration (32) . Mutation of collagen-IV, the most abundant protein in BM, results in glomerulonephritis with the severe symptoms of protein and blood urine (33) . And in the vascular system, remodeling of BM releases the stored VEGF to facilitate angiogenesis (34) .

Components of ECM

Interstitial collagens, fibronectin and proteoglycans are components of the interstitial matrix. The macromolecular collagens are the most abundant proteins in the body. According to their organization in superstructures, collagens are divided into fibrillar collagen and nonfibrillar collagen.

Collagen-I

Type I collagen is the most abundant and best-studied fibrillar collagen. It is the major collagen of interstitial connective tissues (35) . Two identical α1-chains and one α2-chain constitute a heterotrimer. In polyribosomes, N-terminal is synthesized and the growing sequence is transferred to endoplasmic reticulum. In ER, the triple helix structure can be selfassembled from the C-terminal and transferred to the Golgi for packaging and secretion. Collagen-IV (B) Laminin (36) These Collagen-I monomers are released by the Golgi and assembled fibrils in a longitudinal head-to-tail connection with a quarter-staggered lateral manner. Furthermore, these fibrils are assembled into collagen fibers. Collagen-I transfers the exogenous stimulation into cells to sustain the cellular and signal integrity by interacting with receptors such as integrins.

Fibronectin

Fibroectin (FN) is the non-collagen glycoprotein with high-molecular weight. It appears as a dimer which contains two subunits connected by disulfide bonds on their C-terminals.

The whole molecule presents as V type. Different subunits are encoded by the same gene but various RNA splicing after transcription. Each subunit consists of several domains with high affinity with receptors, collagens, fibrin and sulfated proteoglycans. In these domains, the RGD triple peptide sequence is the smallest structural unit. Soluble plasma fibronectin, the major protein component in blood plasma, is produced by hepatocytes. Insoluble cellular fibronectin is the major component of the ECM and secreted by various cells, primarily fibroblasts. FN participates the cellular adhesion, growth, motility, differentiation and wound healing (37) .

Collagen-IV

Compared to the general interstitial matrix, the BM is also distinguished by its unique components: Col-IV, laminin, nidogen, basal membrane proteoglycan and some other minor components (38) . Collagen-IV is the most common non-fibrillar collagen. There are 6 different genes encode 6 α-chains. 3 α-chains form a heterotrimer termed as protomer, which have N terminals (7S domain), C terminals (Non-collagen domain, NC1) and collagenous domains. 3 different protomers are produced by the Golgi and are ligands of different integrin receptors (39) . Four 7S domains are integrated as bow-tie structures and two NC1 domains are linked by sulfimimine bonds to constitute the col-IV superstructure (40) . Figure 4A.

Laminin

Laminins are fork-like structures and their subtypes consist of α-chain, β-chain and γchain. As shown in figure 4B C-terminals of the three chains form the α-triple helix structure so that the handle of the fork-like structure takes shape. The N-terminal end of these chains combine reciprocally to generate a honeycomb network (41) . Moreover, the N-terminal ends of α-chains have 5 heterogeneous LG domains which contain around 1000 amino acid residues.

They are able to link cells by recognizing different integrin receptors (α1β1, α2β1, α3β1, α6β1, α7β1, and α6β4)

Col-IV and laminin are produced by the Golgi and self-assembled into network structures. Nidogen and proteoglycan crosslink Col-IV and laminin to ensure the integrity and stability of BM.

Matrigel

The gelatinous protein mixture secreted by EHS (Engelbreth-Holm-swarm) mouse sarcoma cells is referred to as Matrigel. Similar to the BMs, Matrigel consists of laminin, nidogen, collagen and heparan sulfate proteoglycans. Laminin is the predominant component.

Matrigel is used to mimic the BM. Liquid Matrigel can be kept in 4 °C environment. When incubated at 37 °C (body temperature), matrigel polymerize irreversibly.

Connective tissue

Podosomes

The structure of podosomes

"Podosomes" were firstly described in Rous sarcoma virus-transformed BHK cells in 1985. At that time, scientists found protrusions of the ventral membrane which were sites of cell adhesion to the ECM and regarded as feet of cells (42) . Podosomes locate at the cellular ventral membrane of cells by a vertical pattern so that orient to the center. The bipartite podosome includes a core structure with actin filaments and actin-associated proteins such as gelsolin, cortactin, dynamin, WASP/NWASP, and Arp2/3 proteins. In addition, the ring structure contains focal adhesion proteins: vinculin, talin, paxillin surround the core and adheres to the ECM by integrin receptors (43) (Figure 5). Podosome dots are unit structures that can be organized into superstructures with several functions. Up to now, podosomes have been described in several cell types such as macrophages, dendritic cells, osteoclasts, endothelial cells and vascular smooth muscle cells. Podosome-like structures are found in tumor cells and termed invadopodia (44) . In Src-transformed fibroblasts, osteoclasts, endothelial cells, podosome units are assembled as rosettes with diameters from 5 to 20 µm (45) . Our lab has performed many studies on podosomes in ECs. However, podosomes were first found as dot-like structures in ECs in porcine aortic ECs (46) . Like other cell types, endothelial cells assemble podosomes in response to a dominant active mutant of the RhoGTPase Cdc42 which regulates Wiskott-Aldrich Syndrome protein (WASp) family members to activate actin nucleating Arp2/3 complex (47) . 

The function of podosomes

Adhesion

Integrins are receptors of ECM components and act as the transmembrane heterodimers consist of α subunits and β subunits. The extracellular regions are recognized by ligands and intracellular region combine with cytoskeleton by recruiting adaptor proteins such as talin and vinculin. In view of the above, the multi-protein structures termed as focal adhesion appears and establishes linkage between ECM and actin bundles. The structure of FA is described in detail in figure 6. Integrin signal transduction takes place as the bidirectional manner mediated by the changing of their conformations (48) . It is well understood that the binding between integrin and ECM is likely to induce the activation of cdc42 and Src kinase. During which cells are prone to show spread pattern and put out extensions to contact ECM so that generate adhesion and apply tension to move outward (49) .

As adhesion structures, podosomes and focal adhesions share the similar protein components such as integrin, vinculin, paxillin but have distinct differences on structures and functions. Podosomes are the F-actin columns surrounded by adhesive structures and vertical to ECM. And the elongated FAs are tangential to ECM and contribute to the matrix remodeling (50) . FA disassembly induces podosomes. Adhesion is the prerequisite condition of podosome assembly (51) . This inherent ability is conferred by integrin receptors and integrin-associated proteins locate on the adhesive ring structures of podosome units (52) . So integrin is an indispensable component of podosomes. Multiple integrins with different subunits are found to locate on podosomes in different cell types. The involvement of Integrin α6β1 activation on the assembly of podosomes induced by VEGF in ECs has been shown. In contrast, integrin α6β1 is restricted to focal adhesion and the translocation of which to podosomes is abolished when it is linked to laminin (53) . However, the underlying mechanism of how integrins control podosome function and lifetime remains unclear.

ECM Degradation

Endothelial cells secrete MMPs, the zinc-dependent metalloproteases which give rise to the proteolysis of ECM proteins. Over 20 MMPs exist in humans and are classified by their substrates or structures. They can also be divided into soluble MMPs and membrane-type MMPs (MT-MMPs). MT-MMPs are stimulated in cells by proprotein convertases (PCs) and locate on cellular surface in an active form (54) . MMPs not only to enable physiological angiogenesis (55) during development, but also mediate pathological angiogenesis in tumour, inflammation and wound healing (56) . ECs produce different MMPs and participate to angiogenesis in several aspects: MMP1 promotes permeability by affecting protease-activated receptor 1(PAR-1); MMP2, 9, 14 degrade collagen-IV for allowing cell invasion; MMP13 facilitates ERK-FAK so that tube formation occurs and followed by the development of capillaries (57) . Mechanically, both muscle stretch and shear stress induce angiogenesis. But when ECs are exposed to higher shear stress, there is no increase of MMP2 and MMP14.

Vascular network presents long but few branch points (55) .

Compared with focal adhesions, podosomes are characterized by the presence of MMPs which endow them with matrix-degradation activity (43) . Local degradation of the basement membrane scaffold protein collagen-IV is observed underneath the structures in ECs (58) . It is the best-known function of podosomes and promotes cell migrating across tissue boundaries (47) . MMP14, also termed MT1-MMP, mediate cell migration or invasion and is involved in a serial of pathological processes such as inflammation, AS, RA and cancer metastasis. (59) MT1-MMP dimers localize at the plasma membrane and have interaction with the transmembrane proteins β1integrin, caveolin and CD44.

Podosomes recruit the MT1-MMP to activate pro-activated MMP2 into active-MMP2, Following process is the cleavage of MMP2 pro-domain for releasing activated-MMP2 (60) .

In spite of this, MT1-MMP recruitment is not intrinsic function of podosomes and MT1-MMP deficiency cells still assemble podosomes (51) . In quiescent ECs, there is only dispersed MT1-MMP. But GATA-2, the promoter of MMP2, still has continuous activity. (43,61) Although Both of MMP2 and MMP9 are found to be co-localized and concentrated at podosomes to exert matrix degradation, MMP9 is MT1-MMP are independent and not changed when the formation of podosomes is inhibited. It is hypothesized that MMP9 only combines the components of podosomes (43) . 

mechanosensing

As the attachment of cells, Focal adhesions are well understood on their mechanosensitivity such as sensing the rigidity of ECM and mechanotransduction signals applied by the force.

Following studies showed that podosomes were also sensitive to stiffness of ECM though enhancing size and number (62) . Moreover, rigid protein components induce more stable podosomes presented as being more spatially dispersive from each other (61) and less defined entities (63) . Podosomes also transmit endogenous force to ECMs which can be enhanced by their stiffness (64) . In contrast, abrogation of shear stress, which is inversely proportional to ECM stiffness, induces the formation of podosome. Based on the characteristics above, liver fibrosis has been linked to podosomes in ECs, which are possible to contribute to matrix remodeling (62) . So the mechanosensitivity of podosomes has significant research value in different sclerosis.

Podosomes in different cell types

Among various cell types that can assemble podosomes, podosome units are organized into different superstructures by the actin bundles (Figure 8). However, these podosome superstructures share the same components and functions. Compared with quiescent cells, the activated cells in response to specific exogenous or endogenous stimulation have the competence to form podosome superstructures so that affect other cells or surrounding ECM. 

Podosomes in ECs

In contrast to the podosome superstructures in other many cells, podosomes were first discovered in ECs as scattered dots with double staining of F-actin and cortactin upon transfection of the active form of the RhoGTPase cdc42 (46) . Transforming growth factor-β (TGF-β) is a dimer consisting of two subunits with same or similar structures and combined by disulfide bonds. In addition to TGF-β, the TGF-β superfamily also comprises activins, inhibins, mullerian inhibitor substance (MIS) and bone morphogenetic proteins (BMPs).

TGFβ is known to be produced by a variety of somatic cells and have four isoforms: TGF-β1, β2, β3 and β1β2. They regulate cell proliferation, differentiation, and are responsible for physiological process: angiogenesis and EMT. TGFβ super familiy ligands bind to type II receptors, the serine/threonine receptor kinases which phosphorylate Type I receptor (Activin receptor like kinase1~7) (65) . Smad proteins are phosphorylated by type I receptor kinases and translocate into the nucleus to regulate gene expression. The complex pathway is shown in Multiple endothelial signaling pathways are induced by TGFβ, which was found to induce podosomes rosettes in BAECs. Src, PI3K, cdc42, RhoA and smads are included in the downstream pathways. Moreover, MMP9 and MT1-MMP, located in the podosomes to confer the degradation ability, are also increased by TGF-β (43) . Ex vivo experiments carried out in aortas of mice have shown that collagen-IV is degraded by podosomes rosettes (58) . Given the results above, following study dedicated to explore the important role played by the downstream pathway of TGFβ on podosomes assembly. Fgd1, the Cdc42-specific guanine exchange factor (GEF), are regulated by TGFβ to induce podosomes (66) .

In addition, the TGFβ/ALK pathway is highly involved in podosome assembly. ALK1 and ALK5 are TGF-β receptors and their downstream effectors are smad1/5 and smad2/3 respectively. Smad2/3 phosphorylation induces podosomes but smad1/5 has the opposite effect. So both canonical and non-canonical of TGF-β pathway exert regulatory effect on podosomes (67) . BMPs, also members of the TGF-β super family, are a group of conserved and functional proteins. There are 12 isoforms (68) and BMP-9 is mainly produced by hepatic stellate cells (69) and expresses (70) in ECs. In contrast to TGF-β, BMP-9 induces the phosphorylation of smad1/5 through Alk1 and inhibits podosome formation in response to TGF-β stimulation in BAECs (67) . (71) .

As the downstream effector of both TGF-β and BMP-9, smad1 and smad5 are known to restrain podosomes and the matrix degradation function in BAECs. Our project aims to explore if similar regulations occur in HMVECs.

podosomes in dendritic cells

Dendritic cells (DCs) were first described in the mouse spleen in 1973. They display a dendritic morphology with branches. Precursors DCs are found in the spleen and bone marrow. They migrate into peripheral tissues to differentiate into immature DCs endowed with the ability to scan for pathogens or tumor cells. Pattern recognition receptors (PRRs) are expressed on the surface of DCs that recognize and uptake the antigen [START_REF] Baranov | Podosomes of dendritic cells facilitate antigen sampling[END_REF] . Major histocompatibility complex (MHC) enable surface presentation of PRRs and it represents the maturation of DCs. In addition, DCs are the exclusive cells trigger the immune response in quiescent and naive T cells to modulate the balance between the innate and adaptive immune responses [START_REF] Baranov | Podosomes of dendritic cells facilitate antigen sampling[END_REF] .

Podosomes were discovered in immature DCs and organized as honeycomb-like clusters, the superstructures are formed by fusion of rings around the actin cores [START_REF] Gawden-Bone | A crucial role for beta2 integrins in podosome formation, dynamics and Toll-like-receptorsignaled disassembly in dendritic cells[END_REF] and play a pivotal 

Podosomes in OCLs

Osteoclasts are bone-resorbing cells and osteoblasts are bone-forming cells. Excessive activity of OCLs can induce osteopetrosis. Osteoporosis or fracture is the result of aberrant bone remodeling caused by OCLs. The balance between OBLs and OCLs play a pivotal role to sustain the homeostasis, development of bones and calcium balance in vivo.

Osteoclasts derive from mononuclear/macrophage system. Mononuclear precursor cells form maturation form mature and multinucleated OCLs though a serial of proliferation, differentiation and fusion [START_REF] Suda | Modulation of osteoclast differentiation and function by the new members of the tumor necrosis factor receptor and ligand families[END_REF][START_REF] Kong | Osteoprotegerin ligand: a regulator of immune responses and bone physiology[END_REF] . Osteoclasts distribute on the surface of bone matrix and periphery of bone vessels. Mature OCLs express Carbonic anhydrase II, H + -ATPase and Cathepsin K. OCLs generate H + by activating CAII. Then H + -ATPase conveys H + though ruffled border into cavity so that create the condition for Cathepsin K to degrade mineralized bone matrix into Ca 2+ , H 3 PO 4 , H 2 CO 3 , water and other substances. The volume and density of bone tissue decrease gradually during remodeling. [START_REF] Teitelbaum | Bone resorption by osteoclasts[END_REF] Podsomes superstructures are clusters, rings and belts during the maturation of OCLs (64) .

Upon podosome formation, the ruffled membrane is surrounded by actin and protrudes to adhere to the bone matrix. The extracellular chamber is called sealing zone and receive the acid and proteases secreted by OCL to enable matrix degradation and cell migration [START_REF] Xu | TSC1 regulates osteoclast podosome organization and bone resorption through mTORC1 and Rac1/Cdc42[END_REF] . The podosome belts are the final organization of podosomes and consist of two actin organization: actin core and actin cloud. Actin cores are assembled by CD44 and contribute to the adhesive capacity. Actin cloud is around the core and organized by αvβ3 integrin. It senses the signal from bone matrix and gives rise to the sealing zone. In addition, actin cloud also mediates cellular contraction and migration.

Podosome in SMCs

Intimal hyperplasia is found in various vascular diseases, such as atherosclerosis, vascular injury and restenosis. SMCs located in media are major component of vascular walls.

During these pathological progresses, SMCs switch from a migratory phenotype and invade into the intima [START_REF] Kim | Biophysical induction of vascular smooth muscle cell podosomes[END_REF] . Podosomes were first observed in SMCs exposed to phorbol esters [START_REF] Fultz | Remodeling of the actin cytoskeleton in the contracting A7r5 smooth muscle cell[END_REF] . The matrix degradation function contributes to the cellular invasion. MiR-143/ regulate SMC migration and proliferation and podosome formation. [START_REF] Quintavalle | MicroRNA control of podosome formation in vascular smooth muscle cells in vivo and in vitro[END_REF] . The relationship between microRNAs and podosomes was first established in this model.

Since the discovery of podosomes in ECs and SMCs, podosomes have various effects on the vascular system that are actively investigated.

Podosomes in macrophages

As immune cells, monocytes derive from the bone marrow and circulate in the blood.

Monocytes enter into damaged tissue through the endothelium. During this process, macrophages undergo a series of changes. Macrophages are phagocytic cells engulfing dead cells, cellular debris and pathogens. They activate other immune cells such as lymphocytes. . The 3D migration of macrophages through cell barriers and interstitium are well known.

There are two migration modes: ameboid or mesenchymal migration. In amoeboid migration, cells are spherical with few short protrusions and migrate at high speed. In contrast, during the mesenchymal migration, 3D macrophages are elongated, have many protrusions and move at low speed. Podosomes are only implicated in the mesenchymal migration due to their closely linked functions: adhesion and ECM degradation, which are needed for mesenchymal migration [START_REF] Wiesner | Podosomes in space: macrophage migration and matrix degradation in 2D and 3D settings[END_REF] . Alb is the cytoplasmic tyrosine kinase. Its deficiency in macrophages induces podosome disassembly accompanied with the impairment of ECM degradation and 3D migration [START_REF] Baruzzi | Sos1 Regulates Macrophage Podosome Assembly and Macrophage Invasive Capacity[END_REF] . Macrophage podosomes play a vital role on immunity function.

The morphology of podosomes depends on their organization in the cells. In 2D culture, macrophages assemble podosomes spontaneously (constitutive podosomes) and the podosomes are evenly distributed. Upon treatment with M-CSF (macrophage colony stimulating factor) or lipopolysaccharide (LPS), rosette-like superstructures are assembled and the podosomes have stronger degradation ability. When macrophages are in 3D matrices made of interstitial proteins, fewer but larger podosomes are observed at the end of their protrusions.

Invadopodias in tumour cells

In tumor cells, podosome-like structures named invadopodia share similar functions with podosomes. They are also adhesion structures and sense the mechanical properties of ECM. In tumor cells, invadopodia proteolytic activity leads to ECM remodeling and has therefore been linked to their invasion and metastasis potential.

However, podosomes and invadopodia differ in their molecular composition and morphology. As shown in figure 10, compared with the short protrusion of podosomes, the elongated invadopodia invade deeper into the ECM. In the tips of protrusions, actin is not associated with the N-WASp/Arp2/3 complex so that only actin filaments bundled by fascin, are detected. Therefore tumor cells have stronger competence of ECM proteolysis.

Invadopodia do not have the distinguished arrangement of actin core and ring structures [START_REF] Murphy | The 'ins' and 'outs' of podosomes and invadopodia: characteristics, formation and function[END_REF] .

Tumors are classified as malignant and benign. The difference is whether there is metastasis or not. Cancer patients suffer from high mortality and poor prognosis mainly due to the metastasis of tumor cells. So invadopodia regulation provides the potential targets to carcinomas treatment [START_REF] Li | miR-182 suppresses invadopodia formation and metastasis in non-small cell lung cancer by targeting cortactin gene[END_REF] . The N-WASp/Arp2/3 complex is present at the base and shaft of invadopodia but absent from the tips. Invadopodia lack the strict organization of core and ring structure found in podosomes [START_REF] Spuul | Importance of RhoGTPases in formation, characteristics, and functions of invadosomes[END_REF] .

Angiogenesis

Introduction to angiogenesis

Blood vessels of the embryos appear first to form vascular networks called capillary plexus and constituted by distinct arteries without veins. It is defined as vasculogenesis and followed by another process termed angiogenesis, during which new vessels sprout from the preexisting ones. Based on these structures, the blood flow arises so that the vascular network becomes hierarchical and branching, mural cells are recruited [START_REF] Chouinard-Pelletier | Increased shear stress inhibits angiogenesis in veins and not arteries during vascular development[END_REF] . Angiogenesis is controlled by different angiogenic factors: Vascular endothelial growth factors (VEGF), Fibroblast growth factors (FGFs), hepatocyte growth factor (HGF), platelet-derived growth factors (PGDFs), transforming growth factors β (TGFβ) and anti-angiogenic factors: Angiopoietins, angiostatin, endostatin, interferons (INFs), pigment epithelium derived factors (PEDFs), thrombospondins (TSPs) amongst others [START_REF] Logsdon | A systems biology view of blood vessel growth and remodelling[END_REF] . Hypoxic condition, induced by the oxygen consumption of tissue growth, is a strong stimulus of angiogenesis in many diseases [START_REF] Gupta | Angiogenesis: a curse or cure?[END_REF] .

Mechanically, shear stress, the frictional force of the blood on the endothelium, also increases the level of NO to mediate angiogenesis [START_REF] Lu | Role of shear stress and stretch in vascular mechanobiology[END_REF] .

Angiogenesis is the double-edged sword with physiological angiogenesis and pathological angiogenesis (Figure11). Physiological angiogenesis is sustained by the balance of endogenous pro-angiogenic and anti-angiogenic factors and essential for organ growth and tissue repair. Pathological angiogenesis will occur if the balance of these factors is disrupted .

For example, activation of the most classic pro-angiogenic factor VEGF and its canonical receptors contribute to pathological angiogenesis in the tumor, inflammation or hypoxic tissues [START_REF] Srinivasan | Hypoxiainduced expression of phosducin-like 3 regulates expression of VEGFR-2 and promotes angiogenesis[END_REF] . The imbalance in this process contributes to aberrant overgrowth of vessels for feeding or transferring harmful cells and showing the red on skin and mucosa, In addition, vascular insufficiency also induces serious diseases, such as myocardial ischemia and peripheral vascular diseases [START_REF] Polverini | Angiogenesis in health and disease: insights into basic mechanisms and therapeutic opportunities[END_REF] . So modulating the balance of angiogenesis may be an effective method to cure these serious diseases. 

Sprouting angiogenesis

The collaboration between tip cells and stalk cells

In chronological order, angiogenesis is divided into sprouting angiogenesis and anastomosis. Sprouting angiogenesis is the first established and followed by more thorough exploration. It occurs in sequential steps: First, the inducible signal derives from avascular regions that require more oxygen and nutrient to maintain the metabolic activity. The parenchyma cells of the hypoxia tissues secrete VEGF. Sprouting angiogenesis form the trunks of new vessels under the coordination of tip cells and stalk cells. Tip cells sprout outward by breaching the BM using podosomes (53) and the cell extend long filopodias that guide the new blood vessel in cell migration. Tip cells do not proliferate. The neighboring cells, known as nonsprouting stalk cells, are the ones which form the trunk of the neo-vessel through proliferation (Figure12)

VEGF pathway

Introduction to the effect of VEGF on angiogenesis

VEGF, the best studied of the angiogenic factors is secreted by ECs and has 6 isoforms: VEGF-A, B167, B186, C, D and E. They are ligands of 3 VEGF receptors: VEGFR1, R2 and R3. Phosphorylation of VEGFR2 by VEGF-A, often refers to VEGF, triggers several downstream pathways reflecting various aspects of the angiogenesis process. Phosphoinositide 3-kinase (PI3K) activates Akt (also known as protein kinase B). In response to VEGF, the PI3K/Akt pathway activates eNOS to deregulate tight junctions between adjacent cells and appeared as barrier destabilization [START_REF] Titchenell | Using the past to inform the future: anti-VEGF therapy as a road map to develop novel therapies for diabetic retinopathy[END_REF] . So the main role of PI3K/AKT in angiogenesis is to the regulation of vascular permeability [START_REF] Karar | PI3K/AKT/mTOR Pathway in Angiogenesis[END_REF] .

Mitogen-activated protein kinase (MAPK) is activated by the MAPK kinase (MEK), and Raf is the MAPK kinase kinase which phosphorylates MEK. This kinase cascade regulate different proteins such as cyclin D complexes, which promote the cellular phase from G1 to S to regulate DNA synthesis and moreover the cell proliferation [START_REF] Chambard | ERK implication in cell cycle regulation[END_REF] . [START_REF] Seko | Vascular endothelial growth factor (VEGF) activates Raf-1, mitogen-activated protein (MAP) kinases, and S6 kinase (p90rsk) in cultured rat cardiac myocytes[END_REF] Focal adhesion kinase is the substrate of Src, an oncogenic protein tyrosine kinase.

Phosphorylation of FAK regulates the organization of the cytoskeleton by increasing stress fibers [START_REF] Abu-Ghazaleh | Src mediates stimulation by vascular endothelial growth factor of the phosphorylation of focal adhesion kinase at tyrosine 861, and migration and anti-apoptosis in endothelial cells[END_REF] . So cell migration occurs when Src/FAK is activiated by VEGF during angiogenesis [START_REF] Guan | Regulation of focal adhesion-associated protein tyrosine kinase by both cellular adhesion and oncogenic transformation[END_REF] .

VEGF/Dll4/Notch pathway

Notch genes encode a class of highly conserved cellular surface receptors. There are 4 notch receptors (Notch1-4) and five ligands (Delta-like1,3,4 and Jagged1,2) in mammals (100) .

The interaction of ligands and receptors occurs between adjacent cells and lead to contrasted cell fate decision (101) . Notch pathways, consist of receptors, ligands and CSL DNA-binding proteins, orchestrate the development of cells and organs during the embryogenesis and mutations in these genes results in serious cardiovascular diseases and tumors (100,(102)(103)(104) . Delta-like4 (Dll4) is expressed in endothelial cells and has been well studied in angiogenesis (105) . In capillaries, some microvascular ECs are activated to differentiate into tip cells when exposed to VEGF. Phosphorylation of VEGFR2 induces the expression of Dll4 by modulating the activity of Foxc proteins, during which both PI3K/Akt and MAPK are involved (106) . High expression of Dll4 in tip cells suppresses the potential of tip-cell formation in neighboring stalk cells via Notch receptors: when Dll4 binds Notch1 on adjacent cells, the cytoplasmic domain of Notch1 is cleaved by a gamma-secretase and translocates to the nucleus to down regulate VEGFR-2 (107) . Tip cells have low levels of notch signaling activity (108) . Podosomes, which are induced by VEGF binding on VEGFR2 and phosphorylation of Src on Y419, are considered functional organelles of tip cells. When ECs are exposed to VEGF, podosomes are formed with integrin α6β1 receptors mediating adhesion to the ECM. MMPs are also recruited and released by podosomes to facilitate ECM proteolysis (109) . In vivo, activated ECs sprout from the parent vessels as they differentiate into tip cells. In 3D, podosomes appear as globular entities in tip cells and have the task to remove the ECM components. (figure13) Filopodias protrude and dock onto the interstitial matrix to enable tip cell migration. Tip and stalk cells can switch phenotypes between each other under control of VEGF/ notch signaling pathway. For example, in specific conditions, stalk cells are activated to become tip cells that initiate new branches from original sprouts. Notch receptors operate in stalk cells. Upon enzymatic cleavage of Notch at the membrane, the intracellular part, NICD translocates to the nucleus and combines with transcription factor CSL to form complexes and regulate the expression of the target genes Hes1 and Hey1. In turn, Hes1 and Hey1 down regulate Dll4 and other tip cell markers (110) . But Hes1 form negative feedback loop on its own promoter and it is inhibited by DNA-binding protein inhibitor Id1, which has the ability of inducing cell migration and tube formation during angiogenesis (111) . (figure14)

Anastomosis

Sprouts in close vicinity have the potential to combine to form loops. The filopodias contact other ECs through VE-cadherin homotypic interactions (112) . Filopodias stabilize cell-cell connection. There are two forms of anastomosis: one tip cell merges with another tip cell or, one tip cell merges with ECs from pre-existing vessels. VE-cadherin come into play when two tip cells merge together (113) and macrophages are recruited to raise bridges between adjacent sprouts to enable anastomosis (114) . At the vascular front, these Dll4-positive cells interact with notch receptors in macrophages (113) . In contrast, angiogenesis is defective in Notch1-negative mice, as more sprout form but less anastomosis occur. Moreover, macrophages have other angiogenic receptors such as TEK-Mouse Genome Informatics (TIE2) and chemokine receptor CXCR4 and they are recognized by respective ligands angiopoietin-2 (ANG2) and stromal cell-derived factor-1 expressed in tip cells (115) .

(Figure15)

In spite of this, ECs may also anastomose spontaneously, even in the absence of macrophages (116) . It is hypothesized that macrophages only participate the regulation and refining of the original connections.

At the connection site between two sprouts, cells deposit new apical membrane and form round adhesion junctions mainly consisting of VE-cadherin (117) . At last, de novo apical membrane dedicates to prepare the nascent cord for lumen formation (118) .

Figure 15: Schematic representation of tip cells anastomosis. Macrophages interact with vessels to facilitate filopodias contact between two tip cells. VE-cadherin in filopodias is responsible for adhesion junctions. TIE2, notch and CXCR4 receptors are found on macrophages and combine the ligands on tip cells (not shown). Bidirectional interactions between ECs and macrophages occur through yet unknown soluble factors (113) .

Retinal angiogenesis

Physiological angiogenesis in the retina

Sprouting angiogenesis, controlled by tip cells and their interplay with stalk cells, have been well described in the developing retinal vasculature of the neonatal mouse (114) . The retina is a thin layer of cells located at the rear of eyeballs and its role is to transfer light to neural signal.

The adult retina makes up around 72% of a sphere with the diameter of 22mm and adheres to the inner surface choroid tightly. The retina is a only tissue which presents a vascular network in two dimensions. There are 3 layers of vascular network, superficial, intermediate and deep plexus. Vasculature pruning is highly organized in the retinas of neonatal mice. In the physiological model of angiogenesis in the neonatal mice, at P1, the retinas are almost completely devoid of blood vessels. The superficial vascular plexus originates from optic nerves. The network expands outwards and reaches the retinal periphery at P7. At the beginning of second week, the saturated vascular structures prone to sprout longitudinally so 

Pathological angiogenesis in the retina

In contrast to vascular development in the neonates shown above, pathological angiogenesis in the eye may lead to a series of severe oculopathies. In diabetes, long term exposure to high glucose injures ECs and is followed by abnormal retinal angiogenesis with microaneurysm and exudation. So it induces severe ischaemia in retinas then develops into vitreous haemorrhages and retinal detachment eventually. This process is known as proliferative diabetic retinopathy (PDR) clinically, which is the primary cause of blindness.

The choroid is a thin, plastic, soft and smooth membrane rich in vessels. The hyaline membrane of choroid links retinal pigment epithelium to provide nutriments. But the choroid is much thicker in the area of the macula, which is an oval-shaped pigmented area near the center of retina. The central fovea of the macula is the areas with the sharpest vision. In the aging choroid, the vasculature is prone to leak and bleed under the oxidative stress induced by senescence. So angiogenic factors are released and these results in excessive angiogenesis, which invade into the retina to induce scar in macula and the loss of central vision finally. As (119) .

MiR-155

Introduction to microRNAs

MicroRNAs (miRNAs) are a class of evolutionarily conserved, single-stranded non-coding RNA molecules of 19-24 nucleotides and control gene expression at the post-transcriptional level. They derive from the metabolic processing of long RNA transcripts that are encoded by microRNA genes or regular genes. (Figure 18) Biogenesis of miRNA is a complex multi-step process which starts in the nucleus and ends in the cytoplasm. In the first step of this process, the RNA polymerase II transcribes miR genes to generate primary transcripts (pri-miRNA) with a 5′-cap and a 3′ poly-A tail. Pri-miRNAs are large transcripts which contain multiple miRNA sequences folded into hairpin structures. The nuclear microprocessor contains Drosha (the RNaseIII enzyme) and DGCR8 (Digeorge syndrome critical region gene 8), a double-stranded-RNA-binding protein. Pri-miRNAs are processed into pre-miRNA, which is known as miRNA precursor with 70 nucleotides. The pre-miRNA stem-loop structures are then transported to the cytoplasm through the exportin 5 complex, the cytoplasmic endonuclease Dicer with its co-factors TAR, RNA-binding protein (TRBP) and PKR-activating protein (PACT), and start to process the pre-miRNA. Dicer cleaves the stem-loop structure of pre-miRNA to form a 21-24 bp duplex miRNA, which contains 2 nucleotides that overhang at the 3′ end of each strand. One strand is then selected due to the stability of 5′end (guide strand) whereas the other strand (passenger strand) is usually degraded. At this stage, the miRNAs are loaded onto RISC (RNA induced silencing complex) with argonaute (AGO) proteins. After integrating into the active RISC complex, miRNAs bases pair with their complementary mRNA molecules (Figure 13) Figure 18: The role of microRNA in the regulation of gene expression. There are both typical genes and miR genes in the long DNA double helix structures. Typical genes are able to be transcribed to messenger RNAs and translated to proteins. MiR genes form microRNA to target on mRNA so that protein assembly is abolished.

Degradation of the targeted mRNA occurs when the sequence of the miRNA is completely or almost completely complementary to a sequence in the mRNA. But even if the complementarity between miRNA and target mRNA is only partial, translation repression still exists. In turn, biogenesis and functions of miRNA are finely governed by transcription factors and dynamic cellular signals. (Figure19) Figure 19: Cartoon showing the mechanism of action of microRNAs. In the nucleus of the cell, pri-miRNA is assembled by RNA polymerase II or III and cleaved to pre-microRNA by Drosha-DGCR8. Then Pre-microRNA is exported to the cytoplasm under the contribution of Exportin-5-Ran-GTP complex. Dicer combines TRBP to cut off the hairpin structure of pre-miRNA for the mature length. The functional strand links AGO together and the complexity enters into RISC. Finally mature miRNAs are formed to target on mRNAs, repress translation or make mRNA deacetylation (120) MiRNAs and their targets are not in a one-to-one relationship: One miRNA may regulate different genes and one gene can be targeted by many miRNAs (121) . In addition to animal species, miRNAs have been studied in plants and viruses. They are involved in numerous cellular processes including proliferation, differentiation, apoptosis and metabolism. MiR-143/145 was reported to target the regulators of podosomes assembled in SMCs stimulated by PDGF. In ECs, our lab showed that miR-155 induces podosomes rosettes in bovine aortic ECs by repressing Smad1 and smad5 expression. However, the role of microRNAs in podosome formation is other ECs has not been investigated so far.

Introduction to MiR-155

MiR-155 is encoded by miR155 host gene and transcribed from chromosome 21 of the Bcell integration clusters. MiR-155 is extensively distributed in humans and highly conserved among different species. As the well-known multifunctional miRNA, increased evidence points out that miR-155 plays a critical role in hematopoietic system, immunity and inflammation, viral infection, tumor, cardiovascular diseases and Down syndrome. Since investigation on the functional activity of miR-155 started a few years ago, it is reasonable to predict that many other functions will be uncovered in the near future.

The influence of MiR155 on ECs by targeting various proteins

miR-155 and CCN1

MiR-155 is known as tumour-associated mircoRNA and found to be upregulated in a serial of carcinomas. Furthermore, the breast cancer angiogenesis is increased by miR-155 and its inhibition on VHL (122) . Then, HCCs, the tumour cells full of miR-155, influence the ECs nearby through release exosomes contain mircoRNAs. The miR-155 strengthened expression ECs has the phenotype to induce angiogenesis (123) . Lulu Yan et al illustrated the effect of miR-155 on inflammatory angiogenesis in retina unprecedentedly. OIR model is performed to show pathological angiogenesis in a 2D version and during which the aberrant neovessel is increased by MiR-155 through targeting on CCN1, a secreted cysteine rich and integrin binding matricellular protein that regulates angiogenic signaling either directly by modulating endothelial cell function and behavior through integrin binding or indirectly by fine tuning the activity of growth factor receptors, such as VEGF receptor (124,125) . In contrast, miR-155 deficiency improves the abnormal retinal vasculature induced by hypoxia. During the progress of development angiogenesis, miR-155 induces the proliferation of ECs but less avascular area. Such as it is, seldom is known the effect of miR-155 on physiological angiogenesis and it requires further research (126) .

MiR-155 and RhoA

ECs obtain the phenotype of fibroblast under the effect of fiber-stimulating factor termed as endothelial mesenchymal transformation (EndoMT), which is not only involved in the normal development of hearts, but also in many diseases. Accumulating evidences support EndoMT's contribution to human fibrotic pathogenesis, including cardiac, pulmonary, renal, and radiation induced fibrosis (127) . In the process of organ fibrosis, endothelial to mesenchymal transition causes the deficiency of capillaries. Cell-cell contacts are removed and acquire the synthetic, contractile fibroblast phenotype. It is confirmed gradually that EndoMT is inducible when cells are exposed to TGF and microRNA regulation.

(128) Publications examined the underlying mechanism of miR-155, the representative candidate microRNA, in EndoMT. RhoA, the member of Rho subfamily affiliated to small G protein super family, is indispensable for the endoMT and identified as the target of miR-155.

So miR-155 over expression cells are inhibited to acquire the mesenchymal phenotype and sustain the endothelial behaviors (129) . In addition, miR-155 was reported to counteract ski, the important regulator of TGF to protect cardiac fibrosis by regulating EndoMT (130) . MiR-155 also influences endoMT in lung fibrosis by inhibiting SHIP1 (131) . In a word, miR-155 is increased by TGF and in turn neutralizes TGF so that generate the negative feedback loop to keep phenotype balance between ECs and fibroblasts in different organs.

MiR-155 and eNOS

NO, produced by endothelial nitric oxide synthase (eNOS), act as the function of vascular tone regulation, antithrombotic, leukocyte adhesion to the vascular endothelium and antioxidant properties. So NO sustains the physiological state of ECs and NO deficiency results in ECs dysfunction, which is involved in a series of vascular diseases such as As, hypertension, preeclampsia, diabetes mellitus.

MiR-155 is reported to be highly expressed in different inflammations by targeting on eNOS. During the progress of oxidative stress, the damaged eNOS is restored by antisense oligonucleotide miR-155 (132) . MiR-155 deficiency ECs increase the sensitivity of insulin receptors to resist the vascular destruction exposed to high blood glucose. All in all, as the target of miR-155 in ECs, eNOS is widely studied and ECs function is closely related to the miR-155/eNOS axis, which is deemed to be a potential target of clinical treatment. Some classic medicines, such as Aspirine, act as the anti-inflammation effect by limiting miR-155 (133) . In addition, the inhibition of miR-155 is also performed by xinfatading to play a role on the vasodilation and relieve the hypertension (134) .

MiR-155 and Rictor

Mammalian target of rapamycin (mTOR) is a non-classical and highly conserved serine/ threonine protein kinase. As the downstream effector of PI3K/Akt, mTOR plays a critical role in cell quiescence, proliferation, cancer, and longevity (135) . In addition, mTOR combine with other proteins and acts as the core of two different complexes: mTOR complex 1(mTORC1) and mTOR complex 2(mTORC2). MTORC2 consists of the rapamycin-insensitive components such as Rictor, GβL, mSIN1. Rictor is of great importance to cytoskeleton organization and embryonic development (136) .

In ECs, Rictor is implicated in sprouting angiogenesis and neuroprotection after stroke, induced by the deficiency of blood supplement in brains (137) . In stroke, the cerebrovascular system is damaged. Moreover, there is breakdown of nonvascular areas such as neurons, astrocytes, and microglia. ECs exposed to oxygen glucose deprivation have been used to mimic stroke in vitro (138) . In this model, miR-155 reduced the expression of Rictor and this resulted in the breakdown of tight junctions. The lack of Rictor was rescued and barrier strengthening occured upon miR-155 depletion. In vivo experiments show that the inhibition of miR-155 protects the cerebral vasculature in stroke mouse models by improving blood flow, maintaining microvascular integrity and alleviating neuronal damage (139) . In one word, miR-155/rictor has the potential to regulate endothelial cell-cell junctions and the integrity of the vascular system. miR-155 is therefors an important target for treating these diseases. During angiogenesis, stalk cells acquire tip cell-like features and result in excessive sprouting in the absence of Smad1/5. Therefore, miR-155 is a potential regulator of angiogenesis. When cells in tissue-culture flasks reach more than 80% confluence, the medium was washed by PBS for For complete removal. Trypsin was added into cell culture flasks for 5 minutes in 37°C until cells were detached. Cells were collected in a medium-containing tube and centrifuged for 5min at 1200rpm/min. The pellet was resuspended in new medium. 2x10 5 cells were plated in 3.5cm dishes for western blot, qRT-PCR and Zymography experiments.

Hypothesis

Reagents and antibodies

Reagents and antibodies used in all the experiments are listed in the table below(table I)

2.5x10 4 cells were plated in a 12mm glass coverslip set in four-well plates for immunofluorescence imaging. 

Cell culture

Cultured cells were washed with PBS to remove serum and then 5ml trypsin was used to detach cells for 5 minutes in the incubator (37°C, 5% C 2 ) to detach cells. 5 ml warm medium was then added to neutralize trypsin action. 17µl of the cell suspension was added on a malassez counting chamber to observe and count cells under microscope. Cells in 10 grids were calculated and multiplied by 100,000 to estimate the total number. When a cell was located in the boundary line, two vertical lines were available but the other two were not to avoid duplicate counting.

Immunofluorescence staining

Subconfluent cells grown on glass coverslips were fixed with 4% paraformaldehyde MT1-MMP is exposed on cell surface. At the end of the cell fixation procedure, the permeabilization step was omitted and cells were incubated for 1 h with MT1-MMP antibody after several PBS washes. Another 30 min step with 4% PFA was performed to fix the antibodies before permeabilizing with 0.1% Triton X-100 and immunofluorescent staining was performed as above.

Angiogenesis invasion assay (AIA)

In the central chamber of a 3.5cm diameter MatTek dish (MatTek Corporation, USA), we placed the bottom of a sterile cut pipette tip and added 67 µl pure growth-factor reduced Matrigel™ (~ 9 mg/ml) plus 3µl VEGF-A to mimic the BM matrix barrier. It was then allowed to gel for 30 min in the incubator of 37°C, 5% CO 2 . 15µl growth medium was added on top of the set Matrigel. After this step, the pipette tip was carefully removed. Cells (1x10 5 )

were seeded around the matrigel and were then allowed to adhere for 2h at 37°C. After addition of 2 ml of complete medium, the dish was returned to 37°C for overnight. On the next day, samples were fixed with 2% paraformaldehyde pre-warmed at 37°C. The samples were washed in 3 times in PBS for and the reactive species were quentched with 1M NH 4 Cl for 5 minutes to reduce the background. Samples were washed 3 times with PBS, then permeabilized with triton (0.3% triton) in blocking solution (2% BSA in PBS) for 30 min.

Then samples were incubated with primary antibodies (1:100) in blocking solution overnight at 4°C. On the next day, samples were washed 3 times with PBS, incubated with secondary antibodies (1:100) and Hoechst (1:100) in blocking solution for 3 hours and finally wash 3 times with PBS. Samples were mounted on glass slides with Prolong Gold Antifade Reagent (Invitrogen) overnight at RT. On the fourth day, we images were aquired under the confocal microscope and processed for analysis

Fluorescent-gelatin degradation assay

At RT and in the dark, 30µl Oregon green (Alexa 488)-gelatin were added to each coverslip for 30 min. The gelatin layer was fixed with 30µl gluteraldhyde at 0.5% for 15 min.

Coverslips were put in 4-well plates and washed for 3 times with PBS. Then NaBH 4 (50mg/10ml in in PBS) was added and plates were stirred on a multifunctional shaker set at 250rpm for 15mins. Coverslips were washed 3 times with PBS and quickly sterilized by rinsing them with 70% ethanol solution. Gelatin-coated coverslips were washed 3 times with PBS and stored at 4 ℃ until use. After cell staining, the merge between dark areas and podosomes highlight functional podosomes. Analysis of the degraded areas was done as described in the microscopy and image analysis 

Western blot

Cells in 3.5 cm dishes were washed with ice-cold PBS and cell lysates were prepared by adding 2x buffer (125mM Tris, PH 6.8,20% glycerol, 5% SDS, 5% β-mercapto-ethanol) on cell monolayers. Samples were boiled for 5 min at 95℃ and subjected to SDS-PAGE.

Proteins were transferred from gels to immobilon polyvinylidene difluoride membranes (GE Healthcare). After a blocking step in TBS-Tween 20 (0.1%) (TBST) containing 5% BSA, membranes were probed overnight with primary antibodies at 4°C. On the next day, membranes were washed 3 times with TBST. After washing, membranes were incubated with secondary antibodies (horseradish-peroxidase-coupled anti-mouse-IgG or anti-rabbit-IgG (DAKO France) for 1h at RT. After washing membranes for 3 times, proteins were revealed by chemiluminescence (ECL; Amersham Pharmacia Biotech, USA). All values were normalized against tubulin, which was used as a loading control. The amounts of proteins detected by western blotting were determined by scanning the autoradiograph, followed by processing of the data with ImageJ.

Microscopy and image analysis

Cells were analyzed by confocal imaging using a Zeiss LSM 510 Meta inverted laser scanning fluorescence microscope equipped with acquisition software (LSM 510 acquisition software; Zeiss) and a 63x (numerical aperture 1.4) oil immersion objective. Triple-color imaging using Hoechst, Alexa546, Alexa647, Alex488 was obtained using selective laser excitation at 350 nm, 488 nm, 543 nm and 647 nm respectively.

For 3D experiments in vitro, cells invading the matrigel in AIA were imaged with a Nikon TE-2000 microscope under phase contrast. Then confocal stacks were acquired by confocal microscopy as described above. Images were deconvoluted using AutoQuant X3 software and processed for image reconstruction using the IMARIS software (Biplane).

ECM protein coatings

Matrix protein coating was performed on glass coverslips as follows: gelatin (Sigma) was diluted to 1% in PBS at 37°C for 30 min; plasma-derived fibronectin (Sigma) was diluted to 20 µg/ml in PBS at 37°C for 90 min; 14µl Matrigel (growth factor-reduced Matrigel™ basement membrane matrix, BD Biosciences) was diluted with complete cold medium to 500µl and then allowed to gel at 37°C for 30 min; Col-IV (Sigma) was diluted to 10 µg/ml in PBS at 4°C overnight; Collagen-I (Sigma) was diluted to 0.2 mg/ml in PBS at 37°C for 30 min; and laminin ( placental laminin containing mainly vascular LN-511, Sigma) was diluted to 20 µg/ml in PBS at room temperature for 60 min. The coverslips were washed with PBS twice after the incubation of matrix proteins. Finally, coverslips were kept in PBS at 4°C before use.

RNA Isolation, Reverse Transcription, and Real-Time qPCR

The expression of miRNA was analyzed by quantitative real time PCR (RT-qPCR), total

RNAs were extracted and the concentration and purity of RNA in the samples was measured with the Nanodrop. miRNA sequence-specific primers were used for the RT reactions. Total volume of one sample was 10 µl, which consisted of 5×RT-buffer 2 µl, primer mix 0.5µl, 10x nucleic acid mix 1µl, RT miScript 1µl, RNA 1µg and RNase free H 2 O. The reactions were performed in the thermocycler: 37°C, 15 min for reverse transcription reaction; 98°C, 5 min for Enzyme inactivation reaction and 4°C forever. cDNA can be saved in -20°C.

SYBR Green was used for Real-time qPCR. 20 µl system include SYBR 10µl, upstream premier 1µl, downstream premier 1µl, RNase free H 2 O 7µl, cDNA 1µl. Samples were distributed in one 96-well plate. The plate was sealed with parafilm and spun in a centrifuge.

Finally, the 96-well plate was placed on the PCR apparatus for amplification. Relative expression of miRNAs was analyzed using the 2-ΔΔ Ct method and was normalized with RNU6B expression for all samples. paraformaldehyde for 2h at 4°C. Retinas were dissected, then incubated for 2 h at room temperature in blocking buffer (PBS, 2% BSA, 0.2% Triton X-100).

Tube formation assay

70µl Matrigel was gently added (avoiding bubbles) into one well of a pre-chilled 96-well plate. The plate was then put in the incubator (37℃ with 5% CO 2 ) for 15min for gelation.

Then 20 000 transfected cells in 100µl medium were seeded on top of the Matrigel and the plate was returned to the incubator for 12-14 hours. Tube-like structures were imaged with a phase contrast microscope for each sample in the same way. Tube formation was evaluated by scoring the number of nodes, junctions and meshes, using ImageJ software.

Focal adhesion quantification

Quantitative analysis of focal adhesions was performed on single cells without any connection with neighboring cells in paxillin/vinculin stained HMVECs and using confocal microscopy. The figures were processed with the ImageJ software. After resetting the brightness of each channel, we merged all the channels and the foci with co-stained for paxillin and vinculin were identified as focal adhesions. Then the image was changed from RGB to 8-bit. The threshold of these 8 bit figures was adjusted to make the selected images be almost same with the primary ones. Unnecessary background was removed using 10.0 pixels in rolling ball radius. Focal adhesion size and number were calculated with Image J software.

The obtained values were divided by that of the cell area for the final quantification.

Wound healing assay

After two rounds of cell transfection in 6-well plates, HMVECs were detached and transferred into 12-well plates. When the cells reached about 90 % confluency, a 10 µl pipette tip was used to scrape the cells along a line across the confluent monolayer (create a wound).

After gentle washing (three times with PBS), followed by addition of culture medium containing 2.5 % fetal bovine serum, the wound was immediately imaged using a light microscope. The plate was returned to the incubator and imaging was repeated after 4, 8 and 24h to assess how cells were filling the gap. Cell migration was measured by calculating the remaining wound area with Image J software.

Statistics

Statistical analysis was performed on GraphPad Prism 6 (version 6; GraphPad Software, Inc. San Diego.CA,USA). Statistical significance within groups was assessed by T Test. And Anova is used between groups. Quantification values are represented by their ±S.D.

Statistically significant differences were p<0.0

Results

miR-155 is independent of VEGF stimulation in HMVECs

In response to VEGF stimulation, ECs derived from capillaries induce podosomes to degrade collagen-IV in the surrounding basement membrane. Activated ECs breach this barrier to sprout outwards from the existing vasculature. VEGF is the main angiogenic factor.

Accumulating evidences point at a role for endothelial miR-155 during angiogenesis. Our study aims to examine if miR-155 levels in HMVECs are regulated by the addition of VEGF.

So in order to explore the interaction between VEGF and miR-155, HMVECs were seeded in at low (150000 cells/well) or high density (300000 cells/well). After cells had attached to the dish, we stimulated them with VEGF (50ng/ml) for 24 hours. Then total RNA was extracted and reversely transcribed into cDNA. MiR-155 levels in VEGF-treated HMVECs were quantified by qRT-PCR and the U6 housekeeping gene was used for normalization. Figure 20A shows the amplification curves for miR-155 and U6 (RNU6B). 

Analysis of miR-155 targets in HMVECs

Smad1 and smad5 are targets of miR-155

In microvascular ECs, Smad1 and Smad5 contribute to the notch pathway that promotes the stalk cell phenotype (110) . In contrast to the invasion and migration ability of tip cells, which assemble podosome units, stalk cells proliferate and do not form podosomes. In BAECs, Smad1 and Smad5 are downstream effectors of the TGF-β receptor ALK1 and targets of miR-155. MiR-155 alters podosome formation by downregulation Smad1 and Smad5 (67) . In the present work, we examined if Smad1 and Smad5 are also targets of miRNA-155 in microvascular cells, having in mind the fact that ECs originating from distinct vascular beds may have very different properties.

Sub-confluent HMVECs were transfected by siRNA scramble (control), miR-155 or siRNA Smad1. Two rounds of Cacl 2 precipitation were carried out to ensure high transfection efficiency. SiRNA Smad1 was taken as a positive control. Results of western blot experiments indicated that Smad1 protein level, as expected, decreased in miR-155 transfected cells compared with Si-control group. When we analyzed the intensity of the bands revealed by western blot, we found that miR-155 reduced Smad1 expression. (Figure 21A).

Some of the other targets of miR-155

Next, we examined the status of other known miR-155 targets described in other types of ECs. Similar to Smad1, Smad5 know to be a target of miR-155 in BAECs during the assembly of podosome rosettes by TGFbeta (67) ,was also found to be a target of miR-155 in HMVECs. In rat retinal ECs, CCN1 is inhibited by miR-155 and the process is involved in pathological angiogenesis as shown in the OIR model (126) . In HUVECs, miR-155 was found to impair eNOS activity downstream of insulin receptors (133) . In HBMECs, miR-155 disrupted cell-cell junctions by targeting rictor as shown in the study of the blood-brain barrier (BBB) (140) . EndoMT relies on RhoA and miR-155 was found to decrease RhoA to sustain the endothelial phenotype (129) . Our results showed that MiR-155 transfection was also able to reduce the level of these proteins in HMVECs (Figure 21 B andC)

Therefore, in addition to podosome formation, miR-155 could target other functions in microvascular ECs. More particularly, miR-155 has the potential to regulate physiological angiogenesis.

MiR-155 induces podosome formation in

HMVECs and targets Smad1 and Smad5.

Regulation of MiR-155 on podosomes and gelatin degradation

The regulation of podosome assembly has been studied in several cell types and in response to various stimuli. Both the regulatory roles of cytokines and the sigmaling pathway involved in podosome induction have been well studied but little is known about the role of microRNA in this process. In the lab, miR-155 was shown to regulate podosome formation in aortic EC (bovine aortic endothelial cell, BAECs) by targeting Smad1 and Smad5 (67) . However, the role of miR-155 in human microvascular endothelial cells (HMVECs) remains unexplored. HMVECs also form podosomes that organize themselves in rosettes, and this is increased by VEGF treatment in a dose and time dependent manner (71) . We therefore examined whether miR-155 is also involved in the assembly of podosomes in microvascular ECs. First, we transfected miR-155 mimic into HMVECs as before, then sub-confluent cells were seeded on glass coverslips and stimulated by VEGF (50ng/ml) for 24hours after two rounds transfection. In total, we take all the podosome rosettes into account from 300 cells randomly after double staining with cortactin and F-actin under an epifluorescence microscope (Figure 22 A andB). The results established that miR-155 increased podosome rosette assembly in HMVECs even without VEGF treatment. However, although both miR-155 and VEGF are able to induce podosome formation, stimulation of miR-155 transfected cells with VEGF did not stimulate the process further. So miR-155 does not have a synergistic effect with VEGF. At the same time, in order to further explore the role of miR-155 in podosome formation, HMVECs were transfected with antimiR-155 and podosome rosettes were scored. Compared with Si-control, podosome formation in miR-155 silenced cells was reduced below baselines. Moreover, inducible podosomes that form upon VEGF stimulation were also impaired when miR-155 was knocked down in HMVECs. (Figure 22 A andB) Extracellular matrix proteolysis is the best characterized function of podosomes and gelatin is often used as the surrogate in vitro assays to address this property. Thus, gelatin degradation assays were performed to examine the matrix degradation ability of HMVECs in response to the aberrant expression of miR-155. After transfection, we seeded cells on glass coverslips coated with Oregon green 488 and stimulated them for 24h with VEGF. Then we fixed and stained cells as before. Although more podosome superstructures were found, miR-155 overexpression HMVECs increased the degradation area of Oregon green on glass coverslips to a lesser extent than upon VEGF treatment (Figure 22C and22D). Moreover, there was no further gelatin degradation when miR-155 transfected HMVECs were stimulated with VEGF. By contrast, miR-155 inhibition prevented gelatin degradation associated with spontaneous podosmes or VEGF-induced podosomes in HMVECs.

Collectively, the results demonstrated that miR-155 was essential for the formation and function of podosomes.

Podosomes formation in HMVECs in a co-culture with MDA-MB-231.

Exosomes are small vesicles (30-100 nm) shed from tumor cells. They contain biological active substances such as proteins, lipids, DNA, miRNAs, mRNAs and non-coding RNAs, which are involved in the communication of cancer cells with the surrounding environment.

Tumor cells deliver miRNAs that alter the phenotype and/or behaviors of neighboring endothelial cells by secreting and transferring the exosomes. MDA-MB-231 cells from the breast cancer cell line are rich in miR-155 (123) . We therefore explored if miR-155 expressed and released by MDA-MB-231 cells affected ECs in a co-culture model. We next investigated the effect of miR-155 in this co-culture system. HMVECs were transfected by Si-control or antimiR-155, and then the cells were added to coverslips that had been seeded with MDA-MB-231. Compared to the si-control group, we found that the stimulatory effect of MDA-MB-231 on podosome formation was abolished when cells had been transfected with antimiR-155. (Figure 23C) So it demonstrated the role of miR-155 on the co-culture system of MDA-MB-231. Thus, podosome formation can be stimulated by either exogenous miR-155 or tumor cell-derived miR-155. Thus, in addition to its oncogenic potential found in tumor cells, miR-155 may also played a role in tumor angiogenesis and thereby participated to sustain tumor growth.

Podosomes induced in response to increased miR-155 levels may be relevant for treatments targeting of pathological angiogenesis.

MiR-155 regulates podosome rosettes in HMVECs seeded on different matrix proteins

In vitro, HMVECs secrete ECM proteins such as Col-IV, laminin, Col-I and fibronectin (71) .

We explored the contribution of ECM components on podosome formation induced by miR-155. Glass coverslips were coated with different proteins as described in the materials and methods section. MiR-155-transfected HMVECs were then seeded on top of these coatings to compare the effect of the various ECM proteins versus non-coating coverslips (glass). In order to avoid that HMVECs produce too much of their own matrix, which could thereby interfere the results, cells were fixed 24 hours after attachment to the matrix coated coverslips.

HMVECs overexpressing miR-155 or not were assessed for their ability of podosome formation. As shown in Figure 24, in response to miR-155 overexpression, we found more podosome rosettes in HMVECs adhering onto the basement membrane proteins Col-IV, laminin and matrigel (a mixture of protein components which mimic basement membrane in vitro and contain predominantly laminin and Col-IV). In contrast, podosome formation was not increased for miR-155 transfected HMVECs adherent to fibronectin or Col-I. 

Smads regulate podosomes formation in HMVECs

Smad phosphorylation in HMVECs stimulated with TGF-β or BMP-9

In response to TGF-β or BMP-9 binding their corresponding receptors Alk1 and Alk5, or Alk1 only, respectively, smad proteins undergo phosphorylation. BAECs do not form podosomes spontaneously (141) . To explore the role of Smads in HMVECs, we starved 2D cultures of HMVECs for 12h and stimulated with TGF-β or BMP-9 (1ng/ml) for 30 min. Cell extracts were analysed by Western blot. The results showed that Smad2 and Smad3 were not phosphorylated in HMVECs. Smad1 and Smad5 were also not phosphorylated under the stimulation of TGFβ. However, P-Smad1 and P-Smad5 were detected when HMVECs were exposed to BMP-9 (Figure 25 A andB). These results suggest that Alk5 is not expressed in HMVECs. Alk1 receptor is responsive to BMP-9 but in the absence of Alk5 is not responsive to TGF-β 

The role of Smad1 and smad5 played on podosome regulation in HMVECs

As Smad1 and Smad5 were found targets of miR-155 in HMVECs, their role in podosome formation was explored. SiRNAs targeting either Smad1 or Smad5 were transfected into HMVECs individually. In both conditions, podosome formaton and gelatin degradation were stimulated. When siSmad1 and siSmad5 were co-transfected in HMVECs no additional effect was detected (Figure 26 A-D).

Smad1 and Smad5 phosphorylation occur in HMVECs treated by BMP-9. As they are both targeted by miR-155 in HMVECs, we evaluated podosome formation and matrix degradation after BMP-9 stimulation. BMP-9 decreased podosome rosettes and gelatin proteolysis below baseline levels. BMP-9 also reduced their response to VEGF. Collectively, the data showed that Smad1 and Smad5 phosphorylation may play a role in the inhibition of podosome formation induced by BMP-9 in HMVECs. (Figure 26 E-H) In conclusion, similar to miR-155 overexpression in HMVECs, silencing Smad1 or Smad5 also promotes podosome formation. Both smad1 and Smad5 are phosphorylated in HMVECs stimulated by BMP-9 and Smad1/5 depletion mimicked the effect of miR-155. We therefore identify Smad1 and Smad5 as likely targets of miR-155 in the process of podosome assembly.

The regulation effect of BMP-9 on miR-155-induced podosomes in HMVECs

The role of miR-155 played on physiological angiogenesis

The effect of MiR-155 on sprouting angiogenesis and podosomes in three dimensional settings in vitro

The invasion assay (AIA) is an assay set up by our lab to simulate sprouting angiogenesis in vitro. Matrigel contains the main components of basement membrane and is supplemented with VEGF to form a plug that is fixed in a glass bottom culture dish. Confluent HMVECs are seeded to form a monolayer so that cells are contacting each other as in the parental vessel. At the cell-matrigel interface, ECs are confronted by Matrigel in a three dimensional (3D) manner. HMVECs invade into the Matrigel by extending elongated filopodias once confronted by the 3D barrier. After 12h, fixation, cells are fixed with 2% PFA. By phase contrast microscopy, activated endothelial cells are expected to assemble podosome rosettes to overcome the Matrigel barrier. We observed elongated sprouts but also round-shape sprouts (Figure 28A). Physiological angiogenesis is evaluated by the number of sprouts. In the AIA, the number of sprouts also reflects the invasion capabilities of cultured HMVECs in response to VEGF in a gradient in 3D Matrigel in vitro. In the following steps, we stained the samples to quantify 3D podosome by confocal microscopy. F-actin/cortactin staining was found to overlap in foci at the distal end of sprouts led by tip cell-like cells. These cells were identified previously by the expression of tip cell marker CD34 and CXCR4 (114) . Although demonstrating different architecture from the podosomes formed in 2D cultured cells, podosome entities located in tip cell-like cells also degrade collagen-IV by recruiting MT1-MMP. Similarly with tip cells, the nucleus and the podosomes are also found in the spherical sprouts. These aberrant sprouts most likely represent tip cell precursors. In addition, we also found some regular mature sprouts, devoid of podosome, invade into the Matrigel. It is known that tip cells and stalk cells switch phenotypes frequently during the sprouting process (142) . It is thus likely that sprouts without podosome are cells that had been tip cells that have switched to the stalk cell phenotype.

We adapted the set up above to assess the regulatory effect of miR-155 expression in HMVECs on endothelial sprouting capability. First, HMVECs were transfected with siRNAcontrol, miR-155 or antimiR-155, then seeded around the Matrigel plug. Under observation of 4x lens of phase contrast microscope, compared to the Si-control group, we found more sprouts in Matrigel when HMVECs overexpressing miR-155 were used and fewer sprouts when antimiR-155-transfected cells were used. Sprouting length is another parameter to evaluate the angiogenesic potential. Therefore, we also examined the migration capability of sprouts in matrigel. MiR-155 depletion alleviated the total length of sprouts in matrigel mainly by decreasing sprouts number as it shown above. Despite increased sprouts, the invading capability, assessed by the measure of sprout extension into the Matrigel, was globally reduced (Figure 28B andC). Next, imaris6.4 software was employed to quantify podosome dots located on 3D sprouts by confocal microscopy. As before, podosomes in immature sprouts and in tip cells were identified by double staining with cortactin and F-actin.

MiR-155 increased the formation of dot-like podosomes in spherical sprouts and tip cells like cells leading the sprouts during the invasion process. AntimiR-155 had the opposite effect (Figure 28D-G).

In conclusion, miR-155 can be regarded as a novel angiogenic factor. Compared with VEGF, miR-155 facilitates BM barrier breakdown and sprout formation but these sprouts seem to be disabled for cellular motility. 

Aberrant miR-155 levels affect HMVECs migration and tube formation capabilities

Endothelial sprouting is the early stage of angiogenesis and podosomes are assembled by ECs to degrade the surrounding matrix through recruiting or activating MMPs. This process enables endothelial migration towards the angiogenic stimulus. Wound healing assays were carried out to assess the migration capabilities of HMVECs in which miR-155 levels had been increased or reduced. HMVECs were transfected with Si-control, miR-155 or antimiR-155 and then seeded to form a confluent monolayer in 12 well plates. A wound was created across the diameter of each well and cells were left to migrate into the cell-free area for several hours. Our results show that cells transfected with antimiR-155, did not fill the gap as efficiently as compared with SiO. In addition, miR-155 overexpression also reduced cell migration capacities (Figure 29 A andB). Although the role of podosomes in cell migration has not been evaluated in ECs, these results show that podosome formation and cell migration are not correlated in endothelial cells (Figure 29C). Cell growth was unaffected by miR-155 levels, confirming that the differences in cell migration were not the results of differences in cell proliferation.

Focal adhesions (FA) are used by cells to adhere to the matrix to withstand forces upon translocation the cell body during migration. In addition, podosomes and focal adhesions may collaborate to facilitate cellular movement (143) . Efficient cell migration relies on FA turnover, which reflects the balance of their formation and disassembly. Phosphorylation of focal adhesion kinase in cells induces the formation and activity of FAs (144) . On the contrary, enlarged FAs accumulate in FAK deficient cells and these cells exhibit the impaired turnover (145) .

To explore whether the migration defected was associated with defective FAs, we examined FA size and density in HMVECs with altered miR-155 levels. Compared with HMVECs without treatment, FAs were found larger in size in miR-155 mimic-transfected cells but their density was not affected (Figure 29 D andE). Large FAs reflect an altered turnover and this defect may restrict cell migration even though cells were equipped with more podosomes and active MMPs. In contrast, antimiR-155, more FAs were assembled but their size was not different from those in control cells (Figure 29 D andF). However cell migration was also reduced.

In the last step of angiogenesis, ECS undergo morphogenesis, forming tube-like Podosome-forming cells are known to express MMPs which facilitates the proteolysis of the extracellular matrix or of the basement membrane. In endothelial cells, Both MMP2 and MMP14 are found to co-localize in podosome sites and confer Col-IV degradation capability.

Increased podosome formation is reflected in an increase in activated MMPs (58) . We therefore explored MMP activities in HMVECs in which miR-155 expression had been modulated. Pro-MMP2 is synthesized and secreted by ECs. It is stimulated by membrane-anchored MT1-MMP to develop into the activated form at the cell surface and then released. Both pro-MMP2 and activated MMP2 detected in the intracellular and extracellular microenvironments. Concentrated serum-free supernatants and cell lysates were analyzed in gelatin zymography assays to assess MMP2. Active MMP2 and pro-MMP2 appeared as a double-band, active MMP2 was identified by its molecular weight of 62 kDa. The results presented in figure 30 A-C show that miR-155 increased the level of active MMP2 both in the supernatants and lysates. MT1-MMP is known to be actively recruited to podosome rosettes at the cell surface.

So after the cell transfection, cells were fixed and MT1-MMP staining was performed before the triton permeability step. Then we incubated cortactin antibodies and phalloidin after a second round of fixation and the triton-treatment. We took images of ten podosome rosettes randomly to quantify MT1-MMP presented at podosome rosettes. The integrated density of MT1-MMP at podosome rosettes was quantified by imageJ software. In non-permeabilized cells, MT1-MMP staining was brighter on podosomes formed in miR-155 transfected cells than in controls (Figure 30 D andE). Taken together, the data showed that HMVEC overexpressing miR-155 displayed more podosomes rosettes, which exposed MT1-MMP to a greater extent that controls. 

MT1-MMP silencing impairs the formation of podosome in response to

Collectively, podosomes assembled spontaneously or induced by different factors in

HMVECs requires MT1-MMP.

Silencing MT1-MMP prevents the effect of miR-155 overexpression when HMVEC undergo sprouting in the angiogenesis invasion assay.

To better understand the role of MT1-MMP in the pathways regulated by miR-155 in HMVECs, we explored the sprouting capabilities of these cells in AIA when the expression of the enzyme was inhibited. HMVECs silenced for MT1-MMP expression formed fewer sprouts than controls (Figure 32A). Sprouting in response to miR-155 overexpression was inhibited when MT1-MMP was not expressed. Similar to the 2D situation, podosome formation was reduced both in tip cells and immature angiogenic spouts, but this effect did not reach significance in HMVECs confronted by 3D Matrigel (Figure32 B and C). Collectively, the data shows that MT1-MMP is a downstream effector of endogenous miR-155 in HMVECs. Silencing MT1-MMP expression prevents the stimulating effect of miR-155 on podosome formation and sprouting angiogenesis. Experiments in vitro highlighted the effect of miR-155 on sprouting angiogenesis. In order to address relevance of these results on the angiogenic process in vivo, we used the model of the neonatal retina. In the first week after birth, a primary vascular plexus grows from the optic nerve head of the retina. Guided by fibronectin produced by astrocytes and following a VEGF-A gradient, the vascular network develops radially toward the periphery of the retina. Angiogenesis can be monitored by multi-parametric characterization of this 2D plexus growing onto the retinal surface between P0 to and P8. Neonatal mice received an intravitreal injection of fluorescent scrambled, miR-155 mimic or antimiR-155 at P4. After 48 hours, P6 mice were sacrificed and retinas were obtained. We identified podosome units by double staining of F-actin/cortactin foci after retinal samples were stained and observed enhanced quantity of podosomes in the sprouts of miR-155 retinal vasculature (Figure 33D,E). In contrast to microvascular ECs cultured in 2D that assembled podosomes in rosette-like superstructures, tip cells assemble discrete podosome units. These podosomes facilitate sprouting angiogenesis by degrading matrix components and are able to be detected only in the growing vessels. When tip cells reach the retinal periphery, angiogenesis is completed in the 2D plexus, tip cells are no longer formed and podosomes disappear. We therefore hypothesized that altered sprouting and branching capabilities in miR-155 injected eyes results from aberrant podosome formation.

AntimiR-155 is an inhibitor of angiogenesis in vivo

The significance of miR-155 on podosome formation and angiogenesis has been demonstrated in vivo by the analysis of flat-mounted retinas of P6 mice. Next we explored the consequence of depleting miR-155 on angiogenesis. As before, tip cells are distinguished from the non tip cells around by their localization at the angiogenic front, by podosomes and by their elongated filopodias. We found fewer filopodias in miR-155 deficient tip cells (Figure 34A). Therefore the migration capability of these activated ECs is inhibited as shown in figure32B. In addition, in the eyes injected with antimiR-155, collagen-IV was more abundant (Figure33D). Collagen-IV is the main component of basement membrane and the reduction in collagen-IV reflect weakened degradation by podosomes from tip cells during angiogenesis. We also found aberrant VE-cadherin staining in retinal vascular sprouts (Figure 33 E). VE-cadherin reflects the different behaviors of ECs between vascular quiescence and angiogenesis. In quiescent cells, VE-cadherin molecules are assembled in adhere junctions.

But in the angiogenesis process, ECs are on longer static and VE-cadherin disappears from the adherent junctions. In addition to collagen-IV accumulation around ECs in the plexus, there are more empty collagen-IV sleeves without endothelium that reflects the vascular instability of the network in antimiR-155-injected retina (Figure 33F). (146) .

Same transfection was applied on MCF10A and miR-155 enhanced the breakdown of gelatin evidently, which was not able to be inhibited by miR-155 deficiency (figure 35C). So the effect of exogenous miR-155 or antimiR-155 on cells probably depends highly on the intrinsic level of miR-155 in these cells. Although podosomes, the actin-rich bipartite structures, were first found in chicken embryo fibroblasts decades ago, accumulating studies have been focused on podosomes in various cell types. The molecular components, functions and different superstructure organizations have been uncovered. And invadopodias in invasive cancer cells share the highly similar structures and functions with podosomes in normal cells.

Podosomes were also discovered in ECs and it provides the new approaches to investigate vascular physiopathology. Our previous study primarily dedicated to study podosome rosettes in BAECs. In response to TGF-β, both the non-canonical pathway and canonical pathway are able to assemble podosomes in BAECs. MiR-155 has been illustrated to induce podosome formation in BAECs by targeting on smad1 and smad5, the downstream effectors of canonical TGF-β pathway. It primarily confirmed the relationship between microRNA and podosomes.

Then we found that podosomes on 2D cultured HMVECs are also organized into rosette-like superstructures even though without stimulation. After ECs differentiate into tip cells, which are able to invade and migrate in interstitium space, podosomes are shown as dispersed units and distribute on tip cells. So podosome rosettes assembly on microvascular ECs is the prerequisite of sprouting angiogenesis. In order to decipher the mechanism involved in this progress furtherly, the role of miR-155 and their potential targets were explored in HMVECs.

As the crucial effectors of canonical TGF-β, various smads members play a vital role on the formation of podosomes in BAECs. In order to describe the feature of smads in HMVECs, we examined the Phosphorylation level of smads in HMVECs treated by TGF-β and BMP-9. Phosphorylation of smad1/5 was only induced by BMP-9 but not TGF-β. And for smad2 and smad3, which are known to increase podosomes in BAECs, were absent from HMVECs. So we concluded that there is no ALK5 receptor on the surface of HMVECs. It is known that TGF-β fails to function on ALK5 and its downstream proteins smad2 and smad3 in ALK1 deficiency BAECs. In turn, we confirmed that it was also not compatible for TGF-β to activate ALK1 in HMVECs without ALK5 receptor. So both ALK1 and ALK5 receptors are indispensable for the response of cells to TGF-β canonical pathway. But single ALk1 still can be activated by BMP-9 since there is no ALK5.

The crucial role of BMP-9 plays on vascular system was known as inhibiting the bFGFinduced proliferation and migration of BAECs and abrogating VEGF-induced angiogenesis in the mice embryos via ALk1, the receptor mainly expressed on ECs (141) . As the molecular regulator of angiogenesis and vascular development, mutation of BMP-9 results in vascular syndrome similar with hereditary hemorrhagic telangiectasia (147) . Although ALK1 alone failed to transfer TGF-β signal into cells, it can be recognized by BMP-9. Being exposed to TGF-β, the HMVECs behaviors are totally different from BAECs. However, based on the known effects of BMP-9/ALK1 on vascular system, smad1 and smad5 can still be considered as potential targets of miR-155 in HMVECs. To complete the effect of smads on podosome formation, we continued to examine HMVECs underwent higher level of smad1 and smad5. Due to smad1/5 phosphorylation are induced by BMP-9 in both BAECs and HMVECs, the effect of BMP-9 stimulation on these two distinguishing cell types seems similar. As the known podosome inhibitor in BAECs, soluble BMP-9 was also added to function on HMVECs and also resulted in the suppression of podosome rosettes. The podosome enhancing effect of VEGF was also inhibited by BMP-9. Furtherly, the podosome enhancing competence of miR-155-transfected HMVECs was alleviated under BMP-9 stimulation. Therefore, as the targets of miR-155 in HMVECs, smad1 and smad5 has the negative correlation with podosome quantity.

MicroRNA

In addition to exogenous miR-155 transfection, we also plan to test if MiR-155 produced by cells has the function on podosome formation. Carcinoma cell line MDA is well known as being rich in miR-155, which can be released by exosomes and function on its target proteins in the ECs nearby (148) . So the co-culture system of MDA/HMVECs was erected. More podosome assembly was observed in HMVECs seeded together with MDA than HMVECs seeded alone. In order to furtherly reveal if miR-155 is involved during this progress, we found the podosome increasing effect of HMVECs/MDA system was abolished when antimiR-155 was transfected into HMVECs.

Primary tumors are less than 2mm 3 and do not have vascular network. The successful occurrence of angiogenesis in tumour tissue creates environment for metastasis, which is the primary cause of poor prognosis and high mortality. In additional, angiogenesis in tumour is helpful for the diagnosis of severity. Compared with traditional chemotherapy which has toxic and side effects, anti-angiogenic mechanisms has acquired extensive interest in recent years. Furthermore, ECs are highly conserved cells with genetic stability so that they can be free from drug resistance. Traditional ideas about anti-angiogenesis are reflected in the following points: preventing ECM degradation, inhibiting the production and secretion of angiogenic factors, blocking the effect of integrins on cellular surface and so on. Clinically, podosomes in ECs may be the therapeutic object of angiogenesis in tumor. Researchers conducted extensive researches about the co-cultured MDA and HUVECs in transwell assay to mimic tumour angiogenesis. Under the influence of tumor cells, HUVECs suffer from migration, proliferation and tube formation (149) . So it is possible to test the role of podosomes play on pathological angiogenesis in breast cancer in our future research.

Our previous research described the role of ECM components played on inducible podosomes under the treatment of VEGF. When HMVECs are seeded on coverslips coated by basement membrane components, the podosome formation can be increased by VEGF stimulation. But interstitial matrix proteins, such as collagen-I and FN, failed to assemble more podosomes in HMVECs even though being exposed to VEGF. So it is believed that during the invasion progress of tip cells, podosomes are involved in breaking down BMs but not migrating in the interstitial space. We transfected HMVECs by miR-155 and seeded cells on different components of ECM again. The podosome induction effect was also only observed in HMVECs seeded on BM proteins. Therefore, we speculated the malfunction of miR-155 over expression during the endothelial migration in interstitial environment.

Following AIA experiments confirmed it by comparing the length of endothelial sprouts into matrigel. In response to VEGF stimulation, the strengthened recruitment of MT1-MMP on podosomes was only found in HMVECs seeded on col-IV. Although HMVECs seeded on laminin are sensitive to VEGF treatment by assembling more podosomes, these podosomes failed to express more MT1-MMP than control group. So we concluded that HMVECs seeded on glass coverslips produced abundant col-IV and mediate both the quantity and function of podosomes increased by VEGF.

During angiogenesis, activated ECs break and transfer the BM so that migrate in the interstitial region. These cells produce col-IV and the NC1 domains of col-IV bind integrin αvβ3 receptors to affect endothelial cell adhesion, migration, and proliferation. It was reported that when PAECs were seeded on col-IV coating plates, the monolayer wound repair and proliferation ability were evidently enhanced. PAECs seeded on matrigel mixed with col-IV increased tube formation (150) . Rings of rat aorta were cultured under in the gel of type I collagen, the mixture of Col-IV and Col-I led to the prolongation of angiogenic sprouts and stabilized the vascular network. Rapid regression of neovascularization occurred due to the lack of col-IV in the surrounding gel (151) . HMVECs are the best known cell type extensively applied for angiogenesis research. These cells in 2D cultured behaviors produce large amount of col-IV to regulate podosomes formation and in turn degrade col-IV. In the progress of angiogenesis, since podosomes are the prerequisite of sprouting angiogenesis, they may be not involved in the following procedures and require the presence of col-IV to form mature vascular network.

ECM degradation is the dominant feature of podosome ability. The results of oragen gelatin degradation assays reflect the functionality of inducible or constitutive podosomes.

Under the treatment of VEGF, HMVECs seeded on green gelatin were reported to enhance degradation area. Thus, these podosomes have powerful activity. Databse obtained in my project showed that increasing podosome in miR-155 transfection HMVECs were conferred stronger proteolytic ability. The more areas of degradation were also presented in smad1 and smad5 depletion cells. But antimiR-155 has the opposite effect. Moreover, under the stimulation of BMP-9, HMVECs gained high level of smad1 and smad5 and weakened the gelatin degradation ability. Although miR-155 transfection HMVECs are able to form podosomes and have the similar quantification with sismad1, sismad5 and even VEGF stimulation, the positive control, compared with SiRNA scramble group, it still remains unclear why the increasing extent of degradation area in miR-155 group is less evident than other groups.

Podosomes produce and secret MMPs so that having the competence to degrade ECM. MT1-MMP is recruited by podosomes. It not only leads to the proteolysis of ECM components, but also facilitates the formation of activated MMP-2 by stimulating proMMP2.

Podosomes in HMVECs are able to be assembled automatically and termed as constitutive podosomes. In responsive to VEGF stimulation, HMVECs form inducible podosomes with stronger degradation capacity. It is shown as more MT1-MMP which co-localizes on the phalloidin/cortactin double staining podosome rosettes.

Numerous studies illustrate that microRNAs regulate MMPs in different manners. For example, mRNA of MMP7 is the direct target of MiR-489 in HEK293T cells (Human Embryonic Kidney Cells 293); miR-337 targeted MZF1 (myeloid zinc finger1) within promotor of MT1-MMP in gastric cancer cells line and miR-181b inhibits TIMP-3, a known inhibitor of MMPs, to regulate MMPs activity in aortic valve ECs (152) . But it has never been published if podosomes formation is associated with the MMPs regulation effect of miRNAs.

The database acquired from our studies showed that miR-155 increased MT1-MMP localization on podosome rosettes randomly under the microscope. In addition, more activated MMP2 is also detected in the supernatant and cell lysate of miR-155 transfection HMVECs.

So miR-155 regulates both quantity and functions of podosomes in HMVECs and it further verified the feasible influence of miR-155 on sprouting angiogenesis.

Angiogenesis has the competence to regulate both physiological and pathological progresses. ECs participate this progress are differentiate into elongated tip cells which assemble podosome units and filopodias so that have migration and invasion ability. Adjacent stalk cells are able to proliferate to form lumen for the neovascularization. The two cell-fate specification can be orchestrated by VEGF/notch pathway so that keep the balance of angiogenesis. If VEGF is superior to notch under the external stimulation, more tip cells will emerge to induce dense but aberrant vasculature. On the contrary, sparse vessels appear as the result of the domination of notch receptors and their downstream pathway. Both of the two situations induce immature vascular network which is closely associated with a serial of diseases. Modulation of VEGF/notch feedback loop should be an effective method to control pathological angiogenesis.

As the targets of miR-155 in microvascular ECs we just verified, smad1 and smad5 is required for the integrity of notch pathway by inhibiting negative auto-regulatory loop of Hes1. During the aberrant growth of vasculature, more ECs have tip cell manner with strengthened sprouting ability, which benefits from the smad1 and smad5 deficiency. On the elongated tip cells, filopodias are protrusions consist of parallel bundles of F-actin.

They explore the cue of microenvironment, such as VEGF, so that mediate directional migration. Cells generate filopodias to facilitate cytoskeletons link to ECM so that modulate cellular migration. As the Rho family of small GTPases, cdc42 is known to promote new actin polymerization. WASP families, the downstream of cdc42, mediate actin nucleation though a common effector Arp2/3 complex so that accelerate and organize filaments at the leading edges of migrating cells (152,153) . VEGF was reported to induce both filopodias and podosomes by activating cdc42/N-WASP/Arp2/3. But compared with podosomes, filopodias are generated in cells devoid of cdc42 or WASP (154) . In addition to forming podosome units, tip cells were primarily confirmed to assemble filopodias. And then podosomes were detected in the vicinity of filopodias. They can be controlled by the same signal pathway and the breakdown of collagen-IV induced by podosomes make sure the validation of filopodias. But the exact relationship between the two cytoskeleton structures still remains unclear. We have already verified that only 59% tip cells have both filopodias and podosomes. We also found podosomes by the merge of F-actin and cortactin on the spherical sprouts without filopodias. Thus, in 3D sprouts of ECs, the existence of filopodias is not indispensable for podosomes. Above all, tip cells are equipped with various functions by forming podosomes and filopodias.

The same as podosome rosettes in 2D cultured HMVECS, podosomes are presented as scattered units on elongated tip cells with several filopodias and spherical immature sprouts, which have also been proved to have positive correlation with the level of miR-155.

Podosomes are crucial in physiological angiogenesis and can be modulated by VEGF/notch pathway. Therefore, future studies should focus on the effect of podosome regulation on both pathological and physiological angiogenesis. It is necessary to highlight the clinical significance of podosome research in ECs.

In growing vessels, podosome units in activated ECs are able to be clustered by mechanical strains or ECM component so that lead to matrix degradation for branching (155) .

In retinas of neonatal mice, vascular growth occurs on three layers in the sequence of superficial layer, deep layer and intermediate layer and is accompanied with the maturation of retinas. It is known that when vascular plexus reaches the periphery of retina around P8, vertically sprouting emerge to form vessels in the deep layer. After angiogenesis is completed and there is no tip cells in the mature vascular coverage and podosomes are not detected any more. Our results only focus on retinal angiogenesis of the superficial layer before the saturation of vessels. The role of podosomes in superficial plexus is possibly involved in the downward invasion into deep layer and it provides foreground to the study of eye diseases associated with aberrant angiogenesis.

Angiogenesis is a multi-step process. So it is highly necessary to explore the role of miR-155 plays at the various angiogenic stages. Cell migration is crucial for vascularization and requires ECM degradation. MiR-155 increases podosome formation but alters FAs activity by disrupting their turnover. By contrast, antimiR-155 has an opposite role. Therefore, we conclude that miR-155 is essential for proper HMVECs migration although its over expression failed to stimulate migration further. During angiogenesis, tube formation follows cell migration.

Collectively, we show that microvascular ECs with high miR-155 levels have an increased potential to differentiate into tip cells and to sprout from primary vessels. However, at the same time, focal adhesion turnover was impaired so that the newly formed sprouts failed to elongate and remains immature. Along the angiogenic process, miR-155 only induced more endothelial sprouts so that the newly formed vessels remained immature and possibly leaky. In contrast, antimiR-155 reduced sprout number and cell migration without affecting morphogenesis. AntimiR-155 may provide a new approach to regulate angiogenesis therapeutically.

Aberrant miR-155 level has been linked with cancers, cardiovascular and inflammatory diseases. Different identified targets suggest the multifunctional feature of miR-155. But the involvement of miR-155 in vascular development and the underlying mechanism still remain undefined in vivo. The progress of physiological angiogenesis is clearly reflected by retinas of neonatal mice from central optical nerve to the periphery in a 2D mode. Retinal angiogenesis is essential to the development and proper functions of retinas. According to experiments in vitro, the function of miR-155 on angiogenic sprouts and podosomes has been well described in experiments in vitro. Retinal vasculature from neonatal mice models was adopted on behalf of demonstrating our conclusions in vivo. Alteration of sprouts in the front edge and overall vascular density occurred as the consequence of aberrant miR-155 level. Similar with AIA, miR-155 also participate the regulation of podosomes quantity on angiogenic sprouts in retinas and therefore is identified as a new pro-angiogenesis effector.

In order to further verify the significance of miR-155 in vascular development, more research focus on describing the manner of angiogenesis in retinas lack of miR-155, which displayed sparser network compared with WT mice treated by sham injection and illustrated the poorer invasion capacity of sprouting ECs. This phenomenon is able to be explained by the fewer filopodias on the activated ECs sprouts. Moreover, in antimiR-155 treated retinas, Collagen-IV and VE-cadherin which reflect angiogeneic activity were found to deposit in vasculature more than WT. It is also interesting to notice more Collagen-IV empty sleeves without endothelium indicate the vascular degeneration of these models. Above all, miR-155 is highly required for physiological angiogenesis in vivo.

MicroRNAs is deemed to have different targets in the same cell types. In ECs, miR-155 has been published to target on CCN1 to promote pathological angiogenesis. The inhibition of miR-155 on RhoA results in the angiogenesis to rescue the endothelial mesenchymal transformation during fibrosis diseases. Rictor contributes to the vascular integrity by strengthening tight junctions. So miR-155 over expression ECs enhanced the permeability of vasculature. MiR-155/eNOS axis gives rise to the endothelial dysfunction involved in various diseases. In summary, by virtue of functioning on different proteins, the effect of miR-155 on vascular system is complex.

In addition to smad1 and smad5, we verified that these proteins are also targets of miR-155 overexpression in HMVECs. During which more podosomes are assembled so that recruit higher level of MT1-MMP and MMP2. But the regulation effect of these proteins on podosomes formation still need to be established. So following studies are worthwhile to focus on the podosomes regulated by other targets of miR-155. If it is available, the role of podosomes play on other ECs dysfunction should be deciphered in the future.

Not only in HMVECs, miR-155 also played regulatory roles in other cell types. As the breast epithelial cells line, MCF10A lacks of inherent miR-155 and has inferior matrix degradation ability which can be evidently increased by strengthened miR-155 expression. In contrast to this, miR-155 has been found to be abundant in various cancer cells and deemed as one of the most potent oncogenic microRNA. MDAs are cell lines from cancerous breast epithelial tissue with powerful proliferation, anti-apoptosis and anti-chemotherapy competence. Vivo research disclosed that MDAs are planted in the mice and keep growth. Above all, the plentiful miR-155 is highly involved in a set of vitalities. However, little is known about the effect of miR-155 on invasive ability of MDAs. The degradation of mesenchymal collagens or basement membrane is well known as the prerequisite of tumor metastasis. So we dedicated to evaluate the gelatin degradation ability of miR-155 deficiency MDAs, which is significantly less than si-control. It highlights the necessity to make clear the role of miR-155 played on the metastatic breast cancer in the future research.

Annexe: Silencing MAPG-1 inhibits podosome formation in human microvascular ECs.

Connnective tissue:

Connective tissue consists of cells, fibers and ECM. It connects, separates and supports other tissues. In contrast to loose connective tissues that contain various cells but few fibers, dense connective tissue is characterized by tightly arranged fibers. Collagenous fibers provide tensile strength and elastic fibers provide elasticity. The two types of fibers collaborate to fix organs or tissues and to sustain flexibility at the same time (156) .

Figure S1 Schematic representation of loose connective tissues and dense connective tissues

Elastic fibers:

Elastic tissues undergo extension and recoil. It is dependent on the proper assembly elastic fibers. The core of these fibers consists of elastin that is surrounded by 10nm-diameter microfibrils. Microfibrils are linear structures that show electron-dense "beads" separated by filamentous "strings". The distance between two beads is about 50nm (157) . Fibrillin-1 (FBN1) is the main structural protein in microfibrils. The 350kd FBN1 precursor of FBN1 is processed by furin to form the 320kd mature protein, which form microfibril bundles by the end to end crosslinking of N-terminals and C-terminals FBN1 molecules. These structures recruit elastin to form elastic fibers (158) . Moreover, in non-elastic tissues, microfibrils are assembled as bundles to bear stress. 

Introduction to FBN1

Structural characterization of FBN1

FBN1 is a glycoprotein secreted mainly but not exclusively by fibroblasts. FBN1 consists of 47 EGF-like domains (EGF modules), 8 cysteine containing modules (TB) and 2 hybrid domains. Among the 47 EGF domains, 43 are calcium-binding types referred as cbEGF domains. Each of these domains is characterised by six cysteine residues and a calcium binding consensus sequence. Several cbEGF modules are organized as multi-domains and each part of cbEGF sequences are separated by a TB domain. Moreover, there are two hybrid domains rich in proline and these are used to distinguish other FBN members (159) . (Figure S3)

Storage of TGF-β on FBN1

In a post-Golgi compartment, TGF-β is synthesized as latent precursor proteins (LTGF-β), which is cleaved by furin into its C-terminal pro-region called latency-associated peptide (LAP). N-terminal active peptides form mature TGF Homodimers. Homodimers of TGF-β and LAP interact to form the small latent complex (SLC) which has no biological activity. Subsequently, the SLC binds covalently to latent transforming growth factor-binding proteins LTBPs. LTBPs are important components of the ECM that interact with fibrillin microfibrils.

Finally, large latent complex (LLC) is assembled and TGF-β is stored on FBN1 in an inactive state. TGF-β should be released from LLC to acquire activity, so that it can be recognized by the receptors on the cell surface to initiate downstream signals.

The role of FBN1 on ECs

The arterial wall consists of three layers: tunica intima, tunica media, tunica adventitia. As the thinnest layer, the tunica intima contains the EC monolayer surrounded by subendothelial connective tissue which interfaces with the internal elastic lamina. In capillaries, there is only the endothelium and the basement membrane. Proper vascular growth requires endothelial cell interactions with supporting cells such as SMC, pericytes. EC behavior is dictated by ECM components.

ECs are anchored to the internal elastic lamina by FBN1 microfibrils. FBN1 plays an essential role by extending out of microfibrils to mediate cellular adhesion and spreading. So, FBN1 is likely to maintain vascular integrity. FBN1 deficiency results in weak ECM elasticity and aberrant vessels. Fibrillin-1 contains an Arg-Gly-AsP (RGD) motif at the fourth TGFbinding protein-like domain. It is flexible and accessible to regulate the binding various integrin subunits. For ECs, FBN1 regulate cellular adhesion (160) , proliferation and migration (161) by binding integrin αvβ3 and α5β1. In addition, interaction of RGD-integrin mobilizes the cellular calcium stores without involving calcium channels on the membrane. Above all, the ECM regulates angiogenesis. However, the role of FBN1 in angiogenesis has not been investigated.

Figure S3

: Schematic representation of chromosomal localization, domain organization and primary functions of human fibrillin1.

FBN1 and Marfan

Marfan syndrome (MFS) is a kind of genetic disease with various abnormal connective tissues in the musculoskeletal, cardiovascular and ocular systems. Patients are characterized by the tall figures with long limbs, fingers and toes, spinal deformity, dislocation of the lens and so on. The most serious and fatal symptom is the aortic aneurysm accompanied with arterial dissection and rupture, manifest as the lesions of destruction of the vascular intima and blood flows between the layers of the aortic wall. The vascular malformation is overlapped to the adverse outcomes induced by the cytoplasmic kinase mutations in TGF-β receptors. Mutation of fibrillin-1 gene in MFS results in deconstructed protein product which fails to combine TGF-β (162) . The enhanced TGFβ activity in tissue affects the integrity of aortic walls by inducing endothelial dysfunction. However, the functions of such mutations on the microvascular system have never been identified.

Introduction of MAGP-1

In the bead structures of microfibrils, there are small molecular glycoproteins termed as microfibril-associated glycoprotein-1 (MAGP-1). The gene of MAGP-1 has been isolated from humans, mice and bovines. The N-terminal of MAGP-1 combines with ECM components and growth factors. And the C-terminal of MAGP-1 combines proteins with EGF-like domains, such as fibrillin, notch receptor. In the elastic fibers, MAGP1 act as the bridge of elastin and microfibrils. In addition to combining fibrilins at or near the third TB domain, mutation of which induce marfan syndrome, the N terminal of MAGP-1 binds the tropoelastin, the precursor of elastin, so that incorporate it into elastic fibers (Figure S4). So MAGP-1 has the potential to interfere marfan syndrome. However, the effect of MAGP-1 on fibrilin assembly remains unclear (161) .

The consequence of MAGP-1 deficiency on angiogenesis.

In wild type models, newly formed vasculature is able to insert in the loose ECM rich in MAGP-1 so that creates conditions for physiological angiogenesis. MAGP-1 mutation results in the defects of vasculature remodeling which manifested as less distinct branches. In retinas, ECs are concentrated and the hyaloid vasculature becomes thicker and stagnant. Moreover, vascular dilation also occurs in the caudal veins and cerebral vessels of MAGP-1 deficiency models and can be rescued by transient MAGP-1 treatment. Furthermore, MAGP-1 overexpression also dilates vessels. So the balance of vascular normalization is sustained by the proper level of MAGP1.

Compared with the FBN1 mutation model, the negative MAGP-1 model presents overlapping vascular defects which illustrate the synergistic effect of these two glycoproteins.

Unexpectedly, in tissues with abundant MAGP-1 such as skin, vasculature and lungs, MAGP1 deficiency reveals normal morphology. However, bone abnormality, hematopoietic alteration, fat deposition, diabetes, slow wound healing and bleeding diathesis (163) . Our studies aimed to study the role of MAGP1 on human angiogenesis. 

MAGPs interact with notch receptors

MAGP-1 and 2 induce the shedding of ectodomains in Notch receptors. Moreover, MAGP-2 also regulates Jagged-1. In non-endothelial cells, MAGP-2 activates Notch. On the contrary, in endothelial cells MAGP-2 inhibits Notch and thereby facilitate angiogenesis (164) .

However, the interaction of MAGP-1 with Notch receptor has not been explored in ECs.

According to the achievements of predecessors, we plan to verify if MAGP-1 is involved in podosome formation and angiogenesis controlled by VEGF/notch pathway in human microvascular ECs.

Results

The regulation effect of MAGP1 deficiency on podosome fomation in HMVECs

In sight of this, we plan to examine if MAGP1 is involved during the assembly of podosomes in microvascular ECs. First of all, we transfected the SiRNA of MAGP1 into HMVECs by the same method as before, then 70% confluent cells were seeded on glass coverslips and stimulated by VEGF (50ng/ml) for 24hours after two rounds transfection. In total, we take all the podosome rosettes into account from 300 cells randomly by double staining of cortactin and F-actin under an epifluorescence microscope (Figure S5 A andB). Collectively, the results obtained demonstrated the indispensable effect of MAGP1 on podosome formation

The effect of MAGP1 on sprouting angiogenesis and podosomes in 3D experiments in vitro

We adapted the angiogenesis invasion assay to assess the regulation effect of MAGP1 deficiency in HMVECs on endothelial sprouting capacity. First of all, HMVECs were transfected with Scramble siRNA, si-MAGP1 and followed by being seeded densely around matrigel. Under observation of 4x lens of phase contrast microscope, compared to the control group, we found less sprouts in matrigel surrounded by Si-MAGP1 transfected HMVECs. 

Discussion

In ECs, podosomes are extensively studied and found to be inducible when exposed to exogenous growth factors or endogenic overexpression of miR-155. However, the effect of ECM components on podosomes has not been tested in ECs.

Microfibrils are a major ECM component of the cardiovascular system. Although the role of the endothelium in vascular development has been extensively defined, in response to the variation of ECM components, vascular function has not been well understood. Previous publications demonstrated that MAGP-1 was the pro-angiogenesis protein only in Zebrafish and played different roles in mice as a vascular ECM component. My work aims to examine the angiogenesis manner in the human microvascular ECs absent from MAGP-1.

HMVECs seeded on FBN1 fragments coating coverslips present more podosomes.

When abundant FBN1 exists in ECM, HMVECs are more potential to assemble podosomes and degrade basement membrane. So tip cells are assembled to induce sprouting angiogenesis. So in addition to sustain the normalization of vessels, FBN1 is also crucial to angiogenesis occurs in capillaries

MAGP-1 is implicated in the assembly of podosomes.

During angiogenesis, VEGF/notch pathway has been confirmed to induce podosomes to facilitate sprouting of ECs. This progress can be inhibited by the absence of MAGP-1 in HMVECs. MAGP-2 is well known as the notch receptor regulator in both ECs and non-ECs.

So MAGP-1 also seems to interact with the behaviors of notch receptors and the downstream pathway.

Introduction

Angiogenesis is the growth of blood vessels from the existing vasculature. This process is essential during embryonic development but becomes restricted to reproduction and tissue repair during adulthood. Physiological angiogenesis depends on the balance of positive and negative angiogenic modulators within the vascular microenvironment and is short-lived. Within a couple of weeks, the new capillaries become mature microvessels that contain quiescent endothelial cells (ECs) resting on an intact basement membrane (BM). In many chronic diseases, including inflammatory disorders and various cancers, the balance between angiogenic and angiostatic factors is lost, resulting in pathological angiogenesis that persists for much longer periods of time. For example, pathological angiogenesis associated with wound healing may occur after an inflammatory response, in which TNF-! production is sustained [1].

At the onset of angiogenesis, ECs degrade the underlying BM, migrate and form sprouts that branch and anastomose. During maturation, ECs rebuild a BM, recruit parenchymal cells and finally return to quiescence. Mechanistically, initial sprouting is driven by proangiogenic factors, commonly VEGF (Vascular Endothelial Growth Factor, thereafter VEGF-A) whose binding to VEGFR2 receptor upregulates the transmembrane Notch ligand Dll4 and thereby the emergence of leader ECs (tip cells) from the established vessel. Dll4 activates the Notch1 receptor to induce proteolytic release of the Notch intracellular domain (NICD) that acts as a transcription factor, down regulating VEGFR2/3 expression in adjacent cells (stalk cells) [2-4]. Tip cells maintain low levels of Notch signaling activity, breach the BM barrier and invade the surrounding stroma while neighboring stalk cells maintain high levels of Notch signaling activity, do not sprout but divide to extend the sprout. Stalk cells express another Notch1 ligand, Jagged-1 [5,6], which antagonizes Dll4/Notch1 signaling back to the tip cell [5].

Genetic and pharmacological studies have led to the concept that the tip cell phenotype is the default response of ECs, with stalk cells actively repressed from becoming tip cells through Notch signaling.

It was then shown that the stalk cell phenotype is reciprocally repressed in tip cells [7]. However, how the selected tip cell acquires its functional characteristics remains unknown. Our recent work highlighted the mechanism by which the explorative tip cell opens the way to enable vessel sprouting [8]. In these cells, low Notch activity induces the formation of proteolytic structures known as podosomes [9] which enable filopodia to break through the BM [10] and dock on the interstitial matrix to allow cell invasion [8]. Podosomes are plasma membrane actin-based organelles enriched in metalloproteases (MMPs) [11]. They contain recognizable markers such as cortactin and the scaffolding protein Tks5, and proteins that are found in focal adhesions. BM proteolysis is restricted to ! A! the sites of podosome formation. Vessel remodeling is halted by podosome suppression upon reactivation of the Notch pathway and the BM is restored [8].

VEGF and Dll4/Notch1 signaling thus cooperate in a negative feedback loop that specifies endothelial tip and stalk cells to ensure adequate vessel branching and function [3]. Yet, little is known about the posttranscriptional control of this dynamic process by microRNAs (miRs). miRs are highly conserved, small (∼22 nucleotides) non-coding RNAs that regulate the expression of dozens of genes at the same time, often coding for proteins involved in the same program, to affect cell physiology in a global manner. These miRs are packaged in extracellular vesicles and exosomes (EVs) that travel through the body with the ability to regulate some of their targets remotely. MiR levels are altered in disease conditions. One of the most common disease-related miRs is miR-155. It is upregulated in inflammation and cancer conditions in which increased angiogenesis aggravates the disease. The endothelium is exposed in the first line to high levels of miR-155, released by inflammatory cells into the bloodstream, either in complex with argonaute (ago2) or included in EVs [12]. We therefore investigated how this miR affects EC phenotype, function and behavior to explore a possible link between miR-155 over-expression and angiogenesis.

Although some studies have already investigated the angiogenic potential of miR-155 in ECs, most of them have used HUVECs and came to conflicting conclusions [13,14]. Because angiogenic sprouting occurs primarily from capillaries, the role of miR-155 was addressed in the mouse retina as an in vivo model of physiological angiogenesis. Human microvascular ECs (human microvascular ECs, HMVECs) were subsequently used in in vitro assays to unravel step by step the processes that operate in vivo. While VEGF-A regulates EC sprouting, cell invasion and migration, our study established that miR-155 stimulates sprouting but impedes cell migration and morphogenesis thus resulting in unproductive angiogenesis.

Results

-The exposure of the vasculature to either miR-155 or anti-miR-155, disrupts physiological angiogenesis

To address the role of miR-155 in sprouting angiogenesis, we used the mouse postnatal retina model that allows simultaneous visualization of the different steps of the angiogenic process. In the first week after birth, a primary vascular plexus grows from the optic nerve head of the retina. Guided by fibronectin produced by proangiogenic astrocytes and exposed to a VEGF-A gradient, the vascular network develops radially toward the periphery of the retina. Angiogenesis can be monitored by multiparametric characterization of this 2D plexus growing onto the retinal surface between P0 and P8. We performed intra-vitreal injection of either miR-155 mimics (a fluorescent tagged synthetic oligonucleotide corresponding to endogenous mature miR-155) or its antagonist (antimiR-155, a fluorescent tagged synthetic oligonucleotide neutralizing endogenous miR-155) in the eye at P4 and allowed neo-vascularization until P6 (Fig. 1A). FAM fluorescence in flat-mounted P6 retinas confirmed that the oligonucleotides were taken up by the cells (Fig. 1B). Analysis of the angiogenic front in P6 retinas stained for the endothelial marker isolectin B4 (IB4) revealed that the density of capillaries and the number of sprouts were increased in miR-155-injected eyes as compared to controls (Fig. 1C,D). The vascular coverage of the retina and the radial extension of the network were not significantly affected. In a more detailed analysis, no alterations of filopodial protrusions, empty sleeves or VE cadherin staining were detected (Suppl. Fig. 1). In contrast, all angiogenic parameters were affected in antimiR-155 injected eyes as compared to controls (Fig. 1C, D and Suppl. Fig. 1A,B). We did not detect arteriovenous malformation in the injected retinas.

ECs differentiating in tip cells use podosomes to breach the BM surrounding the parental vessel [8]. Alterations in the sprouting, branching, and anastomosing capacities of retinal vessels in miR-155injected eyes could therefore reflect a decreased ability of tip cells to assemble these structures. To
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study podosome formation, we used Lifeact-EGFP-transgenic mice [15] in which the expression of the transgene is largely restricted to the endothelium [16]. Podosomes are detected by the colocalization of F-actin and cortactin in punctate structures that coincide with gaps in Collagen-IV (Col-IV) staining [8], at the distal end of tip cells where filipodia extend from the leading edge [8] (Fig. 1E,F). In miR-155-injected eyes, the number of podosomes per tip cell was increased whereas fewer podosomes were formed in tip cells from antimiR-155-injected eyes, as compared to controls. Neither miR-155 nor antimiR-155 altered podosome size, indicating that miR-155 did not affect actin dynamics at podosomes (Fig. 1F).

Collectively, these results show that miR-155 is essential for proper angiogenesis in vivo. However, a miR-155-rich microenvironment affects neo-vascularization. miR-155 promotes vascular sprouting and podosome formation in tip cells while anti-miR155 has the opposite effect. Interestingly, aberrant sprouting and exacerbated podosome formation are also features of impaired Notch signaling as shown in DAPT (a gamma-secretase inhibitor) exposed vessels [8]. The miR-155 phenotype is therefore reminiscent of one in which Notch signaling is inhibited.

-miR-155 alters endothelial cell sprouting capacities and prevents morphogenesis

To explore the cellular mechanisms underlying the disruptive effect of miR-155 on retinal angiogenesis, we altered miR-155 levels in microvascular ECs and addressed their functional properties and behavior in vitro. qRT-PCR experiments established that miR-155 levels were low in HMVECs and not modulated by VEGF-A stimulation while TNF-! was effective (Suppl. Fig. 2A-C).

In these cells, miR-155 did not induce VEGF-A expression (Suppl. Fig. 2D). We used an in vitro angiogenesis assay (AIA) that we have developed to examine how miR-155 affected tip cell/stalk cell specification [8]. The assay simulates the initial sprouting phase of angiogenesis in which ECs differentiate into invasive tip cells that assemble proteolytic podosomes to breach the BM [8]. To this end, a Matrigel plug (a BM-like material derived from Engelbreth-Holm-Swarm tumor cells) supplemented with VEGF-A was placed in a culture dish and HMVECs were seeded to form a monolayer around it (Fig. 2A,B). Tip cell-like cells, differentiating from ECs at the Matrigel interface, assembled podosomes, projected filopodia toward the VEGF-A source and sprouted into the Matrigel plug (Fig. 2B). When transfected with miR-155 mimics, ECs sprouted in the Matrigel at higher frequency than control ECs (Fig. 2C). However, many sprouts failed to elongate toward the VEGF-A source and remained rounded in shape (thereafter referred to as immature sprouts) (Fig. 2D). Thus, despite increased sprouting, miR-155 did not promote an overall increase in sprout length (Fig. 2E,F). The defect was not due to altered podosome formation, on the contrary, more podosomes per sprout were scored as compared to controls (Fig. 2G-J). In addition, increasing VEGF-A concentration in the Matrigel plug did not correct the miR-155 phenotype. qRT-PCR experiments confirmed that Matrigel did not significantly affect miR-155 levels in HMVECs (Suppl. Fig. 3). Conversely, and similar to the in vivo situation, antimiR-155 transfection reduced EC sprouting and podosome formation below baseline, resulting in an overall reduction in sprout length (Fig. 2G-J).

To determine whether the reduced invading capacity of miR-155-transfected cells could result from a defect in VEGF-A-induced chemotaxis, we assessed their migration potential directly in the woundhealing assay. Whereas VEGF-A stimulation allowed control cells to fill the gap within 24h, cells over-expressing miR-155 did not. Neutralization of endogenous miR-155 with the antimiR-155 slowed down cell migration but this defect was partially rescued by VEGF-A (Fig. 3A,B). miR-155 and antimiR-155-transfected cells were less motile than control cells. Cell proliferation was not affected in miR-155 or antimiR-155 transfected cells. miR-155-transfected cells did not exhibit detectable morphological changes or alterations in cytoskeleton organization but defects in cell-matrix adhesion (Fig. 3C-E). Whereas VEGF-A increased the number of focal adhesions per cell in control ECs, this response did not occur in miR-155-transfected cells. VEGF-A or antimiR-155 did not affect the overall area of focal adhesions (Fig. 3D). In contrast, miR-155 over-expression increased the mean size of focal adhesions (Fig. 3E), suggesting an alteration in their turnover that could account for the migration defect [17].

! ?!

In the late steps of angiogenesis, ECs undergo morphogenesis and this can be simulated in vitro by plating cells on BM-like materials! [18] (Fig. 4A). Typically, Matrigel evokes capillary-like formation within 24h. ECs first align themselves end-to-end, then elongate and a complex network of anastomosing cells can be observed after 16h. While, the typical capillary-like structures were observed in control HMVECs, miR-155-enriched cells tended to aggregate rather than align and elongate (Fig. 4B,C). Tubulogenesis was unaffected for cells that had been transfected with antimiR-155.

Collectively, these results show that the phenotypes and properties of ECs over-expressing or underexpressing miR-155 analyzed in the AIA mirror the in vivo situation in which the retinal vasculature is exposed to miR-155 or antimiR-155, respectively. Although expressed at low levels (Supp. Fig. 2), endogenous miR-155 plays a decisive role in podosome formation and cell migration but is not required for morphogenesis. If miR-155 is over-expressed, cell sprouting is stimulated but cell invasion does not occur as the response to VEGF-A adhesive and migratory signals is impaired. The opposite effects of miR-155 and antimir-155 on morphogenesis suggest that miR-155 could be turned off at this stage.

-miR-155 promotes a proteolytic phenotype

To explore how miR-155 regulates EC sprouting capacities, we examined the ability of HMVECs to assemble functional podosomes in response to miR-155 modulating signals, in the absence of BM cues. HMVECs were transfected with miR-155 mimics or antimiR-155, seeded on a gelatin matrix and stimulated or not with VEGF-A. In 2D cultures, podosomes appear as F-actin-rich cores, each surrounded by an adhesive ring structure containing proteins that are also found in focal adhesions [11]. Such basic units are organized into cluster-like cytoskeletal superstructures termed podosome rosettes [11]. Double immunofluorescent staining (F-actin/cortactin) showed that miR-155 promoted podosome formation in HMVECs (Fig. 5A,B). Podosomes were found assembled in rosettes that featured characteristics similar to those formed at low levels in control-transfected cells (referred to as spontaneous podosomes) [9]. miR-155 promoted podosome assembly on BM proteins (Col-IV, laminin or Matrigel), but not on the interstitial protein fibronectin (Suppl. Fig. 4). By contrast, antimiR-155 decreased the formation of spontaneous podosomes that form under basal conditions (Fig. 5B). Interestingly, antimiR-155 suppressed podosome formation in response to VEGF-A, indicating that endogenous miR-155 was required for podosome induction. The podosome response is reflected in matrix proteolysis that we measured in situ by quantifying dark areas in the fluorescent gelatin (Fig. 5C,D). Although cells transfected with miR-155 showed increased degradation capabilities, this activity was not stimulated further in the presence of VEGF-A. Of note that because motility was affected in these cells (Fig. 3B), matrix degradation may have been slightly underestimated in this assay.! Extracellular matrix remodeling by podosomes relies on matrix proteases, of which the transmembrane metalloprotease MT1-MMP is the major enzyme. MT1-MMP is delivered via microtubules and exposed at podosome sites. Cells over-expressing miR-155 displayed brighter cellsurface MT1-MMP staining at podosome rosettes than control cells (Fig. 6A,B). This induction was similar to that obtained upon VEGF-A stimulation. However, in cells transfected with antimiR-155, neutralization of endogenous miR-155 led to an attenuated VEGF-A response. As expected, miR-155induced podosome formation and associated matrix degradation were abolished in MT1-MMPsilenced cells (Fig. 6C,D). In the invasion assay, podosome formation was reduced in tip cell-like cells and this resulted in reduced sprouting capacities (Fig. 6E-G). MT1-MMP also acts as a membrane-anchored activator, processing latent pro-MMP2 in complex with !V"3 integrin into active MMP2 at the cell surface. We analyzed MMP2 activity in cell supernatants by gelatin zymography. The secreted latent MMP2 proenzyme (which is activated by the assay) can be identified by its molecular mass at 72kDa (pro-MMP9 (MW: 92 kDa) was not detected) (Fig. 7 A,B).

MMP2 was visualized by its gelatinase activity just below its precursor. A selective increase in MMP2 activity was observed with miR-155-transfected cells, whereas no change was detected for anti-miR155-transfected cells. miR-155 reduced MMP2 activity induced by VEGF-A stimulation.

Western-blot experiments confirmed that MMP2 expression was not affected by miR-155 (Fig. 7C). Taken together, these data show that miR-155 increases MMP2 activity while antimiR-155 had no significant effect. These results suggest that the upregulation of MMP2 activity arose from the processing of its precursor by MT1-MMP.

Taken together, the results show that miR-155 regulates MT1-MMP for podosome formation as VEGF-A does. However, high levels of miR-155 in HMVECs compromise their responses to VEGF-A. The antagonistic action of miR-155 and antimiR-155 on MMP2 proteolytic activity confirms that miR-155 is involved in MT1-MMP regulation at podosomes.

-miR-155 represses the expression of Notch regulators and reduces Notch activity

As all miRs, MiR-155 has multiple targets that regulate biological processes in a tissue type-and context-dependent manner! [19]. We focused on Smad1 and Smad5 that are validated targets of miR-155 in aortic ECs [20]. In these latter cells, podosome formation is induced in response to TGF" and potentiated by miR-155, which releases the inhibitory effect of Smad1/5 on Smad2/3, the effector pathway downstream of the TGF" receptor Alk5. In HMVECs, TGF" did not regulate podosome formation and Smad2 and Smad3 were not phosphorylated in response to this cytokine (Suppl. Fig. 5).

In contrast, Smad1 and Smad5 underwent phosphorylation after BMP-9 stimulation (Suppl. Fig. 5). BMP-9 suppressed podosome formation in response to VEGF-A and in response to miR-155 overexpression (Suppl. Fig. 6). As tip/stalk cell specification depends on the integration of Smad1/5 and Notch signaling cascades [21,22], we hypothetized that miR-155 could affect this pathway. Smad1/5 expression was reduced by half in miR-155-transfected cells indicating that these proteins are also targets of miR-155 in HMVECs (Fig. 8A). Silencing Smad1/5 phenocopied the characteristics of miR-155-enriched cells with respect to podosome formation and function (Suppl. Fig. 7). Western blot experiments analyzing Notch intracellular domain (NICD) confirmed that Notch signaling was reduced in miR-155-transfected cells. In addition, Dll4 and Jag1 induction were weakened in response to VEGF-A stimulation (Fig. 8B). Importantly, the expression and phosphorylation of VEGFR2 and Fak was altered in miR-155 or antimiR-155-transfected cells (Fig. 8C).

Collectively, these results show that miR-155 decreases Smad1/5 expression and Notch signaling and suggest that podosome induction is enabled through this pathway. The alteration of Fak phosphorylation may account for the defect in cell adhesion and migration. The downregulation of VEGFR2 expression illustrates the alterations of Notch/VEGFR2 feedback loop and the defective responses to VEGF-A signals.

-miR-15derived from tumor cells stimulates podosome formation in HMVECs

miR-155 is over-expressed in a variety of solid tumors and hematopoietic malignancies and is therefore abundantly released in the microenvironment of cancer cells. Disruption of VEGF-induced angiogenesis in the retina model and alterations of EC phenotype by miR-155 suggest that miR-155 may underlie some aspects of pathological angiogenesis associated with malignancies. To investigate whether miR-155-rich tumor cells influence EC phenotype, we exposed HMVECs to MDA-MB-231 breast tumor cells in a co-culture system. In these conditions, the number of podosome-forming ECs almost doubled (Fig. 9A). This effect was inhibited when HMVECs that had been transfected with antimiR-155 were used in the co-culture setup (Fig. 9B).

! O!

Discussion miR-155 represents a typical multifunctional miRNA with distinct expression profiles. The targeted transcripts encode products such as receptors, kinases, DNA binding proteins and transcriptional regulatory proteins. These findings have led to the concept that miR-155 is a pleiotropic regulator of cell homeostasis. This is well illustrated in processes such as hematopoietic differentiation or modulation of the immune response [23,24].

Our study reveals that miR-155 participates to physiological angiogenesis. The role of this miR in the process may have gone unnoticed until now because miR-155 is expressed at low levels and its expression is not modulated by VEGF-A, in microvascular cells. In addition, most studies have used HUVECs (venous cells) as a model system. We show here that endogenous physiological miR-155 ensures EC proteolytic capacities and migration that are essential for proper cell sprouting and invading capacities in response to VEGF-A. How miR-155 contribute to these processes remains to be established. Given the numerous targets of this miR (bioinformatic analyses indicates at least 11 angiogenesis-regulated genes! [25]) and its presumed role in homeostasis, it is likely that different proteins are targeted, directly and indirectly, at different stages of the process. The signals that control miR-155 endogenous levels in microvascular ECs in non-pathological conditions are not known. However, hemodynamic forces generated by blood flow and hypoxia, which play a role in angiogenesis, may be involved as these factors were shown to affect miR-155 expression in other cells [26,27].

In sharp contrast, miR-155 has been extensively studied in pathological conditions. As in many cells, MiR-155 is particularly responsive to inflammatory stimuli, such as TNF-!, IL-1", TGF-" and interferons in ECs! [28], and the transcription factors NFkB and Signal transducers and activators of transcription (STAT) are well known upstream regulators of miR-155. In addition, miRs MiRNAs are not only operating as cell-autonomous modulators, but also as paracrine ones through the release of EVs in the blood stream, in the regulation of cellular functions [29]. The fact that an unresolved inflammation process leads to aberrant angiogenesis suggested to us that miR-155 might be directly involved. In the same line, miR-155 is also one of the most highly expressed miRs in cancer and its upregulation also promotes aberrant (tumor) angiogenesis [30].

To explore a possible link between miR-155 over-expression and angiogenesis, we investigated the consequences of exposing the growing vasculature of the retina to miR-155. The main defect was not increased angiogenesis but rather hypersprouting associated with increased podosome formation. Replication of this defect in cultured ECs showed that miR-155 directly affects EC properties. In vitro, miR-155 was sufficient to stimulate podosome formation, to upregulate MT1-MMP cell surface exposure and to increase MMP2 activity. However, cell migration was impaired in these cells. Thus miR-155 is likely to initiate EC sprouting by promoting podosome formation, but the process remains unproductive because ECs are not invasive. Notwithstanding this, in the mature vasculature, podosome proteolytic activities are expected to damage the BM and compromise blood vessel integrity. Moreover, increased levels of miR-155 levels rendered ECs unable to respond to signals from VEGF-A. These findings may explain, at least in part, the defects in inflammatory or tumor vasculature.

Tip/stalk cell specification depends on integration of Notch and Smad1/5 signaling cascades [21].

Based on the fact that the phenotype in the miR-155-injected retina was reminiscent to induced by impaired Notch signaling [5], that inactivation of Smad1/5 results in impaired Dll4/Notch signaling [21], that Smad1/5 repress the stalk cell phenotype [7] and that Smad1/5 were known miR-155 targets [20], we could show that miR-155 reduced NICD generation in ECs exhibiting reduced Smad1/5 levels in vitro. We previously showed that lowering Notch signals in ECs is sufficient to enable podosome formation [8]. It thus turned out that miR-155 stimulates podosome formation by impairing Notch signaling through the downregulation of Smad1/5 expression. Supporting these conclusions, Smad1 or Smad5 silencing by an siRNA strategy phenocopied the effect of miR-155 on podosome ! P! formation and function. miR-155 over-expression also prevented the induction of Dll4 and Jagged-1 by VEGF-A illustrated by the disruption of the feedback loop on VEGFR2. Interestingly, low Notch activity is also sufficient to regulate MT1-MMP cell surface exposure. These results reveal an unsuspected link between low Notch activity and proteolysis.

Inflammation and cancer are both associated with aberrant angiogenesis. Increased miR-155 is a common denominator of these pathological states [31]. Released into the bloodstream as extracellular vesicles [11] that can be endocytosed by ECs, miR-155 is expected to play a major role in the angiogenic behavior of ECs in these diseases. Its deleterious effects have already been associated with cerebral stroke where miR-155 suppresses the expression of proteins related to tight junctions in the blood-brain barrier situated along blood vessels of the central nervous system [32]. miR-155 has also been studied in the context of pathological angiogenesis in mouse models. Most of them have used miR-155 deficient mice or strategies based on inhibition of mir-155 expression by antagomir [33]. In the oxygen-induced retinopathy (OIR) mouse model, miR-155 is consistently increased during all phases of the process i.e., following hyperoxia at p12 (vaso-obliterative phase), and ischemia at p17 (neovascularisation phase). In this model, miR-155 deficiency prevents abnormal vessel growth, and allows normalization of the retinal vasculature after the ischemic insult. While these studies highlighted the involvement of miR-155 in a complex setting dominated by inflammation, the role of miR-155 was not investigated at the cellular and molecular levels.

An anti-miR-155 therapeutic tool, Cobomarsen (MRG-106) has been designed by Miragen and is already included in phase 2 clinical trials [34]. It consists in a chemically synthesized oligonucleotide with modifications to increase its bioavailabilty. It is presently the most advanced microRNA targeting pipeline [35,36]. If miR-155 alters the integrity of the BM of mature vessels, the neutralization of its action by the administration of the miR-155 inhibitor should have beneficial effects at multiple levels: improved vessel homeostasis with decreased endothelial permeability, restoration of mural cell coverage, restoration of EC quiescence, and restoration of beneficial interplay with immune cells. It is worth mentioning that beneficial effects of anti-miR-155 have already been reported on the vascular endothelium after ischemia [37]. The therapeutic advance would then be the restoration of both a functional vessel network and of an anatomical barrier. For cancer patients, this intervention is expected to improve perfusion of anti-tumor agents that is limiting in chemotherapies.

Several miRNAs have now been shown to regulate angiogenesis or EC functions. Let7-f, miR-27b, and mir-130a, mir210, mir424 and the mir17-92 cluster are known as pro-angiogenic miRNAs while the miR-221/222 family has opposite effects [38]. miR-155 can therefore be added to the list of miRNAs that regulate physiological and pathological angiogenesis.

Materials and methods! Mice

Lifeact-EGFP transgenic mice [15] have been previously described. All experimental procedures with mice were performed using protocols approved by the Committee for Ethics of Animal Experiments at the University of Bordeaux, in accordance with the guidelines of the French Ministry of Health under the authority of the project License #18727. Male and female mice were not distinguished. The numbers of analyzed mice are indicated in each experiment.

Intravitreal injections

C57Bl6/J and Lifeact-EGFP transgenic pups at postnatal day 4 (p4) were intravitreally injected with 1 µL of either miR-155 mimics (mmu-miR-155-5p mature sequence UUAAUGCUAAUUGUGAUAGGGGU, miRBase Accession Number MIMAT0000165 or antimiR-155 miRCURY LNA inhibitor (second-generation-specific inhibitor for miR-155, developed by Exiqon) or control miRNA (scrambled oligonucleotides) (all from Qiagen) reconstituted in sterile PBS to a final concentration of 1 µg/µl. MiR-155 and antimiR-155 were injected into the left eye ! Q! while control miRNA was injected into the contralateral eye. Injections were performed using a 33gauge needle placed on a 10-µl Nanofil syringe controlled by a UMP3 pump controller (World Precision Instruments) as previously described [39]. Mice were euthanized 2 days later (p6) and their eyes were collected, fixed to analyze flat-mounts retina.

Whole retina immunohistochemistry

Eyes were fixed in 4% paraformaldehyde for 2 h at 4°C. Retinas were dissected, then incubated for 2 h at room temperature in blocking buffer (PBS, 2% BSA, 0.2% Triton X-100). After three 20 min washes in Pblec buffer (PBS supplemented with 1 mM MgCl 2 , 1 mM MnCl 2 , 1 mM CaCl 2 and 1% Triton X-100), retinas were incubated overnight at 4°C with fluorescein labeled isolectin B4 (IB4; Vector Laboratories, FL-1201, 1:25) or rhodamine labeled IB4 (IB4; Vector Laboratories, RL-1102, 1:25) and antibodies diluted in blocking buffer. Retinas were washed 3 times with blocking buffer and incubated with species-specific fluorescent-labeled secondary antibodies (Jackson Laboratories, 1:100) diluted in blocking buffer for 2 h at room temperature. After 3 washes in PBS, whole retinas were flat-mounted in ProLong Gold Antifade reagent (Life Technologies) containing Hoechst 33342 (Life Technologies), and analyzed with an epifluorescence microscope (Nikon TE-2000) or a laser scanning fluorescence microscope (Zeiss LSM 510 Meta inverted).

Antibodies for immunolabeling

Antibodies against cortactin (clone 4F11, #05-180) were obtained from Millipore. Col-IV antibodies were obtained from BioRad (#2150-1470). Antibodies against VE-Cadherin (clone 11D4.1, #555289) were obtained from BD Pharmingen. For secondary detection, species-specific fluorescent-labeled secondary antibodies (Jackson ImmunoResearch) were used.

Analysis of the neonatal retinal vasculature

To quantify vascular progression within neonatal retinas, mosaic images of IB4-labeled retinas were obtained by stitching individual images acquired at 4! magnification with a fluorescence microscope (Nikon TE-2000) using the 'large image' function of the NIS-elements software. From these pictures, the vascular coverage (IB4-positive retina area normalized to the total retina area), the radial extension of the vessels (distance from the optic nerve to the extremity of the network; measured in each quarter of the retinas), and the vascular density at the angiogenic front (percentage of IB4-positive areas per field, determined in ROIs from each quarter of the retinas) were quantified using the ImageJ software [40], as previously published [8]. The number of sprouts and tip cells per ROI at angiogenic fronts was determined by manual counting. To quantify podosome number, average podosome size and Col-IV coverage at angiogenic fronts, z-stack confocal series of 20 optical sections (x/y/z = 146.25 ! 146.25 ! 0.15 µm) were acquired with a 63! oil immersion objective. Acquisitions were performed at the leading front of the developing retinal vasculature. To determine the density of podosomes per µm 2 of EC, the mean number and size of podosomes (F-actin/cortactin-positive (yellow) foci) per vessel length was calculated using the ImageJ "Analyze Particles" function performed on maximal intensity projections of the confocal stacks after deconvolution (AutoQuant X3 software) and normalization to the Lifeact-EGFP-positive surface area (determined from the thresholded image of the corresponding channel). To determine Col IV coverage of retinal vessels, the Col IV-positive surface area per field was determined on thresholded images and normalized to the Lifeact-EGFP-positive surface area as previously described [8]. The number of filopodia and empty sleeves per ROI at angiogenic fronts was determined by manual counting and normalized respectively by the number of tip cells and the IB4 positive surface area. To determine VE-Cadherin expression at angiogenic front, the VE-Cadherinpositive surface area per field was determined on thresholded images and normalized to the IB4positive surface area.

Cells, cell culture and cell stimulation

Human Pulmonary Microvascular Endothelial cells (HMVECs, Cell Systems, ACBRI 468 V) were maintained in complete endothelial cell growth medium (EGM-MV; Promocell, a culture medium that does not contain VEGF) containing antibiotics at 37°C in a 5% CO 2 humidified atmosphere and used between passages 2 and 7. Cells were trypsinized and seeded in complete medium at 0.5!10 6 cells per well in 6-well plates for western blot experiments and RT-qPCR experiments, and at 1.5!10 4 cells on ! "=! glass coverslips in 4-well plates for immunofluorescence imaging. For stimulation, human recombinant VEGF-A (used at 25 ng/ml in all experiments, unless otherwise indicated) was obtained from Promocell and human recombinant BMP-9 (used at 1 ng/ml in all experiments), TNF-", TNF-! (used at 5 ng/ml) were obtained from Biotechne.

Cell transfection with siRNA, miR-155 mimic or antimir-155

Transfection of HMVECs was performed by 2 rounds of transfection, 24h apart, with double-stranded short interfering RNA (siRNA), miR-155 mimic (miRIDIAN microRNA Human hsa-miR-155-5pmimic) or antimiR-155 (miRIDIAN microRNA hsa-miR-155-5p hairpin inhibitor against miR-155, synthesized by Dhamacon [41]) at 20 nM using a calcium phosphate precipitation protocol [42]. On the next day, cells were replated, cultured for 1 day and then used in the various assays.

qRT-PCR analysis of miR-155 expression

For miR-155 measurements, cells were homogenized in Trizol reagent (Thermofisher) and total RNA was extracted using the miRNeasy kit from Qiagen following the manufacturer's procedure. Transcripts (10ng) were reverse-transcribed using miRCURY LNA RT kit from Qiagen. Quantitative PCR was performed using the miRCURY LNA sybrgreen kit from Qiagen in a MX3000P from Stratagene. miR-155 was quantified using specifics primers from Qiagen: miRCURY LNA miRNA PCR Assays YP00204308 and YP00203907 (primers against miR155 and U6 control respectively). The miRNA levels were normalized to the levels of housekeeping genes and fold change was calculated using the following formula: 2 "##Ct =2 "{(Ct,TG"Ct,CG)miRNA"{(Ct,TG"Ct,CG)control} where Ct, TG represents the crossing threshold for the target gene, Ct, CG represents the crossing threshold for the housekeeping gene.

qRT-PCR analysis of messenger RNA expression

Cells were homogenized in Trizol reagent and total RNA was extracted using the RNeasy kit (Qiagen) following the manufacturer's procedure. Transcripts (1 µg) were reverse-transcribed using High Capacity cDNA Reverse Transcription (Thermofisher). Quantitative PCR was performed using the 2X Takyon for Syber Assay (Eurogentec) in a MX3000P from Stratagene. cDNAs were amplified using the following primers: human GAPDH: GAAGGTGAAGGTCGGAGTC (forward) and GAAGATGGTGATGGGATTTC (reverse); VEGF-A forward: CCTTGCCTTGCTGCTCTAC, reverse: TTCTGCCCTCCTCCTTCTG; VEGF-B forward: GGACAGAGTTGGAAGAGGAGAC (reverse): GGAAGAGCCAGTTGTAAGATGC; VEGF-C forward: CAGACAAGT TCAT TCCAT TAT TAG, reverse: AGTCATCTCCAGC ATCCG; VEGF-D forward: TCCAGACCAACCTTCCATTCAC, reverse: CAGCACACCTTTCTCATTCACC. 'siRNA' refers to mRNA obtained from siRNA transfected cells and 'control' refers to Control siRNA transfected cells.

In situ matrix degradation assay

For the gelatin degradation assay, glass coverslips were first coated with Oregon-green-488 gelatin diluted to 0.1% in PBS at RT for 30 min, washed with PBS and fixed with 0.5% glutaraldehyde (EMS) for 15 min. After washing with PBS, coverslips were incubated in 5 mg/ml sodium borohydride for 30 min under constant agitation, washed three times in PBS and finally incubated with culture medium before adding the cells. After adhesion, cells were treated or not with VEGF-A for 24h, then fixed and processed for immunofluorescence staining. Quantification of degradation areas on fluorescence-labeled matrices was performed for at least 10 fields (Å~10 objective lens) for each coverslip. The areas of degradation were quantified by using ImageJ software. Degraded areas were thresholded according to the intensity of the degradation and the loss of matrix-based fluorescence was measured by the Analyze Particles function. The total degradation area (expressed in µm 2 ) was then normalized for the number of cells (degradation index). Control values were arbitrarily taken as 1.

! In vitro tube formation assay on Matrigel

! ""!

In vitro tube formation assays were performed in a pre-chilled 96-well plate with 70 µl per well of growth factor-reduced Matrigel (corning) that was allowed to gel at 37°C for 15 min. Thereafter, 1!10 4 HMVECs were seeded in triplicate onto the Matrigel in EGM-MV complete media containing, incubated at 37°C for 18 h to allow formation of tubular structures and further analyzed by microscopy using a Nikon Eclipse TE2000-E (Nikon Ltd) at 4x magnification. The angiogenic response was measured by image analysis. Quantification of capillary-like structures was performed using the Angiogenesis analyzer plug-in on ImageJ software.

Wound healing assay

To investigate cell migration, ECs (2!105) were seeded in 12-well plates, and then cultured in complete medium for 2 days until confluence. The confluent layers of ECs were carefully scratched using a pipette yellow tip (100-microL volume) to create an artificial wound. The wells were then washed twice with PBS to remove the cell debris and cultured for 24 h. Phase contrast images were taken at different time intervals (0, 4h, 8h, and 24h) to monitor repopulation in the scratched area. The acellular area at each time point was measured on ImageJ

Angiogenesis invasion assay (AIA)

A cut yellow tip was placed centrally in a 3.5 cm MatTek dish (MatTek Corporation, USA) and filled with pure growth-factor-reduced Matrigel™ (67 $l at around 9 mg/ml) plus VEGF-A (3$l) to create a BM-like matrix barrier, as previously described [8]. Matrigel plugs were then allowed to polymerize for 30 min in the incubator at 37°C, 5% CO 2 . After this step, the yellow pipette tip was carefully removed. Cells (5!10 4 ) were seeded around the Matrigel plot. Cells were allowed to adhere for 2h at 37°C and 2 ml of complete medium were then layered on top. The dish was returned to 37°C for 12 h. Then cells in AIA were fixed in 2% PFA for 30 min followed by quenching with 50 mM NH 4 Cl and permeabilization in 0.2% Triton X-100 for 1 h and blocking in 3% BSA. Primary monoclonal antibodies against cortactin were used at a 1/100 dilution in blocking buffer. After 16 h at 4°C cells were washed extensively in PBS, then an Alexa fluor-546 coupled secondary antibody against mouse IgG (Jackson ImmunoResearch) was added at 1/100 dilution in blocking buffer together with Alexa fluor-488 labeled phalloidin (Thermofisher Scientific) and Hoechst 33342 (Life Technologies) for 3 h at room temperature. The system was then mounted with anti-fade reagent (Life Technologies). To quantify the number of sprouts invading the Matrigel plug, mosaic images were obtained by stitching individual phase-contrast images acquired at 4! magnification with an automated microscope (Nikon TE-2000) using the 'large image' function of the NIS-elements software. To quantify podosome number and average podosome size in ECs, z-stack confocal series of 10 optical sections (x/y/z = 146.25 ! 146.25 ! 0.15 µm) were acquired using a laser scanning fluorescence microscope (Zeiss LSM 510 Meta inverted) equipped with a 63! oil immersion objective. The mean number and size of podosomes (F-actin/cortactin-positive (yellow) foci) per sprout was calculated using the ImageJ "Analyze Particles" function performed on maximal intensity projections of the confocal stacks.

Indirect immunofluorescence

Subconfluent cells grown on glass coverslips were fixed for 30 min at room temperature in 4% (w/v) paraformaldehyde containing PBS, permeabilized for 15 min at room temperature with 0.1% Triton X-100 containing PBS, blocked for 30 min at room temperature in 3% BSA containing PBS and incubated for 1 h at room temperature with primary antibodies diluted at 1/100 in blocking buffer. Factin was visualized with Alexa Fluor 647-labelled phalloidin (Thermofisher Scientific) and the nuclei were stained with Hoechst 33342 together with fluorescent secondary antibodies (Jackson ImmunoResearch) for 1 h at room temperature. The coverslips were washed in water and mounted on microscope slides with ProLong Gold Antifade reagent (Life Technologies). For MT1-MMP cell surface exposure, the permeabilisation step was omitted and cells were incubated for 1 h with MT1-MMP antibodies (Abcam, Ab51074) after several PBS washes. Another 30 min step with 4% PFA was performed to fix the antibodies before permeabilizing with 0.1% Triton X-100 and immunofluorescent staining as above.

! "B!

Western blot analysis Cells were transfected with siRNA as indicated. On the next day, cells were stimulated with 25 ng/ml VEGF-A (Promocell) for 24 h then lysed for immunoblotting. Lysis was performed directly in Laemmli sample buffer and samples were run on a 10% SDS-PAGE gel at 120 V for 90 min. Proteins were transferred onto Immobilon polyvinylidene difluoride membranes (Merck Millipore) at 120 V for 1 h. Membranes were saturated with 5% bovine serum albumin in Tris-buffered saline containing 0.1 % Tween-20 for 1h and incubated overnight at 4°C with primary antibodies. Antibodies against Dll4 (#2589), Jagged-1 (#70109), Smad1 (#9743), P-Smad1/5 (#9511), P-VEGFR2 (#2478), P-Fak (#3283) were from Cell Signaling technologies. Other antibodies were Smad5 (Abcam #Ab40771), FAK (BD biosciences, #610088), VEGFR2 (Biotechne, AF-357), Tubulin (Sigma, clone DM1A, #T9026). Then, primary antibodies were revealed using horseradish peroxidase-coupled anti-mouse, anti-goat or anti-rabbit (Jackson ImmunoResearch) secondary antibodies for 1 h. Finally, horseradish peroxidase activity was revealed using a chemiluminescence kit (GE-healthcare) according to the manufacturer's instructions. Auto-radiographies were numerised and band intensities were quantified using NIH ImageJ. Protein expression were normalized against tubulin and made relative to the control (i.e., siRNA Smad1/siRNA control condition) for representation on graphs.

Analysis of matrix metalloproteinases activity by zymography

HMVEC transfected with control, miR-155 or anti-miR155 were seeded at 150,000 cells per well in 6well plates and then stimulated with VEGF-A for 24h. MMP activity was measured in cell supernatants and extracts. Gelatinolytic activity was assayed by SDS PAGE, in 10% polyacrylamide gels containing 1 mg/ml gelatin as described [43]. Cell extracts were obtained by lysing cells in 20 µl of Laemmli sample buffer (50 mM Tris-HCl, 2% SDS, 0.1% bromophenol blue, 10% glycerol, pH 6.8) and run by SDS PAGE at 20 mA/gel. For secreted MMPs, 40 µl aliquots of supernatant were used. Gels were then incubated in 2.5% Triton X-100 for 60 minutes to remove SDS followed by overnight incubation in developing buffer (50 mM Tris-HCl, 0.2 M NaCl, 5 mM CaCl2, 0.02%Brij-35 pH 7.6). Gels were stained for 30 minutes in 30% methanol, 10% glacial acetic acid, 0.5% Coomassie Blue G-250, and destained for 1 h in 30% methanol, 10% glacial acetic acid.

Statistics

Statistical analysis was performed with GraphPad Prism 6 (GraphPad Software, Inc., San Diego. CA, USA). Data represent at least 3 independent experiments. Graphs are presented as mean values ± SD or SEM (bars). For experiments involving animals, individual values (dots) (scatter plot with bar) we added. Significance was determined by using the Student's t-test or the one-way or two-way ANOVA, followed by Tukey's or Bonferroni's post-tests whichever applicable. P values <0.05 were considered statistically significant. 
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U/,,$% !"#$% H'% 9":;&<<% ".% 6-2% "63/8*3% "6% 0*.,-6.*% 2-% OCK!;@% .2"9/572"-6% 763% OCK!;@% ".% 6-2% "63/8*3% "6% 0*.,- 1 corrected all defects. In adult mutant mice, arterioles were enlarged and leaky with reduced basement membrane and mural cell coverage. Losartan, which is known to prevent aortic enlargement in Fbn1 C1041G/+ mice, rescued arteriolar defects. Finally, we show that fibrillin-1 deficiency reduced MAGP1 deposition at fibrillin-1-enriched regions, i.e., at the angiogenic front and around arterioles in Fbn1 C1041G/+ mouse retinas. Taken together, our data establish that fibrillin-1 performs essential novel functions in microvessel formation and integrity, and that mutant fibrillin-1-induced defects can be rescued pharmacologically.

! Significance Statement

Mutations in the gene coding for fibrillin-1, a protein in the extracellular matrix, cause Marfan syndrome, which is characterized by pathological changes in the large blood vessels. We now show that fibrillin-1 regulates angiogenesis, the formation of new blood vessels, and ensures that they are tight and functional. A mouse model with a fibrillin-1 mutation associated with the disease shows alterations in the vasculature of the retina of the eye. The angiogenesis defect can be corrected with a wild-type fibrillin-1 fragment, and the structure and function of the blood vessels can be restored with the pharmacological compound losartan. These new findings

Introduction

Fibrillin-1 is an extracellular matrix (ECM) protein that assembles into microfibrils which provide critical functions in elastic tissues (1). Microfibrils are also found in non-elastic tissues such as the ciliary zonules (2), and in association with basement membranes (BM) (3). Mutations in the fibrillin-1 gene (FBN1) cause a hereditary connective tissue disorder, Marfan syndrome (MFS; Online Mendelian Inheritance in Man [OMIM] #154700). MFS is associated with severe cardiovascular, skeletal and ocular defects (4, 5). In MFS, defective microfibrils affect the integrity of elastic tissues such as the aortic wall, resulting in a progressive enlargement of the aortic diameter leading to aneurysms and dissections (6). In the eye, defective fibrillin-1-rich ciliary zonules cause lens dislocation (7). However, MFS patients also present a reduction in capillary vessel density in the retina, and whose etiology is unknown (8).

Fibrillin-1 is a large cysteine-rich extracellular glycoprotein (~350kDa) with a characteristic domain organization, including primarily tandem repeats of the calcium binding epidermal growth factor-like (cbEGF) domain, and eight cysteine-containing transforming growth factor beta (TGF-!)-binding protein-like (TB) domains (9). Monomers are arranged head-to-tail, forming the characteristic beads-on-a-string microfibril structure together with accessory proteins (10). Fibrillin-1 interacts with other ECM components, including MAGP1 and 2, fibronectin, versican, perlecan, several fibulins, elastin, several ADAMTS proteins, and with cell surface integrins (10). Fibrillin-1 functions also as a repository for TGF-! through its interaction with the TGF-! binding proteins (LTBPs), and for several bone morphogenic proteins (BMPs) (11).

Consequently, mutations affecting the structure, assembly, or stability of fibrillin-1 microfibrils

! ! >! !
impact their biochemical properties, cell-matrix interactions, cytokine bioavailability or cell mechanosensing. Fibrillin-1 contributes thus in relaying extracellular information to cellular signaling and function (12).

Murine models have been instrumental in advancing our understanding of MFS. Heterozygous mice with a substitution in a cbEGF motif in one allele (Fbn1 C1041G/+ ) reproduce several aspects of human MFS (13). Compared to other MFS mouse models, Fbn1 C1041G/+ mice are generally considered a "mild" MFS model.

The role of fibrillin-1 in the microvasculature has never been explored and we therefore analyzed the consequences of the C1041G fibrillin-1 mutation in the mouse retina, a well-defined and widely used model to study angiogenesis (14). Vascularization in the retina occurs postnatally and in an orderly and stereotypical manner. Guided by astrocytes that produce and assemble fibronectin and secrete vascular endothelial growth factor-A (VEGF-A, thereafter VEGF), the vascular network extends two-dimensionally across the retinal surface between P0 and P8. The density, size and morphology of the growing vessels serve as a readout to assess the quality of the angiogenic process. This model has been instrumental in defining endothelial cell (EC) specification under the control of the Notch pathway (15-17). In combination with yet unidentified signals (18), VEGF upregulates the transmembrane Notch ligand Dll4 in angiogenic vessels and, most prominently, in the tip of endothelial sprouts (tip cells). Dll4 activates the Notch1 receptor to induce proteolytic release of the Notch intracellular domain (NICD) that acts as a transcription factor, down regulating VEGFR2/3 expression in adjacent cells (stalk cells) (16, 18, 19). Tip cells maintain low levels of Notch signaling activity, and this allows the formation of actin-based proteolytic microdomains, the podosomes (20, 21), that breach the BM barrier and thereby enable EC invasion (22). Dll4/Notch1 is the most important ligand and receptor pair in balancing angiogenesis (19). Stalk cells express another Notch ligand, Jagged-1 (15, 23), which ! ! ?! ! antagonizes Dll4/Notch1 signaling back to the tip cell (15). VEGF and Dll4/Notch1 signaling cooperate in a negative feedback loop (19), that specifies endothelial tip and stalk cells to ensure adequate vessel branching and function. The retina is also propitious for studying the mature vasculature. Vessel homeostasis relies on BM integrity and proper vessel coverage by mural cells.

Collagen Type IV (Col IV) and laminin isoforms are the major structural component of all BMs (24), forming a supportive substratum for EC attachment and survival. In the retina, pericytes are embedded in the BM where they communicate with capillary ECs through direct contacts and paracrine signaling, a function that is performed by vascular smooth muscle cells (VSMC) in arterioles.

Therapeutic options to treat individuals with MFS include prophylactic surgical repair of the aortic root, !-blockers that decrease hemodynamic stress, and losartan, an angiotensin-II type-1 (AT1) receptor blocker (ARB) (25, 26). Losartan reduces aortic root dilation in MFS mouse models, including Fbn1 C1041G/+ mice (27, 28). However, randomized clinical trials with MFS patients produced more heterogeneous results (29). Losartan inhibits AT1 receptor mediated Angiotensin-II signaling and TGF-! hyperactivity, commonly observed in murine and human MFS (27, 30). The precise molecular mechanism of losartan action on aortic aneurysm progression in MFS is yet to be established. The effects of losartan on the microvasculature of MFS mice have not been investigated yet.

In the present study, we show that fibrillin-1 is a critical player in retinal neovascularization and that losartan treatment rescues major aspects of the microvascular retinal phenotype in the MFS adult mice.

Results

Fibrillin-1 is present in distinct regions of the developing retinal vasculature.

! ! _! !
We detected fibrillin-1 in the developing retinal vasculature by immunofluorescent staining of flat mounted wild type mouse retinas at P6. In endothelial marker isolectin B4 (IB4)-stained retinas, fibrillin-1 was associated with arterioles, and unexpectedly, also at endothelial sprouts headed by tip cells (Fig. 1a). Fibrillin-1-specific localization at the angiogenic front was verified in P2, P4 and P6 retinas (Fig. S1a). At higher magnification, fibrillin-1 was observed around arterioles (Movie S1, Fig. 1b,c) and in the tip cell surroundings as well as along tip cell bodies and their projections (Movie S2, Fig. 1b,c). Elastin staining correlated with the arteriole-associated distribution of fibrillin-1 (Fig. 1d, bottom panels) but was absent from the sprouting area where fibrillin-1 is abundant (Fig. 1d, top panels). In fibrillin-1 mutant mice tested at P6, fibrillin-1 immunostaining at the angiogenic front (Fig. 1e) and at arterioles (Fig. 1f), was reduced by ~40-60% compared to wild type mice. Fibronectin, which regulates pericellular microfibril assembly and deposition (31, 32) was detected ahead of the sprouting area, but also throughout the vasculature and at similar levels in mutant retinas vs controls, indicating that fibronectin fibrillogenesis was not quantitatively altered by the fibrillin-1 mutation (Fig. S1b-d). We therefore explored the retinal vasculature of MFS mice in more detail at fibrillin-1 enriched topographical locations.

!

A mutation in fibrillin-1 reduces developmental angiogenesis in the retina.

During the initial expansion phase of retinal vasculature development, the overall diameter of the plexus covering the retinal surface is widely used to monitor angiogenesis. Analysis of flatmounted retinas at P6 stained for IB4 revealed that both the vascular coverage of the retina and the radial extension of the network were significantly reduced in the Fbn1 C1041G/+ mice, as compared to wild type littermate controls (Fig. 2a). At the angiogenic front, the density of capillaries, the number of sprouts, capillary branch points and meshes also decreased in ! ! L! ! Fbn1 C1041G/+ mice (Fig. 2b). Tip cells use their filopodia to adhere to the matrix for cell migration and podosomes facilitate this process by degrading the BM during the sprouting, branching and anastomosing steps of angiogenesis (22). The reduction in vascular outgrowth toward the retinal periphery was consistent with a migration defect. As the number of sprouts/tip cells was reduced in mutant retinas, the line demarcating the angiogenic front appeared less indented (Fig. 2b,c) and the number of filopodia per vascular segment length was globally reduced (Fig. 2c). Impaired sprouting and branching of Fbn1 C1041G/+ retinal vessels could also result from a defect in podosome formation. The structures form clusters at the distal tip cell end where filipodia sprout from the leading edge (22). We used Lifeact-EGFP-transgenic mice (33), in which the expression of the transgene is largely restricted to the endothelium (34), to facilitate their detection by cortactin and Col IV labeling (22). F-actin/cortactin-rich podosomes coincide with gaps in Col IV staining (Fig. 2c,e). We observed a reduction in podosome density and podosome size in P6

Lifeact-EGFP/Fbn1 C1041G/+ retinas (Fig. 2e). Quantification of BM-Col IV staining at the level of tip cells revealed increased protein coverage as compared to control mice (Fig. 2d,e).

Collectively, these results show a reduction in podosome formation and an increase in Col IV tip cell coverage, indicating a decrease in proteolytic activity at the angiogenic front in the developing retinal vasculature of Fbn1 C1041G/+ mice.

As reduced vascular density is often associated with decreased stalk cell proliferation, we addressed overall vascular density by quantifying the EC transcription factor ERG1/2/3 and the mitotic marker phospho-histone-H3 (PH3). Both signals were significantly reduced in the vascular plexus of mutant mice (Fig. S2). Thus, mutant fibrillin-1 impairs vascularization at both the angiogenic front and primary plexus.

The C1041G mutation in fibrillin-1 affects the Notch pathway. the two phenotypes (17). As ERK1/2 activity is required for the emergence of tip and stalk cells (35), we analyzed its phosphorylation in tip cells. In P6 retinas, p-ERK1/2 staining was most intense in sprouts vs ECs in the adjacent plexus, but in the corresponding regions of retinas Fbn1 C1041G/+ mice, p-ERK1/2 staining intensity was decreased (Fig. 3a). To test Notch signaling activity, we stained the retinas for the NICD effector and explored the spatial expression patterns of Dll4 and Jagged-1 ligands that are both critical positive regulators of tip cell formation and sprouting (15). In Fbn1 C1041G/+ vs control retinas, NICD signal intensity at the front was lower (Fig. 3b) and Dll4 staining in tip cells was decreased (Fig. 3c). Dll4 signaling in tip cells is known to increase Jagged-1 expression in stalk cells (15). Accordingly, in P6 retinas from wild type mice, Jagged-1 was absent from tip cells and presented a scattered staining along the stalks at the angiogenic front in wild type retinas (Fig. 3d) (23). This pattern was lost, and Jagged-1 staining was globally decreased in Fbn1 C1041G/+ retinas (Fig. 3d).

The invasion defect could be attributable to reduced podosome formation (Fig. 2d,e) resulting from the reduced VEGF/Notch signaling (22). To explore the migration defect, we focused on ESM1 and NRP1 that both regulate filopodia extension. ESM1 is expressed by tip cells in response to VEGF and increases VEGF bioavailability by competing with it for fibronectin binding (36), while NRP1 enables filopodia extension in fibronectin-stimulated ECs, independently of VEGF signaling (37). At the angiogenic front, ESM1 and NRP1 were reduced in Fbn1 C1041G/+ mice (Fig. 3e and Fig. 3f, respectively). NRP1 controls EC sprouting downstream of Notch by repressing the stalk cell phenotype in tip cells (38). NRP1 inhibits SMAD phosphorylation by TGF-!/BMP in tip cells and p-SMAD1/5 is therefore low in tip cells. In Fbn1 C1041G/+ retinas, p-SMAD1/5 was increased at the angiogenic front and more specifically in tip cells, but not at the plexus (Fig. 3g). Collectively, these results indicate impaired tip cell determination, altered VEGF/Notch signaling, and reduced expression of cytoskeletal structures associated with tip cell invasion/migration at the angiogenic front in retinas of Fbn1 C1041G/+ mice.

We next explored the status of fibrillin-binding MAGPs that are involved in the regulation of Notch signaling (39). MAGP1 has a wider tissue distribution than MAGP2 and is a constituent protein of microfibrils. Both proteins were detected in the retina (Fig. 3h, i and Fig. S3a,b).

MAGP2 staining was evenly distributed throughout the matrix and more closely associated with the vasculature. In contrast, MAGP1 was detected in the fibrillin-1 enriched area of the angiogenic front (Fig. 3h, j and Fig. S3d,e). Whereas MAGP2 immunostaining did not detect any difference between Fbn1 C1041G/+ and wild type retinal vasculature (Figure S3c), MAGP1

immunostaining was weaker in Fbn1 C1041G/+ retinas and its pattern matched that of fibrillin-1 (Fig. 3j).

Fibrillin-1 displays pro-angiogenic properties.

The data were consistent with a contribution of fibrillin-1 to sprouting angiogenesis by regulating Notch signaling. We used a recombinant C-terminal half of murine fibrillin-1 (mrFbn1-C), which spans the same region as a human fragment that is able to multimerize and self-assemble (40), in an attempt to rescue the fibrillin-1 deficiency caused by the Fbn1 C1041G mutation. We performed intra-vitreal injection of mrFbn1-C in the eye of Fbn1 C1041G/+ animals at P4 and allowed neovascularization until P6. Angiogenesis was restored under these conditions (Fig. 4). Vascular coverage of the retina, radial extension and density of the capillary network were stimulated to reach wild type littermate control values (Fig. 4a). Importantly, MAGP1 immunostaining, which was weaker in Fbn1 C1041G/+ vs control retinas, was also restored (Fig. 4b). The increase in Col IV coverage around tip cells detected in Fbn1 C1041G/+ retinas was reduced in mrFbn1-C injected eyes ! ! "=! ! but not down to control values (Fig. 4b). Collectively, mrFbn1-C compensated all mutant fibrillin-1-induced defects except for the Col IV coverage that remained partially corrected.

To test the pro-angiogenic activity of hrFbn1-C, in vivo sprouting angiogenesis was simulated in an in vitro assay that mimics the context of tip-cell biogenesis (22). A Matrigel plug containing VEGF was placed in a culture dish and primary ECs (human microvascular endothelial cells, HMVECs) were seeded to form a monolayer around it (Fig. 4c). At the cell monolayer-Matrigel interface, tip cell-like ECs assembled podosomes, projected filopodia toward the VEGF source and invaded the Matrigel. When the Matrigel was supplemented with hrFbn1-C, EC sprouting was stimulated (Fig. 4d) and podosomes increased in number and size (Fig. 4e). These results establish that ECs are targets for fibrillin-1 and that the protein promotes podosome formation through its C-terminal moiety.

In mutant fibrillin-1 retinas, the localization of fibrillin-1 at the angiogenic front, the decreased Dll4/NICD stainings at this location, and the restoration of tip cell podosomes in response to supplementation with the C-terminal fibrillin-1 fragment were consistent with fibrillin-1 contributing to tip cell/stalk cell specification by regulating Notch signaling. To explore this hypothesis, we examined the induction of Dll4 in response to VEGF in fibrillin-1 deficient ECs in vitro. In HMVECs transfected with small interfering RNA (siRNA) targeting fibrillin-1 (FBN1 siRNA), fibrillin-1 transcription and expression were effectively reduced (Fig. S4). In these cells, the induction of Dll4 in response to VEGF stimulation was impaired although ERK1/2 phosphorylation was not reduced (Fig. 4f,g), confirming that fibrillin-1 regulates Notch signalling downstream of VEGF. Fibrillin-1 deficiency also disturbed basal and/or short-term VEGF-induced phosphorylation of VEGFR3, JNK and eNOS (Fig. 4g). In response to BMP-9, ! ! ""! ! the phosphorylation of SMAD1/5 was more robust, consistent with a role for fibrillin-1 in repressing SMAD signaling (Fig. 4h).

Altogether, the data show that hrFbn1-C rescues most defects resulting from defective fibrillin-1 during vascularisation of the retina in Fbn1 C1041G/+ mice. Fibrillin-1 has a pro-angiogenic effect on ECs and contributes to the regulation of Notch signaling in response to VEGF. Fibrillin-1 also regulates SMAD1/5 phosphorylation in ECs.

Fibrillin-1 deficiency affects arteriole integrity.

We next analyzed the mature retinal vasculature in 4-month old animals (Fig. 5a). Fibrillin-1 forms a mesh around arterioles, closely associated with the BM (Fig. 5b and Movie S3) and, in contrast with the P6 vasculature, was also detected around veins at this stage. Col IV and laminin (g1 chain) were reduced in comparison with wild type mice (Fig. 5c,d), underpinning altered BM integrity. Strikingly, we observed an enlargement of the retinal arterioles in mutant mice vs wild type (Fig. 5e). The bifurcation angle between the arteriole and daughter vessels (measured at the first bifurcation) tended to be larger in Fbn1 C1041G/+ mice, consistent with the arteriolar widening, although the analysis did not reach significance (Fig. S5a). In contrast, the vein diameter was found unaffected in Fbn1 C1041G/+ mice (Fig. 5f). We did not detect arteriovenous malformation associated with arteriole enlargement.

To investigate the causes of arteriole enlargement, we examined whether the C1041G mutant fibrillin-1 affected contractile VSMC coverage. Retinal arterioles displayed uniform immunoreactivity for the VSMC marker "SMA, and for the EC marker IB4, in wild type retinas (Fig. 5g). In Fbn1 C1041G/+ mice, whereas IB4 staining remained uniform, focal loss of "SMA ! ! "B! ! coverage around retinal arterioles was apparent (Fig. 5g). Diffuse albumin staining along arterioles and more particularly in regions corresponding to poor VSMC coverage, indicated plasma protein extravasation from leaky vessels (Fig. 5g, Fig. S5b and Movie S4) in the retinas from Fbn1 C1041G/+ mice. Albumin was not detected around vessels in control wild type retinas (Fig. 5g). In regions devoid of "SMA coverage, VE-cadherin staining did not reveal any gross defect of cell-cell junctions, but EC areas were larger than in control vessels (Fig. S5c).

Collectively, these results show that altered BM integrity and focal or segmental loss of VSMCs are involved in vessel permeability detected in the retinas from Fbn1 C1041G/+ mice. Similar analysis performed with 1-year old mice revealed progressive damage (Fig. S5f-i). Retrospective analysis showed that the defects in arteriole diameters, "SMA coverage and albumin leakage,

were already present at P6 and/or 4-month-old animals, and that arteriole diameter enlargement aggravates with age (Fig. S5d-i).

Focal loss of VSMC coverage, poor BM protein coverage, and vessel leakiness are prevented by losartan treatment.

Losartan was shown to prevent aortic enlargement in the Fbn1 C1041G/+ mouse model (30). Whether losartan affects the microvasculature of these mice has not been investigated yet. We therefore examined whether the structural and functional defects detected in the retinas from Fbn1 C1041G/+ mice were ameliorated by losartan treatment. The drug crosses the blood-retinal barrier and was shown to be delivered to the eye (41). Losartan treatment was initiated in one-month old animals, continued for 3 months, then the mice were sacrificed for retinal vasculature analysis. IB4

staining revealed reduced arteriole diameter, coincident loss of diffuse albumin staining, and restoration of both BM Col-IV/laminin and "SMA coverages in losartan-treated mice relative to the placebo group (Fig. 6a-e). Interestingly, losartan treatment improved MAGP1 deposition/coverage of arterioles in retinas of Fbn1 C1041G/+ mice despite the alteration of the ! ! "A! ! fibrillin-1 and elastin status in the MFS model that persisted upon losartan treatment (Fig. S6).

Altogether, the results show that losartan treatment has significant beneficial effects on mutated fibrillin-1-induced arteriolar defects in the retinas.

Discussion

Mutant fibrillin-1 impairs tip/stalk cell specification at the angiogenic front and delays angiogenesis.

We describe the localization of fibrillin-1 at angiogenic microvessels. The pattern of fibrillin-1 staining highlights an enriched deposition of the protein at the angiogenic front of the developing vasculature. At this location, tip cells extend their filopodia along this fibrillin-1-rich matrix and migrate into the perivascular space. This close association between fibrillin-1 and ECs is consistent with fibrillin-1 as a signaling component of the provisional matrix that instructs cell behavior at the front. Supporting this hypothesis, we demonstrate a number of abnormalities in tip cells associated with the reduced fibrillin-1 deposition in Fbn1 C1041G/+ retinas. These cells are less numerous, filopodia frequency, podosome density, and podosome size, are decreased, and tip cell molecular markers are less prominent. In terms of signaling, both ERK1/2 phosphorylation and NICD generation are reduced. These altered features are associated with an overall reduction in sprouting and branching. Behind the angiogenic front, in the fibrillin-1-poor area of the vascular plexus, ECs manifest a proliferative defect. The emerging picture is that of an impaired VEGF/Notch signaling circuitry.

Does the defect occur in the VEGF/VEGFR2 or Notch signaling? The pathways cooperate in a negative feedback loop that operates at multiple levels, a defective Notch pathway affects VEGF signaling and vice versa. In the mutant mouse retina, reduced VEGF/Notch signaling is consistent with the alterations in tip cell cytoskeletal structures that correlate with migration and invasion ! ! ">! ! defects. NRP1 is essential to form the filopodial bursts that typify tip cells by enabling the ECMinduced activation of Cdc42 (37). Whether reduced podosome formation, which is highly dependent on Cdc42 regulation (42), results from the alteration of this pathway remains to be determined. Nevertheless, impaired tip cell specification is expected to impede podosome formation (22). Our study provides the first example of disturbed podosome formation during angiogenesis in a disease model. Mutant fibrillin-1 altered podosome formation correlates with the observed tip cell invasion defect.

A VEGF signaling defect may be inferred by multiple causes. As fibrillin-1 interacts with perlecan in BMs (43), and perlecan in turn modulates VEGF/VEGFR2 signaling events (44), fibrillin-1 deficiency may compromise this pathway. VEGF also interacts with the HepII domain in fibronectin, which in combination with fibronectin-integrin binding, enhances EC migration and proliferation (45). Since fibrillin-1 assembly is associated with fibronectin at the early microfibril assembly stage (31, 32), fibronectin-associated fibrillin-1 may interfere with this activation mechanism, as it also can interact with the main fibronectin interacting integrins "5!1

and "v!3 (46, 47). Alternatively, the VEGF signaling defect may result from reduced VEGFR2 expression caused by increased TGF-! signaling (48), as fibrillin-1 deficiency is associated with increased circulating TGF-! levels in the Fbn1 C1041G/+ mice (as well as other MFS mouse models and humans (49)). A reduction in VEGF bioavailability or VEGFR2 expression would result in decreased Notch signaling and expression of molecules associated with endothelial tip and stalk cell identity. Amongst these, NRP1 and ESM1, that were downregulated in Fbn1 C1041G/+ retinas, contribute to positive feedback loops on VEGFR2 expression (50, 51) and VEGF bioavailability (52), respectively. NRP1 enables cell specification by inhibiting SMAD1/5 phosphorylation in tip cells to repress the stalk cell phenotype (38). Accordingly, the reduction of NRP1 in cells at the angiogenic front was associated with increased p-SMAD1/5 levels. Our in vitro experiments that The microfibril-associated proteins MAGP1 and MAGP2 directly interact with fibrillin-1 (54-56) and regulate Notch signaling and TGF-! bioavailability (39). MAGP2, which stimulates EC invasion in vitro and promotes angiogenic cell sprouting by blocking Notch signaling in ECs through its ligand Jagged-1 (57, 58), appeared as an attractive candidate in mediating the mutant fibrillin-1-induced angiogenesis defect. However, MAGP2 expression pattern was not restricted to the angiogenic front and was not altered during vascular development in Fbn1 C1041G/+ retinas. In contrast, MAGP1 and fibrillin-1 staining more closely overlapped, and MAGP1 accumulation was decreased in the Fbn1 C1041G/+ mice. The distinctive pattern of MAGP1 and MAGP2 localization supports distinct functions of the two proteins in retinal angiogenesis. Similar to MAGP2, MAGP1 interacts with the EGF-like motifs of Notch1, which leads to the dissociation of the receptor complex at the plasma membrane, the release of NICD, and subsequent signaling events (59). Interestingly, MAGP1 regulates Notch independently of canonical (59). In the developing vasculature of Fbn1 C1041G/+ mice, reduced MAGP1 deposition could therefore hinder Notch to signal to its full potential and thereby mitigate endothelial cell sprouting. Like fibrillins, MAGPs also control TGF-! growth factor signaling (60). Whereas fibrillin-1 covalently binds inactive latent TGF-! through several LTBPs, MAGP1 non-covalently binds active TGF-! (61).

MAGP1 could serve to dampen TGF-! signaling by trapping active TGF-! from the immediate membrane microenvironment and a reduction in MAGP1 deposition would thereby increase ! ! "_! ! TGF-! activity. One MAGP1 binding site localize close to the N-terminus of fibrillin-1 (54), and a second one more centrally in the region of TB3-cbEGF11 (56). Interestingly, the C1041G mutation in the Fbn1 C1041G/+ mice is located in cbEGF11, suggesting that this mutation disturbs the fibrillin-1/MAGP-1 interaction at this internal binding site.

Our data emphasize the role played by the ECM during angiogenesis. We highlight a proangiogenic effect on ECs of the C-terminal half of fibrillin-1 which contains the sole RGD cell binding site. The C-terminal region of fibrillin-1 stimulates podosome formation in vitro and MAGP1 deposition in vivo. We have previously shown that fibrillin-1 self-interaction sites are located close to the N-and the C-terminal ends (40) and that the N-terminal site is in close vicinity to the first MAGP1 binding site (54). It is thus expected that the injected recombinant Cterminal half of fibrillin-1 interacts with the N-terminus of endogenous fibrillin-1, possibly stabilizing the interaction of MAGP1 at the N-terminus. Fibrillin-1 pro-angiogenic effects may thus be mediated by MAGP1 and converge on Notch signaling. Matrix factors are thought to cooperate with VEGF for Dll4 expression in tip cells (18). Our results support the hypothesis that fibrillin-1 together with MAGP1, but independently of elastin, is part of the provisional matrix that contributes to tip cell specification at the angiogenic front.

Mutant fibrillin-1 alters arteriolar integrity.

Microfibrils are structural components of arteries where they provide elastic recoil. We herein describe the localization of fibrillin-1 around retinal arterioles. The protein is detected as early as P6 and is maintained in the adult vasculature. We detected a number of abnormalities in arterioles from MFS mice, including arteriole enlargement, focal loss of VSMCs, and increased permeability. Interestingly, in mutant mice, arteriole enlargement is not a defect associated with aging but already exists at the onset of vascularization. The defects observed in the mouse model may underly some of the retinal lesions observed in individuals with MFS (62-64). Marfan Arteriole enlargement is reminiscent of the aortic defect in MFS disease, i.e., ascending aortic wall dilation and aneurysm formation. Aortic aneurysms in MFS are characteristically associated with fragmentation of the elastic lamellae (65). In adult mice, fibrillin-1 was also detected at venules, but dilation was not observed in these vessels. As the blood pressure is much higher in arterioles than in venules, vessel enlargement may be associated with changes in pressure.

We found that losartan corrected the majority of arteriole defects in the MFS mice, including dilation, leakiness, BM and VSMC coverage. Interestingly, MAGP1 staining improved in losartan-treated animals, suggesting that the MAGP1 defect may underly the observed vascular defect and that losartan somehow increased the production and/or deposition of the protein despite the altered fibrillin-1 status. As mentioned above, MAGP1 may enhance the performance of mutant-fibrillin-1 containing microfibrils. Interestingly, losartan treatment was shown to rescue vascular defects in MAGP1 deficient mice (66), to activate eNOS (67) and to increase nitric oxide production by ECs (68). Of note that the increased arteriolar bifurcation angles, which reflects flow changes, was not restored by losartan.

To which extent could these defects be similar to those found in the aorta? It is conceivable that plasma leakage also affects the integrity of larger arteries. Such abnormalities do not lead to detectable manifestations in these vessels, which are better protected by perivascular elements than arterioles. However, in such a scenario, losartan may contribute to prevent large vessel deterioration as well and account for some of the beneficial effects reported for losartan treatment (27, 28).

! ! "`! !
In summary, we provide here the first description of extended microarterial defects using the Fbn1 C1041G/+ MFS mice that are characterized by progressive aortic aneurysms. We reveal disturbed endothelial Notch signaling selectively in the fibrillin-1 enriched region during angiogenesis. In adult mice, most microvascular defects could be restored with losartan treatment.

In both cases, the rescue involves the restoration of MAGP1 deposition in the altered fibrillin-1 matrix. Our data establish the instructive role of the microfibril proteins fibrillin-1 and MAGP1 in angiogenesis and vessel homeostasis.

Materials and Methods

Animals

Lifeact-EGFP transgenic mice (33), and Fbn1 C1041G/+ mice kindly provided by Dr. Hal Dietz (13), have been previously described. Heterozygous mice of both strains were crossed to C57BL/6 mice for more than 10 generations and maintained on this background to ensure that colonies are genetically similar. All experimental procedures with mice were performed using protocols approved by the Committee for Ethics of Animal Experiments at the University of Bordeaux, in accordance with the guidelines of the French Ministry of Health under the authority of the project Licenses #7313 and #19728. Male and female mice were not distinguished until P6, and male mice were used at 4 months and one-year. The numbers of analyzed mice are indicated in each experiment.

Production of recombinant fibrillin-1 polypeptides

The C-terminal half of mouse fibrillin-1 (mrFbn1-C; amino acid position 1281-2727) (69), the Cterminal half of human fibrillin-1 (hrFbn1-C, previously named rF6H) (54) and the N-terminal half of human fibrillin1 (hrFbn1-N, previously named rF16) (54) were recombinantly expressed as previously described. Briefly, the recombinant proteins were expressed in human embryonic ! ! "a! ! kidney cells, secreted into the culture medium, and subsequently purified by immobilized metal ion affinity chromatography. All proteins showed >95% purity.

Animal procedures

For administration of the murine fibrillin-1 C-terminal recombinant fragment (mrFbn1-C), 4 WT and Fbn1 C1041G/+ pups at postnatal day 4 (P4) were intravitreally injected into the left eye with 1 µL mrFbn1-C reconstituted in sterile TBS to a final concentration of 0.8 µg/µl. Injections were performed using a 33-gauge needle placed on a 10-µl Nanofil syringe controlled by a UMP3 pump controller (World Precision Instruments) as previously described (70). TBS was injected into the contralateral eye as control. 48 h after injections (P6), the animals were euthanized, the eyes were removed, and retinal flat-mounts were analyzed. For losartan treatment, starting at 4 weeks of age, WT and Fbn1 C1041G/+ mice were given losartan in drinking water at a final concentration of 0.3 g/L (20-30 mg/kg/day), or left untreated. The losartan solution was changed once a week. After 3 months of treatment, mice were sacrificed and eyes were collected for analysis.

Whole retina immunohistochemistry

P2, P4, P6, 4-months and 1-year old mice were sacrificed, enucleated and the eyes were fixed in 4% paraformaldehyde for 2 h at 4°C. Retinas were dissected, then incubated for 2 h at room temperature in blocking buffer (PBS, 2% BSA, 0.2% Triton X-100). After three 20 min washes in Pblec buffer (PBS supplemented with 1 mM MgCl 2 , 1 mM MnCl 2 , 1 mM CaCl 2 and 1% Triton X-100), retinas were incubated overnight at 4°C with fluorescein labeled isolectin B4 (IB4;

Vector Laboratories, FL-1201, 1:25) and antibodies diluted in blocking buffer. Retinas were washed 3 times with blocking buffer and incubated with species-specific fluorescently-labeled secondary antibodies (Jackson Laboratories, 1:100) diluted in blocking buffer for 2 h at room 

Antibodies for immunolabeling

A polyclonal antiserum against mouse fibrillin-1 was produced in rabbit. Anti-fibrillin-1 antibodies were affinity-purified and antibodies cross-reacting with fibronectin were removed by absorption resulting in monospecific anti-fibrillin-1 antibodies (69). Antibodies against cortactin From these pictures, the vascular coverage (IB4-positive retina area normalized to the total retina area), the radial extension of the vessels (distance from the optic nerve to the extremity of the network; measured in each quarter of the retinas), and the vascular density at the angiogenic front (percentage of IB4-positive areas per field, determined in ROIs from each quarter of the retinas)

were quantified using the ImageJ software(71), as previously published (22). The number of sprouts, tip cells and filopodia per ROI at angiogenic fronts was determined by manual counting.

The geometry of the vascular network at angiogenic fronts (number of branch points and meshes) was automatically analyzed using the Angiogenesis analyzer plug-in on ImageJ software.

To quantify EC proliferation at angiogenic fronts, z-stack confocal series of 5 optical sections The positive surface areas, determined from the thresholded maximal intensity projections of the confocal stacks, were quantified using the ImageJ software and normalized to the IB4-positive areas.

Cells, cell culture and cell stimulation

Human Pulmonary Microvascular Endothelial cells (HMVECs, Cell Systems, ACBRI 468 V)

were maintained in complete endothelial cell growth medium (EGM-MV; Promocell, a culture medium that does not contain VEGF) containing antibiotics at 37°C in a 5% CO 2 humidified atmosphere and used between passages 2 and 7. Cells were trypsinized and seeded in complete Control siRNA (All-star negative control, #1027281) was purchased from Qiagen. On the next day, cells were replated and cultured for 3 days.

RT-qPCR analysis

Cells were homogenized in Trizol reagent (Thermofisher) and total RNA was extracted using the RNeasy kit (Qiagen) following the manufacturer's procedure. Transcripts (1 µg) were reversetranscribed using High Capacity cDNA Reverse Transcription (Thermofisher). Quantitative PCR was performed using the 2X Takyon for Syber Assay (Eurogentec) in a MX3000P from Stratagene. cDNAs were amplified using the following primers: human fibrillin-1: 5'-GCCCTGGGATTTACCGTGCTT -3'(sense) and 5'-TTCCATCCAGGGCAACAGTAA -3'(antisense). human fibronectin: 5'-AATGCACCACAGCCATCTCA -3'(sense) and 5'-ACTTCTTGGTGGCCGTACTG -3'(antisense). human GAPDH: 5'-GAAGGTGAAGGTCGGAGTC -3'(sense) and 5'-GAAGATGGTGATGGGATTTC -

3'(antisense).

The mRNA levels were normalized to the levels of housekeeping genes and fold change was calculated using the following formula: where Ct, TG represents the crossing threshold for the target gene, Ct, CG represents the crossing threshold for the housekeeping gene, 'siRNA' refers to mRNA obtained from siRNA transfected cells and 'control' refers to Control siRNA transfected cells.

Western blot analysis

Endothelial cells (HMVECs) were transfected with siRNA as indicated then transferred to 6 well plates (confluent monolayer) in which they produced the BM proteins. 

), Tubulin (Sigma, clone DM1A, #T9026). Then, primary antibodies were revealed using horseradish peroxidase-coupled anti-mouse, anti-goat or anti-rabbit (Jackson ImmunoResearch) secondary antibodies for 1 h. Finally, horseradish peroxidase activity was revealed using a chemiluminescence kit (GE-healthcare) according to the manufacturer's instructions.

Autoradiographies were numerised and band intensities were quantified using NIH ImageJ.

Protein expression were normalized against tubulin and made relative to the control (i.e., siRNA fibrillin-1/siRNA control condition) for representation on graphs.

Angiogenesis invasion assay (AIA)

A cut yellow tip was placed centrally in a 3.5 cm MatTek dish (MatTek Corporation, USA) and filled with 50 $l of pure growth-factor-reduced Matrigel™ (around 9 mg/ml) plus VEGF-A to create a BM-like matrix barrier, as previously described (22). In some experiments, the Matrigel + 
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xcessive blood vessel formation occurs in many vascular as well as nonvascular diseases. Current antiangiogenic therapies rely on targeting VEGF-A (vascular endothelial growth factor-A) or its receptors. However, the efficacy of such treatments remains limited owing to intrinsic refractoriness or acquired drug resistance. 1 There is thus a large unmet medical need.

See accompanying article on page 1657

In this issue of Arteriosclerosis, Thrombosis, and Vascular Biology, Kuo et al, 2 reveal that TM (thrombomodulin), a cell surface protein that functions as an anticoagulant through thrombin, also plays a role in angiogenesis. TM is, therefore, a potential new target for therapeutic angiogenesis.

Angiogenesis is driven by endothelial cells (ECs). VEGF-A-activated ECs display heterogeneous gene expression, morphology, and behavior as they collectively engage in the morphogenetic process of sprout formation. Although some ECs form polarized filopodia and acquire migratory and leader tip position in the nascent sprout (tip cells), neighboring cells proliferate to elongate the new vessel (stalk cells). 3 Genetic and pharmacological studies have led to the concept that the tip cell phenotype is the default response of ECs, with stalk cells actively repressed from becoming tip cells through Notch signaling. 4 It was then shown that the stalk cell phenotype is reciprocally repressed in tip cells. 5 Yet, how the tip cell acquires its exquisite morphological and functional characteristics remains largely unknown. These cells develop filopodia allowing them to explore new territories. However, to extrude from the parental vessel, tip cells must breach the ensheathing basement membrane. Although this step has long been considered to be the result of an overall increase in protease activity, basic research has now identified podosomes as cellular metalloproteases (MMP)-enriched organelles dedicated to basement membrane proteolysis. In ECs, podosomes are induced transiently, and operate locally, in response to the VEGF/Notch signaling to enable tip cell invasion. 6,7 From a therapeutic point of view, targeting this engine in the EC should paralyze blood vessel growth, regardless of the available proangiogenic signals. The elucidation of the molecular determinants of tip cell-specific functions is needed.

Kuo et al 2 here reveal that TM is a novel player in podosome biogenesis in tip cells. TM is a transmembrane glycoprotein that is expressed at the surface of all ECs. The protein, a C-type lectin with 5 functional domains, is bestknown for its anti-thrombotic and anti-inflammatory properties. 8 Because TM also mediates cell-matrix interactions and contributes to MMP activation, the authors related these properties to the characteristics of podosomes. The organelles are easily recognizable owing to their localization at the ventral plasma membrane and their organization into sub-structures: an F-actin core surrounded by integrins and associated proteins that are also found in focal adhesions. 9 A fluorescently tagged version of TM (TM-GFP [green fluorescent protein]) was conveniently used to over-express the protein in HUVECs (human umbilical vein endothelial cells) to explore this connection and concomitantly track TM subcellular localization. TM-GFP overexpression resulted in the induction of podosomes, as identified by immunostaining with canonical markers and by their location at the basal plasma membrane of ECs. Moreover, TM-GFP concentrated at podosomes, forming a shell around the F-actin core and interacting with the underlying matrix, presumably via its distal LL (lectin-like) domain. These podosomes were found to be globular in shape, clumped together at the cell edge, and associated with prominent filopodia.

These findings are intriguing in several ways. First, the podosomes induced by TM-GFP show more similarities with the 3-dimensional (3D) podosomes observed in tip cells during sprouting angiogenesis in the mouse postnatal retina model 7 (hence the name of 3D podosomes (3DPs) given by the authors) than with the classical podosomes formed in 2-dimensional cell cultures (Figure). Indeed, VEGF induces the formation of podosomes that organize themselves in annular structures (podosome rosettes), and no filopodia are formed. 6 The close connection between 3DPs and filopodia was confirmed by live imaging during invasion of Matrigel (a matrix resembling the basement membrane), where TMrich filopodia burst from 3DPs formed at the cell periphery, stimulating EC sprouting and enabling invasiveness. Over time, the 3DPs clusters grew in size by gathering small surrounding entities as if they were feeding the continuous growth of protrusions. The observation of these tip cell-like cells also uncovered intense blebbing at the upperlying membrane.

A second unexpected finding is that TM overexpression was sufficient to induce podosomes without the need for VEGF-A. Although one may think of an artifact due to TM overexpression, in vivo experiments confirmed that endogenous TM concentrates at the tip of genuine tip cells in a model of oxygen-induced retinopathy. This was accounted for by the upregulation of TM expression by VEGF-A and the absolute requirement of TM for podosome induction. TM had, therefore, to be the mediator of another signal taking place at the plasma membrane.

How does TM contribute to remodeling the actin cytoskeleton into podosomes? TM has previously been detected in lipid rafts at the leading edge of polarized cells during migration. 10 Lipid rafts are considered scaffolding structures for organizing receptor activation and signal transduction. Mechanistically, TM cytoplasmic tail can bind to the actin cytoskeleton via ezrin. 11 The connection is mediated by the downstream effector of Rho, ROCK (Rho-associated protein kinase), which upon phosphorylation unfolds ezrin and thereby exposes its actin-binding site. Through a series of experiments involving TM mutants deleted from LL or cytoplasmic domains, gene silencing, and pharmacological inhibitors, the authors propose a model in which ROCK2 upregulates TM expression and promotes its anchoring to the cytoskeleton via ezrin at lipid rafts, where it promotes the VEGF (vascular endothelial growth factor) stimulates the formation of podosomes in vitro. These podosomes display a bipartite architecture (an F-actin [red] core surrounded by a vinculin ring [green]) and are organized in rosettes (A). The study shows that endothelial cell (ECs) overexpressing TM also assemble podosomes (B). These podosomes have more similarities with those observed in tip cells during sprouting angiogenesis in vivo (C) than with classical ones formed in 2-dimensional (3D) cell cultures (A). Mechanistically, podosome assembly is known to involve Notch signaling. 7 The novel pathway described in this study involves ROCK2 (novel actors appear in red). The kinase regulates the expression of TM but also confers an anchoring function to the actin cytoskeleton through the phosphorylation of ezrin. Transmembrane anchoring promotes the clustering of lipid rafts and stabilizes the F-actin cytoskeleton scaffold and thus podosome formation. Arp2/3 indicates actin-related 2/3 complex; MT1-MMP, transmembrane type I metalloprotease; ROCK2, Rho-associated kinase 2; and uPA, urokinase-type plasminogen activator.
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Figure 2 :

 2 Figure 2: Cross section of the vascular wall in large vessels and in capillaries (A) arterial or venous walls have three layers around the vascular lumen (6) . (B) A layer of endothelium and the surrounding pericytes constitute walls of capillaries.

Figure 4 :

 4 Figure 4: Schematic representation of two basement membrane proteins. (A)

Figure 5 :

 5 Figure 5: The structural characteristic of podosomes. A. Podosome superstructures are detected by double staining with F-actin (red) and vinculin (green) in dendritic cells. B. Schematic representation of (A). C. Sagittal view of cells with podosomes show that actomyosin cables connect podosomes by their caps. D. Schematic of podosomes: the core structure has F-actin polymerization and actin associated proteins. The ring structure links cytoskeleton to integrin receptors by adhesion proteins. Podosome units are interconnected by actin bundles arranged by myosin-II.

Figure 6 :

 6 Figure 6: Schematic of focal adhesions. (A) Cells adhere to ligands in the ECM, such as fibronectin, through nascent adhesions. These immature structures then become mature focal adhesions. These units are linked by stress fibers of the actin network. (B) Integrin receptors bind to FN on the ECM. The connection of integrin to the actin fibers is mediated by vinculin, paxillin, talin and α-actinin.
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 62 kd) to degrade the protein components of the extracellular matrix. Only free MT1-MMP is linked to the pro-domain of latent MMP2 by tissue inhibitor of matrix metalloproteinases-2 (TIMP-2). (Figure.7)

Figure 7 :

 7 Figure 7: Processing and activation of MMP-2 and MT1-MMP. Pro-MMP2 and MT1-MMP are produced by cells. The maturation of MT1-MMP occurs in the trans-Golgi network. The dimers of MT1-MMP localize onto the cell surface and combine with CD44, β1integrin and caveolin. Unbound MT1-MMP activates pro-MMP2 by clipping the pro-domain. Inhibitor of matrix metalloproteinases-2 (TIMP-2) occupy the binding sites of MT1-MMP to prevent the activation of MMP2

Figure 8 :

 8 Figure 8: Schematic of podosome superstructures in different cell types. Podosome forming cells are presented in sequence: scattered podosomes are in stationary macrophages, podosome arrays are in migrating macrophages, podosome clusters are in immature dendritic cells, podosome rosettes are in growth factor-induced ECs, podosome rings and podosome belt are in osteoclasts and smooth muscle cells, 3D podosomes are in a cell invade into the interstitial matrix.

Figure 9 .

 9 Figure 9.

Figure 9 :

 9 Figure 9: Signal transduction induced by TGF-β family members in ECs. TGFβ and BMP-9 induce heteromeric complex formation between specific type II and type I receptors. Type II receptors then transphosphorylate the type I receptors, leading to their activation to mediate the signal enter into the cell to phosphorylate receptor-regulated-Smads. The Rsmads form heteromeric complexes with Smad4, the common smad and translocate in the nucleus for regulation of gene. Inhibitory smads 6 and 7 prevent the activation of R-Smads. In addition, the activated type I receptors also activate non-Smad pathways. Evangelia Pardali and Peter ten Dijke (2012)

  role in the activation and maturation of DCs. MyosinII locates between actin cores and generates contractility for cellular protrusion and polarization. MMPs, secreted by podosomes, degrade the extracellular matrix and endow the function of endocytosis. So based on these abilities, DCs cross anatomical barriers to reach the lymph nodes where they present the antigen to T lymphocytes. (74)[START_REF] Caro | Nvalproyl-L-tryptophan for CNS-targeting: synthesis, characterization and efficacy in vitro studies of a new potential antiepileptic drug[END_REF] 

Figure 10 :

 10 Figure 10: Schematic representation of the differences between podosomes and invadopodia (A) Podosomes consist of a core of actin filaments surrounded by a ring structure. (B) Invadopodia are elongated membrane extensions with a stronger invasion potential.The N-WASp/Arp2/3 complex is present at the base and shaft of invadopodia but absent from the tips. Invadopodia lack the strict organization of core and ring structure found in podosomes[START_REF] Spuul | Importance of RhoGTPases in formation, characteristics, and functions of invadosomes[END_REF] .

Figure 11 :

 11 Figure 11: Physiological and pathological angiogenesis are involved in different processes. (A) Normal angiogenesis with well-organized hierarchy is essential for development and repair. (B) Irregular angiogenesis occurs in various diseases.

Figure 12 :

 12 Figure 12: Schematical representation of sprouting angiogenesis. (A) Structural features of quiescent capillaries. (B) Activated ECs form sprouts in response to angiogenic factors. (C) Tip cells and stalk cells collaborate to elongate sprouts and form vascular branching.

Figure 13 :

 13 Figure 13: Podosome in microvascular ECs (A) Podosome are shown as scattered dots in 3D tip cells with the ability to invade and migrate into interstitial area. (B) Podosomes are

Figure 14 :

 14 Figure 14: The molecular mechanism of VEGF/notch crosstalk during angiogenesis. Dll4 on tip cells, induced by soluble VEGF, binds the notch receptor on the surface of adjacent stalk cells. The intracellular domain of notch initiates the transcription of Hey1 and

Figure 16 :

 16 Figure 16: Development of the vascular plexus in the neonatal mouse retina. (A) In the neonatal mouse and during the first 8 days, angiogenesis only occurs on the superficial layer. Endothelial cells are stained with isolectin B4-Alexa 594 (red) (B) Retina whole mounts and cross sections from postnatal day P9 to P25 were stained for endothelial cells with isolectin B4-Alexa 594 (red) and for cell nuclei with DAPI (blue). The staining show time points after birth when the vascular plexus on intermediate or deep layer is confluent and mature.

shown in Figure 17 .

 17 It is named wet age related macular degeneration or choroid neovascularization. So the aberrant vessels are involved in the ocular lesions. The available therapeutic methods are laser therapy, anti-VEGF drugs. Surgery delays the deterioration in the syndrome but do not target pathological mechanism and factors. Today, treatments are being developed and molecular therapy, gene therapy and non-VEGF dependent drugs offer good perspectives. If pathological angiogenesis involves alteration in podosome formation, it may provide a new direction to study the mechanism of angiogenesis and to improve treatments in oculopathies.

Figure 17 :

 17 Figure 17: Schematic representation of the choroidal neovascularization. Pigment Epithelium Derived Factor (PEDF) prevents retinal cell death and counteracts excessive angiogenesis induced by VEGF(119) .

  Smad1 and smad5 collaborate with the Notch pathway to sustain the stalk cells phenotype. Stalk cells are devoid of podosomes. Notch activation also reduced podosome rosette formation in vitro in microvascular ECs. Therefore, Smad1 and Smad5 may also be involved in the suppression of podosome formation. MiR-155 overexpression induces podosome rosettes in macrovascular ECs. Smad1 and Smad5 are targets of miR-155 in this process. So if Smad1 and Smad5 are also miR-155 targets in microvascular ECs, miR-155 may induce podosome rosette formation in microvascular cells by down regulating the expression of Smad1 and Smad5.

3 .

 3 SiRNA and microRNA-155 transfection: Calcium phosphate transfectionSmall interfering RNA (SiRNA, Qiagen) transfection into HMVECs was performed by two rounds of transfection with double-strand siRNA (25nM). Before transfection, cells were washed by PBS twice and incubated with DMEM 4.5g/L glucose (10% FBS, without antibiotics). A transfection mixture composed by 42.5µl sterilized RNase-free water, 2.5µl SiRNA (25µM), 10µl CaCl 2 (2.5M), 100µl Phosphate buffer 2x (280mM Nacl,1.5mM Na 2 HPO 4 , 12mM Glucose,10mM KCl, 50mM Hepes, PH 7.05) was added to cells cultured in one 3.5 cm dish with the final volume of 2ml. On the next day, DMEM was replaced by complete medium. The second round of transfection was performed as described above, then cells were cultured in complete medium until use. All the SiRNAs and microRNA used were summarized below (TableII)As the target sequence of RNA, siRNA for smad1 and smad5 were designed against the corresponding cDNA using online algorithms (Dharmacon and/or Applied Biosystems).Allstar Negative Control siRNA (Qiagen) was used as a control in all siRNA gene silencing experiments

  prepared in PBS for 30 minutes at RT. The coverslips were washed 3 tines in PBS and a blocking solution (2% FBS+1%BSA in PBS) containing TritonX-100 (0.1%) for permeabilization was added for 30 minutes. Coverslips were incubated with primary antibodies (1:100) in blocking solution for 1 hour and washed 3 times with PBS. Then coverslips were incubated by secondary antibodies (1:100) and Hoeschst (1:10000) in blocking solution for 1 hour and washed 3 times with PBS. Samples were mounted on microscope slides with Prolong Gold Antifade Reagent (Invitrogen) and left to dry overnight in RT.

13 .

 13 Analysis of the retinal vasculature in neonatal miceIntraocular injections were performed using a protocol approved by the Committee for Ethics of Animal Experiments at the University of Bordeaux, in accordance with the guidelines of the French Ministry of Health under the authority of the project License #7313.The investigation conforms to the Guide for the Care and Use of Laboratory Animals (US National Institutes of Health, 8th Edition, 2011). Intravitreal injection was performed on P4 neonatal C57BL/6 mice. After 48h, P6 mice were sacrificed and eyes were fixed in 4%

Figure 20 :

 20 Figure 20: miR-155 is not induced in response to VEGF stimulation in HMVECs. (A) Amplification curve of miR-155 and U6 (B) miR-155 level under the VEGF stimulation N=7 independent experiments, mean ± SD is shown. ns, not significant (One-way ANOVA Bonferroni multiple comparison test compared with si-control).

Figure 21 :

 21 Figure 21: miR-155 has various targets in HMVECs. (A) Western blot analysis of Smad1 expression in Si-control, miR-155 and SiSmad1 transfected HMVECs. Smad1 levels were normalized to tubulin levels. N=7 independent experiments, mean ± SD is shown. ****, #### p < 0.0001 (One-way ANOVA Bonferroni multiple comparison test compared with sicontrol). (B) and (C) Protein levels of Smad5, eNOS, rictor, RhoA, CCN1 are detected by western blot in Si-control, miR-155 transfected cells. Proteins levels were normalized to tubulin levels. N=6, N=3, N=6, N=2, N=3 experiments in each protein, mean± SD is shown. *p < 0.05, ***p < 0.001 (Student 's T test is used compared with si-control)

  So we set up a co-culture system with HMVECs and MDA-MB-231 to test if the formation of podosome rosettes on HMVECs was modulated by miR-155 potentially derived from this tumor cell line. First, MDA-MB-231s were seeded on glass coverslips. After 2 hours, HMVECs were added. Podosome quantification was done by double staining of F-actin/cortactin. VE-cadherin staining, which is not expressed by tumor cells was used to discriminate HMVECs from MDA-MB-231 cells. Moreover, compared to the large and flat morphology of HMVECs, MDA-MB-231 are more elongated, thinner and smaller. So although MDA-MB-231 and HMVECs were seeded together, they were distinguished under microscope. The results indicated that podosome formation was stimulated in HMVECs exposed to MDA-MB-231 cells (Figure 23A and B).

Figure 22 :

 22 Figure 22: miR-155 regulates podosome rosette assembly and gelatin degradation in HMVECs. (A) Representative images of podosome rosettes in si-control, MiR-155 and

Figure 23 :

 23 Figure 23: Podosome formation is stimulated in HMVECs when these cells are cocultured with MDA-MB-231 and this effect is inhibited when HMVECs are transfected with antimiR-155. (A) Representative images of podosome rosettes in HMVECs and HMVECs/MDA-MB-231 co-cultures. HMVECs were identified by double-staining for podosome markers (F-actin, cortactin, n = 4 independent experiments). (B) Quantification of podosome formation in HMVECs and HMVECs/MDA-MB-231 in co-culture. n =4 independent experiments, mean ± SD is shown.***p < 0.001 (One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-control in each group). (C) Quantification of podosome formation in si-control and antimiR-155 transfected HMVECs and HMVECs/MDA-MB-231 in co-culture. n =3 independent experiments, mean ± SD is shown. ## p<0.01,*p<0.05. (One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-control in each group)

Figure 24 :

 24 Figure 24: MiR-155 regulates the formation of podosome rosettes in cells adherent to BM components. The ratio of podosome rosettes scored for miR-155transfected cells/sicontrol transfected cells. MiR-155 transfected HMVECs were seeded on glass coverslips coated with distinct ECM proteins. Podosome rosettes were scored after a 24h culture period on each matrix protein. n =6 independent experiments, and mean ± SD is shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001(One-way ANOVA Bonferroni multiple comparison test compared to untreated si-control).

Figure 25 :

 25 Figure 25: Western blot analysis of Smad phosphorylation in response to TGF-b or BMP-9. P-Smad levels were normalized to tubulin levels. One representative experiment out of 3.

  Smad1 and Smad5 were confirmed as miR-155 targets in HMVECs and depletion of either of the two Smads enhanced podosome formation. In order to understand the role of these Smads in HMVECs overexpressing miR-155, we transfected SiRNA scramble or miR-155 into HMVECs and exposed the cells to BMP-9 for 24h. Podosomes quantification showed that BMP9 inhibited podosome induction by miR-155 in HMVECs. These results reflected in a reduced ability to degrade the gelatin.

Figure 26 :

 26 Figure 26: The role of Smad1 and Smad5 in the regulation of podosome formation in HMVECs (A) Representative image of podosome rosettes in Si-control, miR-155 and antimiR-155 transfected cells double-stained for podosome markers (F-actin, cortactin, n = 3 independent experiments). (B) Representative images of gelatin degradation in Si-control, MiR-155 or antimiR-155 transfected cells. (n = 3 independent experiments). (C) Quantification of podosome formation in si-control, miR-155 and antimiR-155 transfected cells stimulated by VEGF or not. n =3 independent experiments, mean ± SD is shown. *p < 0.05 (One-way ANOVA Bonferroni multiple comparison test compared with the untreated sicontrol in each group). (D) Quantification of matrix degradation in si-control, miR-155 and antimiR-155 transfected cells stimulated by VEGF or not. n = 3 independent experiments, mean ± SD is shown. ***p<0.001, ****p<0.0001(One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-control in each group). (E) Representative images of podosome rosettes in Si-control, BMP-9 stimulated cells double-stained for podosome markers (F-actin, cortactin, n = 3 independent experiments). (F) Representative

Figure 27 :

 27 Figure 27: The regulation effect of BMP-9 on miR-155-induced podosomes in HMVECs (A) Quantification of podosome formation in si-control or miR-155 trasnfected cells stimulated by VEGF and/or BMP-9. n =6 independent experiments, mean ± SD is shown. **P<0.01, *** ,$$$ P<0.001, P **** ,##### p < 0.05 (One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-control in each group). (B) Quantification of matrix degradation area in si-control, or miR-155 trasnfected cells stimulated by VEGF and/or BMP-9. n = 3 independent experiments, mean ± SD is shown. ***p < 0.001, #p < 0.05 (One-

Figure 28 :

 28 Figure 28: The effect of MiR-155 on sprouting angiogenesis and podosome formation in 3D setups in vitro. (A) Phase constrast images of immature sprouts and mature sprouts (Scale bar: 400µm). The protocol of angiogenesis invasion assay (AIA) is described in Spuul et al., Cell Reports (2016) 17, 484-500. Bottom panel: higher magnification images of the boxed regions showing the two types of sprouts, referred as mature and immature sprouts. (B) Quantification of angiogenic sprout number and length in control, miR-155 and anti-miR-155 transfected ECs. n =5 independent experiments, mean ± SD is shown. *0.01<p < 0.05, ****p

Figure 29 :

 29 Figure 29: Aberrant miR-155 levels affect HMVECs migration and tube formation ability. (A) HMVECs were transfected with Si-control, mi-155 or antimiR-155 and seeded in a confluent monolayer. Representative phase-contrast images showing the wound right after being made (0h) and 4h, 8h or 24h after scraping the confluent monolayer cells. Scale bar, 500 µm. (B) Quantification of cell migration for each time point. (C) Representative images of focal adhesions in HMVECs transfected with Si-control, miR-155 and antimiR-155. Scale bar, 20 µm. (D) quantification of cell number in HMVECs transfected by Si-control, miR-155 and antimiR-155, n=5 independent experiments, mean ± SD is shown. (One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-control in each group). (E, F) quantification of the average size and number of focal adhesion in HMVECs transfected by Si-control, miR-155 and antimiR-155, n=5 independent experiments, mean ± SD is shown. **p < 0.01, ****p < 0.0001, (One-way ANOVA Bonferroni multiple comparison test compared with the untreated Si-control in each group). (G) Representative images of tube formation in HMVECs transfected by Si-control, miR-155 and antimiR-155. Scale bar, 500 µm. (H-J) quantification of nodes, junctions and meshes in HMVECs transfected with Si-control, miR-155 and antimiR-155, n =6 independent experiments, mean ±

  miR-155 overexpression Previous work in the lab has described the localization, expression and activation of MMPs in HMVECs. Compared with untreated cells, increased exposure of MT1-MMP at the cell surface and increasing level of activated MMP2 in cell lysates and supernatants were found after VEGF-treatment. MT1-MMP is indispensable for podosome formation and acts as a downstream effector in miR-155 transfected HMVECs. So MT1-MMP SiRNA transfection was performed on HMVECs to reduce its expression. In the absence of VEGF, basal gelatin degradation results from the activity of constitutive podosomes. HMVECs silenced for MT1-MMP expression assembled fewer podosome rosettes and were impaired in their gelatin degradation capabilities. The effect of siMT1-MMP on HMVECs could not be rescued by VEGF stimulation (Figure31A). These results show the major role of MT1-MMP on podosome formation and function. We next investigated and the consequences of silencing MT1-MMP expression on miR-155 podosome formation and function in response to miR-155 overexpression, by co-trasnfecting siMT1-MMP and miR-155 in HMVECs. The quantification of podosome rosettes and gelatin degradation area were done 24h after seeding the transfected cells on Oregon-green gelatin coated coverslips. These experiments showed the miR-155 capability of promoting podosome formation. The function above was reduced in siMT1-MMP tranfected HMVECs as compared to controls. (figure 31 A and B).

Figure 30 :

 30 Figure 30: miR-155-transfection in HMVECs increases MMPs level. (A) and (C) Sicontrol and miR-155 transfected HMVECs were serum-starved overnight, then stimulated by VEGF or not. Cell lysates and supernatants were subjected to gelatinolytic analysis by zymography. The bands corresponding to pro-and active forms of MMP2 are shown. (B) and (D) MMP2 activity in cell lysates and supernatants were quantified by densitometry. N=3 and n=7 independent experiments, mean ± SD is shown. **0.01<p < 0.05, ****p < 0.001 (One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-

Figure 31 :

 31 Figure 31: SiMT1-MMP transfection impairs podosome formation and matrix degradation capabilities in response to miR-155. (A) Quantification of podosome formation in si-contrtol or Si-MMP14 transfected cells, co-transfected of not with miR_155 and stimulated or not with VEGF. n =4 independent experiments, mean ± SD is shown. #p < 0.05 (One-way ANOVA Bonferroni multiple comparison test compared with the untreated sicontrol in each group). (B) Quantification of matrix degradation in si-control or Si-MMP14 transfected cells, co-transfected of not with miR_155 and stimulated or not with VEGF. n= 4 independent experiments, mean ± SD is shown. ***p < 0.001, #p < 0.05 (One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-control in each group).
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 6 MiR-155 regulates developemental angiogenesis in the neonatal mouse retina.

Figure 32 :

 32 Figure 32: The enhancing angiogenic competence of miR-155 transfected HMVECs in angiogenesis invasion assay is prevented by MT1-MMP deficiency. (A) Quantification of angiogenic sprouts in si-control, Si-MMP14 HMVECs transfected by miR-155 or not, in the

Figure 33 :

 33 Figure 33: MiR-155 regulates angionenic sprouting and podosome formation during angiogenesis in the mouse retina (A) Images of IB4 (black) stained retinal whole-mounts from miR-155 and antimiR-155 injected eyes in mice at P6 compared to scramble injection. (B) and (C) Quantifications of the vascular density and vascular sprouts in miR-155 and antimiR-155 injected eyes from mice at P6 compared to scramble injection. n =3 independent experiments, mean ± SD is shown. *p<0.05, **p<0.01 (One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-control in each group). (D) Images of podosome units in tip cells during retinal angiogenesis in scramble, miR-155 and AntimiR-155 intravitreal injected eyes. (E) Quantification of podosome units in tip cells during retinal angiogenesis in scramble, miR-155 and AntimiR-155 intravitreal injected eyes. n =3 independent experiments, mean ± SD is shown. *p < 0.05, (One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-control in each group).

Figure 34 : 8 .

 348 Figure 34: antimiR-155 reduces angionenic sprouting and podosomes in the retina (A) Images of filopodia in tip cells during retinal angiogenesis in scramble and antimiR-155 injected eyes. (B) Quantification of filopodia in tip cells during retinal angiogenesis in scramble and antimiR-155 injected eyes. n = 3 independent experiments, mean ± SD is shown. *p<0.05 (Student 's T test is used compared with Scramble). (C) Images of collagen-IV staining in tip cells during retinal angiogenesis in scramble and antimiR-155 injected eyes. (D) Quantification of collagen-IV staining in tip cells during retinal angiogenesis in scramble and antimiR-155 injected eyes. n = 3 independent experiments, mean ± SD is shown. **p<0.01 (Student 's T test is used compared with Scramble). (E) Images of VE-cadherin in the retinal vasculature of scramble and antimiR-155 injected eyes. (F) Quantification of VEcadherin in the retinal vasculature of scramble and antimiR-155 injected eyes. n = 3 independent experiments, mean ± SD is shown. *p<0.05 (Student 's T test is used compared with Scramble). (G) Images of collagen-IV sleeves in the retinal vasculature of scramble and antimiR-155 injected eyes. (H) Quantification of collagen-IV sleeves in the retinal

Figure 35

 35 Figure 35 The role of MiR-155 played on gelatin degradation ability in other cell types (A) Representative images of gelatin degradation in Si-control, antimiR-155 transfected MDA-MB-231 group. (n = 4 independent experiments). (B) Quantification of matrix degradation in si-control, miR-155 and antimiR-155 transfected MDA-MB-231. n = 5 independent experiments, mean ± SD is shown. ****p<0.0001 (Student 's T test is used compared with si-control). (C) Representative images of gelatin degradation in Si-control, miR-155 and antimiR-155 transfected MCF10A. (n = 6 independent experiments). (D) Quantification of matrix degradation in si-control, miR-155 and antimiR-155 transfected MCF10A group. n = 6 independent experiments, mean ± SD is shown. ***p<0.001 (One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-control in each group).

  -155 transfection was performed on HMVECs by the same way as SiRNA transfection. Both smad1 and smad5 level in miR-155 group were lower than Si-control. So they were verified to be the targets of miR-155 in HMVECs. Then miR-155 aberrant expression in HMVECs was applied to evaluate podosomes. VEGF stimulates podosome formation in HMVECs in a dose and time manner and can be regarded as the positive control. Podosome rosettes found in random 300 HMVECs transfected by miR-155 were more than sicontrol. In contrast, antimiR-155 not only suppressed podosomes constitutively formed by HMVECs without stimulation, but also prevented the inducible effect of VEGF on this progress. So although miR-155 and VEGF have no synergistic effect, VEGF is not effective in the absence of miR-155. Next we explored podosome quantity and function in response to smad1 and smad5 depletion. Sismad1 and Sismad5, individually or combination, increased the proportion of HMVECs which assembled podosome rosettes. In BAECs, TGF-β is the inducer of podosome by activating ALK5 to phosphorylate smad2/3. But partially, TGF-β also enhances smad1 and smad5 to counteract this progress. So smad1 or smad5 depletion facilitates more podosomes on the basis of TGF-β stimulation. Difference results occurred in HMVECs, the ECs lack of smad2 and smad3. No matter how we transfected the cells, podosome quantification cannot arrive the level acquired under the effect of VEGF. So there is no synergistic effect between smad1 or smad5 depletion and VEGF in HMVECs.

  Podosomes were identified as key actors of physiological angiogenesis both in vivo and in vitro. What is more, activation of notch receptors inhibits podosomes formation and their degradation function in 2D cultured HMVECs. Contrarily, exogenous DAPT stimulation, the pharmacology inhibitor of Notch pathway, or Dll4 deficiency by SiRNA transfection rescues the degeneration of podosomes. So podosomes formation in HMVECs is also implicated in VEGF/notch pathway. My project showed that podosomes are inversely proportional to smad1 and smad5,the identified targets of miR-155 in HMVECs. So we continue to examine relationship between miR-155 and physiological angiogenesis. As shown in AIA, activated microvascular ECs sprouted into matrigel which consists of BM component and exogenous soluble VEGF. It is the well erected 3D experiment which mimics sprouting angiogenesis in vitro. MiR-155 and antimiR-155 transfected HMVECs were seeded around matrigel. More spherical sprouts were detected to invade into matrigel under the action of miR-155. And antimiR-155 inhibits the total sprouts number. We also test the total length of sprouts into matrigel. MiR-155 did not change but AntimiR-155 decreased the length. It further demonstrated that podosomes in ECs do not promote the migration. But podosomes are the prerequisite of the sprouting of ECs into the interstitial space, so deficiency of podosome may abrogate the origin of endothelial migration. The conclusions of 3D experiment in vitro are consistent with the previous 2D experiments.

Figure S2 :

 S2 Figure S2: Schematic representation of the structural and functional roles of fibrillinmicrofibrils in elastic fibers and elastin-independent suprastructures

Figure S4

 S4 Figure S4MAGPs binding sites in fibrillin (adapted from (15)).

BFigure

  Figure S5 The regulation effect of MAGP1 deficiency on podosome formation in HMVECs (A) Representative image of podosome rosettes in si-control, si-MAGP1 transfection group double-stained for podosome markers (F-actin, cortactin, n = 5 independent experiments). (B) Quantification of podosome formation in si-control, si-MAGP1 transfection cells stimulated by VEGF or not. n =5 independent experiments, mean ± SD is shown. *p < 0.05, ***p<0.001, #### p < 0.0001 (One-way ANOVA Bonferroni multiple comparison test compared with the untreated si-control in each group). (C) Representative images of gelatin degradation in Si-control, Si-MAGP1 transfection group. (D) Quantification of matrix degradation in si-control, Si-MAGP1 transfection cells stimulated by VEGF or not. n = 4 independent experiments, mean ± SD is shown. **** ,#### p < 0.0001, $ p<0.05 (One-way ANOVA Bonferroni multiple comparison test compared with the respective si-control in each group).Given the ability of matrix proteolysis is the best known function of podosomes. Thus, gelatin degradation assay was performed to examine the matrix degradation ability of HMVECs in response to Si-MAGP1. After cellular transfection, we seeded them on glass

(

  Figure S6A) Next, imaris6.4 software was employed to quantify podosome dots located on 3D sprouts acquired by confocal microscope. Same as before, podosome units in immature sprouts and tip cells were identified by double staining of cortactin and F-actin. The absence of MAGP1 alleviated the formation of dot-like podosomes in spherical sprouts and tip cells like sprouts during the invasion progress. (FigureS6B-E). So the result of this 3D model, which mimics angiogenesis in vitro, reflects that MAGP1 is probably dispensable for human angiogenesis.

Figure

  Figure S6 The effect of MAGP1 deficiency on sprouting angiogenesis and podosomes in 3D experiments in vitro. (A) Quantification of angiogenic sprouts in si-control, si-MAGP1. n =3 independent experiments, mean ± SD is shown. ***p < 0.001 (Student's t-test compared with Si-control). (B) Stacked images (confocal microscope) highlights that si-MAGP1 inhibits podosome formation in tip cells. Scale bars: 10µm (C) Quantification of podosomes in 3D tip cells formed by si-control and si-MAGP1 transfected ECs n=4 independent experiments, mean ± SD is shown. ***p < 0.001 (Student's t-test compared with each Si-control). (D) Stacked images (confocal microscope) highlights that si-MAGP1 inhibits podosome formation in immature sprouts. Scale bars: 5µm (E) Quantification of podosomes in immature sprouts formed by si-control and si-MAGP1 transfected ECs n=5 independent experiments, mean ± SD is shown. ***p < 0.001 (Student's t-test compared with each Sicontrol).
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Fibrillin- 1

 1 is an extracellular matrix protein that assembles into microfibrils which provide essential functions in large blood vessels and other tissues. Mutations in the fibrillin-1 gene are associated with cardiovascular, ocular, and skeletal abnormalities in Marfan syndrome. Here we found that the microvasculature is altered in Fbn1 C1041G/+ mice, a model of Marfan syndrome.Using the mouse retina vascularization model, we detected fibrillin-1 at two locations: the basement membrane underlying the angiogenic front and around arterioles. In these regions, MAGP1 colocalized with fibrillin-1. At the front, endothelial tip-cell sprouting and branching were decreased, Notch signaling was reduced, concomitant with elevated SMAD1/5 phosphorylation. Cell culture experiments demonstrated that fibrillin-1 deficiency impaired the induction of the Notch ligand Dll4 in response to VEGF and increased SMAD1/5 phosphorylation in response to BMP-9 in microvascular endothelial cells. Supplying the growing retinal vasculature of Fbn1 C1041G/+ mice with a large C-terminal recombinant fragment of fibrillin-

!

  Tip cell/stalk cell specification is driven by VEGF and Notch signaling crosstalk and alterations in branching frequency of angiogenic sprouts often result from a change in the balance between

  of fibrillin-1-deficient cells to VEGF showed that a fibrillin-1 deficit in ECs impacts Notch signaling downstream of VEGF but does not reduce ERK1/2 or AKT activities. The fibrillin-1 defect affects the pathways regulating Dll4 induction and SMAD1/5 phosphorylation. As proper tip/stalk cell specification depends on integration of Notch and SMAD1/5 signaling cascades(53), these in vitro results support the hypothesis that fibrillin-1 regulates Notch signaling in sprouting angiogenesis.

  discrete vascular abnormalities that have so far not been recognized.

  3 washes in PBS, whole retinas were flat-mounted in ProLong Gold Antifade reagent (Life Technologies) containing Hoechst 33342 (Life Technologies), and analyzed with an epifluorescence microscope (Nikon TE-2000) or a laser scanning fluorescence microscope (Zeiss LSM 510 Meta inverted).

(!

  clone 4F11, #05-180) and phospho-PH3 (#06-570) were obtained from Millipore. Antibodies against phospho-ERK1/2 (#4370S) and phospho-SMAD1/5/8 (#13820) were from Cell Signaling Technologies. Antibodies against ERG 1/2/3 (ab92513), activated Notch1 (ab8925) and fibronectin (ab23750) were from Abcam. Antibodies against Laminin (g1-chain, clone 3E10, sc-65643) and Jagged-1 (sc-8303) were obtained from Santa Cruz. Antibodies against MAGP2 (MBS2028486) were from Mybiosource. Antibodies against aSMA (clone 1A4, C6198) were purchased from Sigma. Col IV antibodies were obtained from BioRad (#2150-1470). Antibodies against VE-Cadherin (clone 11D4.1, #555289) and CD31 (clone MEC13.3, #553370) were obtained from BD Pharmingen. Antibodies against NRP1 (AF566), ESM1 (AF199), MAGP1 (AF4977), serum albumin (AF3329), VEGFR3 (AF743) and Dll4 (AF1389) were purchased from R&D Systems. Tropoelastin antibodies were a gift from Dr. Robert P. Mecham. For secondary detection, species-specific fluorescently-labeled secondary antibodies (Jackson ImmunoResearch) To quantify vascular progression within neonatal retinas, mosaic images of IB4-labeled retinas were obtained by stitching individual images acquired at 4# magnification with a fluorescence microscope (Nikon TE-2000) using the 'large image' function of the NIS-elements software.

  (x/y/z = 575.85 # 575.85 # 2 µm) were acquired with a Zeiss LSM Meta 510 confocal microscope equipped with a 10# objective. The number of IB4+PH3+ and ERG1/2/3+ cells per field in sprouting areas at the vascular front was automatically determined using the ImageJ "Analyze Particles" function, performed on maximal intensity projections of the confocal stacks. To quantify podosome number, average podosome size and Col IV coverage at angiogenic fronts, z-stack confocal series of 20 optical sections (x/y/z = 146.25 # 146.25 # 0.15 µm) were acquired with a 63# oil immersion objective. Acquisitions were performed at the leading front of the developing retinal vasculature. To determine the density of podosomes per µm 2 of EC, the mean number and size of podosomes (F-actin/cortactin-positive (yellow) foci) per vessel length was calculated using the ImageJ "Analyze Particles" function performed on maximal intensity projections of the confocal stacks after deconvolution (AutoQuant X3 software) and normalization to the Lifeact-EGFP-positive surface area (determined from the thresholded image channel). To determine Col IV coverage of retinal vessels, the Col IVpositive surface area per field was determined on thresholded images and normalized to the Lifeact-EGFP-positive surface area as previously described (22). To quantify p-ERK1/2, NICD (Activated Notch1), Dll4, Jagged-1, ESM1, NRP1, fibrillin-1, MAGP1, p-SMAD1/5 and MAGP2 at the vascular front, z-stack confocal series of 20 optical sections (x/y/z = 182.81 # 182.81 # 0.25 µm) were acquired using a 63# oil immersion objective.

medium at 1 #

 1 10 6 cells per plate in 3.5 cm dishes for western blot experiments and RT-qPCR experiments and at 1.5#10 4 cells on glass coverslips in 4-well plates for immunofluorescence imaging. For stimulation, human recombinant VEGF-A (used at 25 ng/ml in all experiments, unless otherwise indicated) was obtained from Promocell and human recombinant BMP-9 (used at 1 ng/ml in all experiments) was obtained from Biotechne.Cell transfection with siRNASiRNA transfection of HMVECs was performed by transfection with double-stranded short interfering RNA (siRNA, 50 nM) using the Nucleofector technology. The 21-bp duplex Smartpools of siRNA used for fibrillin-1 was obtained from Dharmacon, and the siRNA for from Qiagen (target sequence: AACATTGATCGCCCTAAAGGA).
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 1 Figures

Fibrillin- 1 a

 1 Figure 1. Fibrillin-1 is expressed within the microvasculature of the developing mouse retina.
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 234456 Figure 2. A missense mutation in fibrillin-1 impacts neoangiogenesis in the developing mouse
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 S2 Fig. S2. Decreased EC proliferation in Fbn1 C1041G/+ P6 retinas.
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 S3 Fig. S3. Comparison of MAGP isoform expression within the
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 S4 Fig. S4. Fibrillin-1 and fibronectin expression in HMVECs transfected with
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 S5 Fig. S5. The fibrillin-1 C1041G mutation progressively impairs retinal

Fig. S6 .

 S6 Fig. S6. Expression of fibrillin-1, tropoelastin and MAGP1 within the retinal arteriole of adult WT and Fbn1 C1041G/+ mice treated or not with losartan.

Figure .

 . Figure. Schematic representation of the proposed model for the role of TM (thrombomodulin) during sprouting angiogenesis.VEGF (vascular endothelial growth factor) stimulates the formation of podosomes in vitro. These podosomes display a bipartite architecture (an F-actin [red] core surrounded by a vinculin ring [green]) and are organized in rosettes (A). The study shows that endothelial cell (ECs) overexpressing TM also assemble podosomes (B). These podosomes have more similarities with those observed in tip cells during sprouting angiogenesis in vivo (C) than with classical ones formed in 2-dimensional (3D) cell cultures (A). Mechanistically, podosome assembly is known to involve Notch signaling.7 The novel pathway described in this study involves ROCK2 (novel actors appear in red). The kinase regulates the expression of TM but also confers an anchoring function to the actin cytoskeleton through the phosphorylation of ezrin. Transmembrane anchoring promotes the clustering of lipid rafts and stabilizes the F-actin cytoskeleton scaffold and thus podosome formation. Arp2/3 indicates actin-related 2/3 complex; MT1-MMP, transmembrane type I metalloprotease; ROCK2, Rho-associated kinase 2; and uPA, urokinase-type plasminogen activator.

  

  

  

  

  

  

  

  

  

  

  

  

Table I :

 I all the antibodies and reagents

	Matrigel	Growth factor-reduced	67µl matrigel plus 3µl VEGF
		Matrigel™ basement membrane	diluted to 0.5 mg/ml
		matrix, BD Biosciences	
	2. Cell culture		
	Reagents or Antibodies Human pulmonary microvascular endothelial cells (HMVECs, cell system, tested free of Company and Reference Concentration or dilution
	VEGF-A contamination) from passage3 to passage 7 were grown in complete endothelial cell growth Promocell 25ng/ml
	BMP9 medium (EGM-MV; Promocell, a culture medium that does not contain VEGF but supplied R&D Systems 3209-BP 5ng/ml
	TGFβ with antibiotics Penicillin (100UI/L)/Streptomycin (100µg/L) and 10% serum MV; R&D Systems 240-B 5ng/ml
	VE-Cadherin Promocell) under the condition of 37°C 5% CO 2 , humidified atmosphere. Cell Signaling Technology IF:1/100
	Vinculin	Sigma	IF:1/100
	Smad1	Cell signaling technology	WB: 1/1000
		9743	
	Smad5	Abcam ab40771	WB: 1/1000
	eNOS	Cell Signaling Technology	WB: 1/1000
	CCN1	Cell Signaling Technology	WB: 1/1000
	RhoA	Cell Signaling Technology	WB: 1/1000
	Rictor	Cell Signaling Technology	WB: 1/1000
	Cortactin	Millipore/Merck	IF:1/100
	MT1-MMP	Millipore/Merck	IF:1/100
	Alexa Fluor 546	Invitrogen	IF:1/100
	Alexa Fluor 488	Invitrogen	IF:1/100
	Alexa Fluor 647	Invitrogen	IF:1/100
	Prolong Gold Antifade	Invitrogen	5µl for one 12mm
	Reagent		coverslip
			100µl for the sink of matrigel
	Alexa Fluor 546-Phalloidin	Invitrogen	IF:1/100
	Hoescht		IF:1/100
			AIA: 1/10000
	Gelatin-coupled Oregon-488 Invitrogen	

MDA-MB-231 cells, a human breast cancer cell line cultured in Dulbecco`s Modified

Eagles Medium (DMEM), 10% Foetal Bovine Serum (FBS), 1/100 Penicillin-streptomycin.
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Supplementary Information for

Fibrillin-1 regulates angiogenesis and microvascular integrity

Florian Alonso 1 , Dong Yuechao 1 , Ling Li 2 , Rana Melhem 1 , Isabelle Frémaux 1 , Dieter P.

Reinhardt 2* , Elisabeth Génot 1* Email: * co-corresponding authors: elisabeth.genot@inserm.fr and dieter.reinhardt@mcgill.ca This PDF file includes: formation of 3DPs and filopodia. The question of how TM-GFP induces podosomes is again raised. The key probably lies in the forced clustering of signaling proteins ensuing from TM overexpression. Although the clustering role of endogenous TM was not directly addressed, the strength of this study is that it highlights the contribution of an unsuspected protein, TM, in the formation of podosomes that characterize the tip cell phenotype. TM had previously been associated with angiogenesis. In ischemic models, TM was shown to promote nitric oxide production 12 and to activate FGFR1 (fibroblast growth factor receptor-1). 13 Kuo et al 2 now show that mice lacking the LL domain of TM exhibit reduced neovascularization of granulation tissues during cutaneous wound healing and less retinal neovascularization in the oxygeninduced retinopathy model. The present study reveals a novel role for this multifaceted protein.

Collectively, Kuo et al 2 introduce the VEGF-ROCK2-TM-F-actin axis as a novel pathway contributing to podosome formation and establish a role for lipid rafts in podosome assembly and clustering during this process. The study also expands the number of roles for TM functions in ECs. Of course, many issues remain to be clarified. The clustering role of TM when expressed at physiological levels remains an open question. TM may also bring uPA and MT1-MMP to the invasive tip cell front, raising a possible role for uPA in the proteolytic activity of podosomes. What is the interplay of the ROCK-TM pathway with Notch signaling? 6 Does ROCK2 induce membrane blebbing while ezrin regulates bleb retraction at the podosome cluster? 14 Regardless of these unanswered questions, the study by Kuo et al 2 is a step forward in understanding the acquisition of tip cell properties for vessel sprouting and thereby opens up exciting avenues for innovative proangiogenic and antiangiogenic therapies.
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