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Abstract

Vascular diseases span diverse pathology, but frequently arise from aberrant signaling attributed to 

specific membrane-associated molecules, particularly the Eph-ephrin family. Originally 

recognized as markers of embryonic vessel identity, Eph receptors and their membrane-associated 

ligands, ephrins, are now known to have a range of vital functions in vascular physiology. 

Interactions of Ephs with ephrins at cell-to-cell interfaces promote a variety of cellular responses 

such as repulsion, adhesion, attraction, and migration, and frequently occur during organ 

development, including vessel formation. Elaborate coordination of Eph- and ephrin-related 

signaling among different cell populations is required for proper formation of the embryonic 

vessel network. There is growing evidence supporting the idea that Eph and ephrin proteins also 

have postnatal interactions with a number of other membrane-associated signal transduction 

pathways, coordinating translation of environmental signals into cells. This article provides an 

overview of membrane-bound signaling mechanisms that define vascular identity in both the 

embryo and the adult, focusing on Eph- and ephrin-related signaling. We also discuss the role and 

clinical significance of this signaling system in normal organ development, neoplasms, and 

vascular pathologies.
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Introduction

Blood vessels are one of the first structures formed in the vertebrate embryo. The enlarging 

size of the successfully developing embryo outgrows the capacity for simple diffusion to 
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provide nutrient and oxygen transfer that was previously sufficient during the first several 

days of embryonic life. Therefore, functionally patterned vascular networks are critical for 

hematogenous transfer of nutrients in the developing embryo, and remain essential for 

maintenance of tissues and organ systems into adulthood. The vascular networks consist of 

arterial, venous, and lymphatic systems. Arteries and veins have traditionally been defined 

by the direction, pressure, and oxygen tension of blood flow within them, with arteries 

transmitting high-pressure and high-oxygen blood away from the heart and veins 

transmitting low-pressure and low-oxygen blood back. These functional characteristics are 

reflected in their morphological differences. Arteries have a thicker wall of smooth muscle 

and elastin layers between the endothelium and adventitia; in contrast, veins are thinner with 

fewer smooth muscle and elastin layers. The lymphatic vasculature, the third component of 

the vascular system, is essential for maintaining interstitial fluid homeostasis, immune 

function, and for the absorption of dietary fat (Stacker et al., 2014). Originally formed from 

the embryonic veins (Yang and Oliver, 2014), the mammalian lymphatic system consists of 

the two distinct types of vessels: lymphatic capillaries and lymphatic collecting vessels 

(Jurisic and Detmar, 2009). Lymphatic capillaries are thin-walled vessels with a single layer 

of overlapping endothelial cells, blindly ending within tissue spaces to absorb interstitial 

fluid. Lymphatic collecting vessels are larger caliber vessels with contractile properties, 

supported by smooth muscle cells (SMCs) and containing intraluminal valves to facilitate 

the transport of lymph against hydrostatic pressure to the thoracic duct (Baluk et al., 2007; 

Lynch et al., 2007; Scallan et al., 2013; Yang and Oliver, 2014).

It is now known that arteries and veins also contain unique genetic markers that not only 

mark but determine cell fate. Both arterial and venous endothelial cells are genetically 

predetermined from the early stage of angiogenesis, as early as embryonic day 8.5, even 

prior to functional blood flow during embryonic development (Andres et al., 1994; Bennett 

et al., 1995; Bergemann et al., 1995; Wang et al., 1998). The endothelial cells in blood vessel 

sprouts were found to differentiate into arteries or veins, in concert with their expression of 

several tyrosine kinases acting as distinct cellular determinants; in particular, the 

intermembrane interaction between ephrinB2 ligands on arteries and EphB4 receptors on 

veins is the critical and sufficient determinant of embryonic vasculature (Wang et al., 1998). 

The expansion of vascular networks with functional arterial and venous systems is also 

directed by the interaction between EphB4 receptors and its ephrinB2 ligand (Fig. 1A). On 

the other hand, lymphatic endothelial cell progenitors are initially specified in the embryonic 

veins (Yang and Oliver, 2014). These progenitors continue to differentiate and mature as 

they bud from the veins to produce scattered primitive lymph sacs, from which most of the 

lymphatic vasculature is derived (Yang and Oliver, 2014). EphrinB2 has been identified as 

an essential regulator of collecting lymphatic vessels and lymphatic valves (Makinen et al., 

2005).

The erythropoietin-producing hepatocellular (Eph) receptors are the largest of the 14 

subfamilies of receptor tyrosine kinases (RTK), and are stimulated by the ephrin family of 

membrane-associated ligands. Eph receptors are expressed in all germ layers, and play a 

highly complex and critical role for the embryonic development of various organs in 

vertebrates. In addition to vascular development, Ephs and ephrins are essential for axon 

guidance, cell migration and segregation, tissue boundary formation, and topographic 
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mapping (Kullander and Klein, 2002; Klein, 2012). Ephrins can be divided into two 

subclasses depending on their structural characteristics: ephrinA ligands are tethered to the 

cell surface via a glycosylphosphatidylinositol (GPI)-anchor, whereas ephrinB ligands are 

inserted into the plasma membrane via a transmembrane region followed by a conserved 

cytoplasmic domain (Adams et al., 1999). Correspondingly, Ephs can be divided into EphA 

and EphB subclasses, based on their sequence similarities and binding affinity to ephrins 

(Gale et al., 1996).

Interactions between Ephs and ephrins promote various cell responses, including repulsion, 

attraction, adhesion, and migration. The repulsive response is important for cell guidance 

and sorting (Pitulescu and Adams, 2014). Hence this repulsion function of Eph and ephrin 

signaling is thought to enable boundary formation of organs in the developing embryo. 

Migrating cells expressing Eph receptors turn away from cells expressing particular ephrin 

ligands (Drescher et al., 1995; Nakamoto et al., 1996), although in some contexts, Eph and 

ephrin signaling can promote adhesion of cells (Holmberg et al., 2000; Dravis et al., 2004). 

For example, topographic mapping, the mechanism by which axon terminals organize 

themselves onto a particular target area, is regulated by either repulsive or adhesive/attractive 

forces through Eph-ephrin signaling.

Since the Eph receptors and ephrin ligands are tethered to the plasma membrane, it is likely 

that the Eph-ephrin system functions during cell-to-cell interactions, rather than during long-

range communications (Davis et al., 1994; Orioli and Klein, 1997; Adams et al., 1999). In 

this context, ephrin molecules are frequently found in a clustered state, thereby achieving a 

stronger stimulus for Eph receptor activation (Davis et al., 1994) (Fig. 1B). Ephrin 

stimulation of EphB4 receptors through cell-cell contact induces receptor 

autophosphorylation, initiating propagation of a diverse signaling cascade below the 

membrane, characteristic of tyrosine kinase receptors (Bae and Schlessinger, 2010). The 

downstream signaling of Eph receptors is complicated, since there are different signaling 

proteins containing a Src homology 2 domain (SH2) that can interact with two 

juxtamembrane tyrosine residues in the Eph cytoplasmic domain (Kalo and Pasquale, 1999). 

PI3K (Pandey et al., 1994), Src family kinase (Zisch et al., 1998), SLAP (Pandey et al., 

1995), Grb2/10 (Stein et al., 1996), and PLCγ are all known to be SH2-containing mediators 

of Eph signaling.

Remarkably, Eph-ephrin signaling can be bidirectional. EphrinB2 acts both as a ligand and 

simultaneously as a receptor for EphB4; thus, binding and clustering of ephrins to the Eph 

receptors can lead to activation of intracellular signaling via both the Eph receptor 

(canonical forward signaling), as well as the ephrin ligand (reverse signaling) (Holland et al., 

1996; Bruckner et al., 1997; Kullander and Klein, 2002) (Fig. 1B). Generally, forward 

signaling via the Eph receptor generates a repulsive cell response away from the ephrin-

expressing cell, while reverse signaling via ephrin generates an adhesive response (Kao et 

al., 2012). These reciprocal signaling pathways between two types of vessels are thought to 

be critical for embryonic angiogenic remodeling (Wang et al., 1998; Yancopoulos et al., 

1998).
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Although Ephs and ephrins were first recognized as pivotal regulators of embryonic vascular 

development, it is now known ephrinB2 and EphB4 interactions remain essential for vessel 

remodeling and plasticity in adult vessels (Gale et al., 2001; Kullander and Klein, 2002; 

Adams, 2003; Foo et al., 2006; Swift and Weinstein, 2009; Muto et al., 2010). For example, 

the process of vein graft adaptation to the postsurgical arterial environment is characterized 

by loss of the venous marker EphB4, but without gaining the arterial marker ephrinB2, 

suggesting the plasticity of vessel identity, even in aged adult vessels (Kudo et al., 2007). 

Eph and ephrin expression patterns and the consequences for vessel remodeling may be 

fundamentally different in other clinically relevant changes in response to hemodynamic 

flow, such as the disturbed flow pattern found in arteriovenous fistulae. While these changes 

have not yet been reported, it is possible that these markers of vessel identity continue to 

have a critical role in the adult vascular system, with potential translational applications for 

human vascular diseases and therapies. While there is a basic understanding of some of 

these signaling pathways, considerable gaps remain in our knowledge of the mechanisms 

underlying vascular pathophysiology.

We review recent progress in our understanding of membrane-mediated regulation of arterial 

and venous identity in the developing, regenerative, and remodeling adult vasculature. 

Lymphatic vessels have recently been reviewed elsewhere (Stacker et al., 2014; Yang and 

Oliver, 2014). We focus on evidence that links Ephs and ephrins to functional membrane 

signaling and intracellular signal transduction, discussing the significance of these signals in 

guiding adaptive remodeling of the vascular system, the physiology of placenta and bone 

development, and some examples of tumorigenesis. We apologize in advance to our many 

colleagues whose work we could not include or may have inadvertently overlooked.

Arterial and Venous Identity from Development to Adulthood

Vasculogenesis is the process of de novo blood vessel formation that first occurs during the 

earliest stage of embryogenesis. Vasculogenesis begins before the onset of the heartbeat; 

hemangioblast precursors from the mesoderm migrate, aggregate as blood islands, and 

differentiate into endothelial cells to form the first blood vessels (Risau and Flamme, 1995). 

Factors such as vascular endothelial growth factors (VEGF), angiopoietins, and basic 

fibroblast growth factor (bFGF), and receptors such as VEGF receptors, neuropilin1, and 

tie2, are thought to be primary mediators of vasculogenesis (Moyon et al., 2001). Following 

vasculogenesis, arteries and veins differentiate to form a functional circulatory system. This 

secondary process is characterized by sprouting of new vessels from pre-existing ones, 

termed angiogenesis. These sprouts then fuse with other sprouts or pre-existing vessels to 

form loops and hierarchical networks, leading to vascular beds that sustain functions of vital 

tissues and organs. In contrast to vasculogenesis that mainly occurs during embryonic 

development, angiogenesis is typically the mechanism for generating new vessels during 

adulthood. These two mechanisms are also distinct from arteriogenesis, the formation and 

maturation of collateral arteries to improve flow to hypoxic areas after occlusion of an 

arterial trunk in adults (Carmeliet, 2000; Simons and Eichmann, 2015).

Distinct identities of arteries and veins have been studied in the context of conserved 

developmental signaling pathways, as well as the contribution of blood flow and 
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extracellular matrix. Here we discuss key signals that control vascular identities and 

remodeling with an emphasis on Eph and ephrin signaling.

Upstream Eph and Ephrin Signaling

SONIC HEDGEHOG-VEGF-DLL-NOTCH SIGNALING

Sonic hedgehog (Shh) is a transcription factor originally discovered as a morphogen that 

contributes to early patterning in the developing embryo, regulating epithelial-mesenchymal 

interactions (Echelard et al., 1993; Chiang et al., 1996). Later, several studies revealed an 

important role for Shh during blood vessel development; embryos lacking Shh activity fail to 

show arterial differentiation (Lawson et al., 2001). In arterial fated endothelial cells, Shh 

induces expression of VEGF (Lawson et al., 2002). Embryos lacking Shh activity fail to 

express VEGF within their somites, and exogenous addition of VEGF can rescue vascular 

ephrinB2 expression. Shh also promotes adult angiogenesis by producing a combination of 

angiogenic factors, inducing VEGF as well as the angiopoietins Ang1 and Ang2 (Pola et al., 

2001). Taken together, these observations suggest that Shh-VEGF signaling is responsible 

for inducing arterial differentiation of endothelial cell progenitors in embryogenesis as well 

as in adulthood.

The VEGF family members are critical regulators of vascular development during 

embryogenesis and strongly activate their receptors on endothelial cells to promote the 

growth of blood vessels and vascular networks. Five subtypes of VEGF ligands bind in an 

overlapping pattern to three RTKs (VEGFR1-3), as well as to co-receptors such as the 

neuropilins (Olsson et al., 2006). VEGFR1 regulates monocyte and macrophage migration 

while VEGFR3 regulates lymphangiogenesis; VEGFR2 is implicated in many aspects of 

endothelial cell biology, including signaling embryonic vessel formation and regulating 

vascular permeability (Olsson et al., 2006).

The role of VEGF-Dll-Notch signaling in promoting differentiation of the arterial 

endothelium is well described (Lawson et al., 2001, 2002; Lanner et al., 2007). Binding of 

VEGF to its heterodimeric receptor stimulates the Dll-Notch pathway in the endothelium 

(Lawson et al., 2001, 2002). Graded signaling by VEGF can affect downstream expression 

of both ephrinB2 and EphB4 (Lanner et al., 2007), highlighting the role of Shh-VEGF as a 

master signal in vascular differentiation.

VEGF signaling also regulates endocytosis, another critical component of molecular 

signaling. In the endothelium, ephrinB2 is required for clathrin-mediated endocytosis of 

VEGFR2, enabling signaling by its ligand VEGF (Pitulescu and Adams, 2014). Conversely, 

ephrinB2 antagonizes clathrin-mediated endocytosis of platelet-derived growth factor 

(PDGF) receptor β in vascular SMCs, balancing PDGF activation by different signal 

transduction pathways (Pitulescu and Adams, 2014).

The Dll-Notch signaling system is a highly conserved mechanism used by multicellular 

organisms to control cell fate through cell-to-cell interactions (Artavanis-Tsakonas et al., 

1999). In vertebrates, there are four heterodimeric, transmembrane receptors (Notch1-4) and 

5 ligands (Jagged1, Jagged2, Dll1, Dll3, and Dll4). Since most Notch ligands are also 
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transmembrane proteins, the receptors are normally only triggered from direct contact of 

neighboring cells.

The Notch signaling pathway is important in driving arterial endothelial cell differentiation, 

with Dll4 ligand being one of the first identified arterial-specific markers (Shutter et al., 

2000). In the absence of Dll4 or Notch signaling, vascular endothelial cells show a 

hyperproliferative phenotype leading to vascular malformations (Hellström et al., 2007; 

Siekmann et al., 2013). Hence, venous cell fate was classically thought to be the default 

pathway of vascular development via lack of activation of Notch signaling; later it was 

suggested that the venous pathway is not a default pathway, but rather it is under active 

control of chicken ovalbumin upstream promoter transcription factor 2 (COUP-TFII), via 

suppression of Notch signaling (You et al., 2005). Lymphatic fate is also regulated by 

COUP-TFII and the Notch pathway. Down-regulation of Notch activity leads to increased 

numbers of lymphatic endothelial cell progenitors, suggesting that Notch signaling is a 

negative regulator of lymphatic endothelial cell specification (Murtomaki et al., 2013).

Numerous transgenic studies using model organisms such as zebrafish are revealing the 

spatiotemporal detail of when and where Notch activation occurs during vascular endothelial 

cell differentiation. Of note, while Notch activation is maintained in arterial fated endothelial 

cells during embryogenesis (Quillien et al., 2014), some Notch activated cells then down-

regulate Notch signaling and contribute to venous remodeling. Thus Notch seems to be 

acting during initiation and maintenance of arterial identity during embryogenesis.

Dll-Notch continues to stimulate the arterial fate pathway in embryonic vascular cells by 

causing increased ephrinB2 expression with simultaneous suppression of EphB4 expression; 

thus, Dll-Notch prevents acquisition of a venous fate (Siekmann and Lawson, 2007). During 

vein graft adaptation to the arterial environment in rats, both Dll4 and Notch4 expression are 

down-regulated in an aged background, suggesting the Dll4-Notch pathway may also be 

active in adult venous remodeling (Kondo et al., 2011).

COUP-TFII

COUP-TFII is a transcriptional factor critical for establishing venous identity during 

embryonic vascular development. COUP-TFII is also known as NR2F2 (nuclear receptor 

subfamily 2, group F, member 2), an orphan member of the steroid receptor superfamily; 

COUP-TFII has various expression in different tissues and serves a variety of functions in 

organ development, tumor biology, stem cell differentiation, and lipid and glucose 

metabolism (Takamoto et al., 2005; Xu et al., 2008; Hu et al., 2013; Qin et al., 2013). Of 

interest, COUP-TFII is highly expressed in the endothelium of embryonic and adult veins, 

but not in arterial endothelial cells (You et al., 2005; Cui et al., 2015). Primary venous 

specification appears to be under control of this transcription factor, via suppression of 

Notch signaling (You et al., 2005). A working model that maintains venous identity is 

proposed: during embryogenesis, COUP-TFII in venous endothelium down-regulates VEGF 

and its co-receptor neuropilin1, preventing Notch pathway activation, thereby relieving 

suppression of EphB4 expression, without inducing expression of ephrinB2 (You et al., 

2005; Fancher et al., 2008) (Fig. 1C).
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COUP-TFII has a broader role in regulating some patho-physiologic functions in adult blood 

vessels, beyond its role of arterial venous specification in embryonic development. 

Suppression of COUP-TFII in venous endothelial cells facilitated phenotype switching 

toward proatherogenic and susceptibility to endothelial-to-mesenchymal transition, leading 

to subsequent osteogenesis and calcium deposition; up-regulation of inflammation and 

down-regulation of antithrombotic signals were proposed as a mechanism (Cui et al., 2015). 

As a member of the nuclear receptor family, COUP-TFII activity can be regulated by small 

molecules (Kruse et al., 2008), which may be attractive to pharmacological targeting and 

translational applications to reduce neointimal hyperplasia and atherosclerosis.

Functions of EphB4 and EphrinB2 During Vascular Development

BLOOD VESSEL SPROUTING

Sprouting blood vessels consist of two different cell populations with distinct behaviors: tip 

cells and stalk cells. The role of tip cells in angiogenesis was first described in quail 

embryos (Kurz et al., 1996). Endothelial tip cells navigate through avascular tissues, 

followed by stalk cells (Siekmann et al., 2013). While following the tip cells, stalk cells form 

the base of the sprout and maintain the connection to the parental vessel, ultimately leading 

to a hierarchical network that allows efficient tissue perfusion (Geudens and Gerhardt, 

2011). The specification of tip and stalk cells is under control of Dll-Notch signaling 

(Potente et al., 2011). One recent study showed neuropilin-1 is a critical downstream effector 

of Notch in tip/stalk cell specification in angiogenesis (Aspalter et al., 2015).

ANGIOGENIC CELL MIGRATION AND AXON GUIDANCE

The graded extracellular distribution of VEGF-A orchestrates tip and stalk cell behavior 

(Hellström et al., 2007). VEGF-A stimulates endothelial cells to differentiate into tip cells. 

However, downstream Dll-Notch signaling functions to limit the explorative behavior of tip 

cells. Behaviors of tip cells during angiogenesis have similarities with those of axonal 

growth cones during neurite outgrowth, and they share a number of guidance cues, such as 

Semaphorin-Plexin, Netrin-Unc, and Slit-Robo ligand-receptor pairs (Weinstein, 2005; 

Larrivee et al., 2009; Siekmann et al., 2013). Recently, time-lapse imaging and genetic 

lineage tracing showed specific migratory behaviors of tip cells during regenerating 

angiogenesis in arteries (Xu et al., 2014). Arterial-fated tip cells derive from venous 

endothelial cells, and change their migration direction backwards to the vascular plexus. 

This behavior is mediated by chemokine-receptor Cxcr4a-Cxcl12a function (Xu et al., 

2014).

ARTERIAL/VENOUS SEGREGATION

Eph and ephrin proteins are expressed reciprocally in many tissues during development. 

Studies of the hindbrain have shown that Eph-ephrin signaling contributes to boundary 

formation in organ development (Fraser et al., 1990; Guthrie et al., 1993; Xu et al., 1995, 

1999). These functions are mediated by regulation of the actin cytoskeleton, cadherin 

function, and integrin-mediated adhesion (Batlle and Wilkinson, 2012). Eph-ephrin control 

of actin cytoskeleton dynamics leads to changes in cellular shape or repulsive responses 

(Klein, 2012). Interestingly, complementary expression of ephrinB and EphB is sufficient to 
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segregate intermingled cells, maintaining sharp borders by increasing adhesion within 

specific areas and by repulsing across borders (Batlle and Wilkinson, 2012).

FORMATION OF THE VASCULATURE REQUIRES EPH-EPHRIN SIGNALING

EphB4-ephrinB2 signaling is required for the formation of the first two axial vessels, the 

dorsal aorta, and the cardinal vein. In the zebrafish embryo, angioblasts initially form a 

single precursor vessel that expresses both ephrinB2 and EphB4. Ventral migration of 

EphB4-positive endothelial cells leads to the separation of the dorsal aorta from the cardinal 

vein by repulsion from the ephrinB2-positive cells (Herbert et al., 2009). In mice, the 

cardinal vein forms by sprouting of EphB4-positive endothelial cells from an early dorsal 

aorta that contains ephrinB2-positive, EphB4-positive, and uncommitted precursor cells 

(Pitulescu and Adams, 2014).

EphrinB2 and EphB4 are expressed reciprocally in the yolk sac arteries and veins of mouse 

embryos (Wang et al., 1998). Interestingly, the arterial marker ephrinB2 is also expressed in 

a subset of veins in neonatal human tissue and pathologic adult arterialization (Diehl et al., 

2005). Consistently, in full-term human umbilical cords, ephrinB2 expression is observed in 

veins as well as in arteries, together with an additional arterial marker neuropilin1; the 

venous marker EphB4 expression is observed in veins, but less so in arteries (Fig. 2).

Genetic deletion of EphB4 or ephrinB2 results in several significant cardiovascular defects 

in mice, including disruption of yolk sac angiogenesis (Wang et al., 1998). Furthermore, in 

vivo data show that deletion of the cytoplasmic tail of ephrinB2 caused similar defects with 

the phenotype of mice that lack the entire protein, suggesting that the ephrinB2 cytoplasmic 

domain is required for remodeling into a hierarchical vascular system (Adams et al., 2001). 

Thus ephrinB2 reverse signaling may be required for remodeling of the embryonic 

vasculature.

EphB4 and EphrinB2-Associated Signaling

Eph and ephrin proteins interact with a number of other ligand/receptor molecules on and 

below the cell membrane, regulating translation of environmental signals to mediate organ 

development. This regulatory system functions in concert with others; for example, the post-

natal vessel endothelium also releases several soluble cytokines, including regulators of 

extracellular matrix remodeling and vasoactive molecules that regulate wall remodeling. 

These systems are integrated to regulate vessel adaptation to mechanical stresses, such as 

flow, pressure, and tension (Rothuizen et al., 2013; Lu et al., 2014). Here we discuss 

examples of signaling pathways that mediate EphB4 or ephrinB2 functions (Fig. 3).

CAVEOLIN1

Caveolae and caveolin1—Caveolae are distinct flask-shaped invaginated structures with 

a diameter of 60 to 80 nm that are located along the plasma membrane (Bruns and Palade, 

1968). These unique nanostructures are recognized in the surface of many cell types, 

including endothelial cells, fibroblasts, and adipocytes. Caveolae are cholesterol- and 

sphingolipid-rich membrane microdomains that serve as a signaling platform to facilitate the 

temporal and spatial localization of various signal transduction events, including 

Hashimoto et al. Page 8

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2017 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



endocytosis, lipid regulation, and vessel remodeling. Of note, various signaling molecules, 

including Eph receptors, seem to enhance their downstream signaling by localizing within 

caveolae (Rivera et al., 2009).

Caveolins were identified as the major component of caveolae in the 1990s (Rothberg et al., 

1992; Tang et al., 1996). The N and C terminals of caveolin reside in the cytoplasm, whereas 

a 33-amino acid hydrophilic segment is predicted to insert into plasma membranes, resulting 

in its putative hairpin shape (Dupree et al., 1993). Among the three isoforms of caveolin 

(Cav1, Cav2, and Cav3), Cav1 is the major scaffolding protein of caveolae and is necessary 

for caveolae assembly (Drab et al., 2001). Other components, such as cavins and Pacsin2, 

have also been recognized as essential for the shape and function of caveolae (Aboulaich et 

al., 2004; Hill et al., 2008; Hansen et al., 2011; Walser et al., 2012).

The Cav1 isoform is particularly abundant in endothelial cells and has been the most 

extensively studied amongst the three isoforms. Cav1 regulates various endothelial 

functions, including transcytosis, permeability, vascular tone, and angiogenesis (Frank et al., 

2003; Woodman et al., 2003). In endothelial cells, Cav1 is present throughout the 

vasculature, while Cav3 is found in arterial but not in venous vasculature (Segal et al., 1999), 

showing a distinct distribution of caveolin isoforms.

Caveolae as a mechano-sensor at membrane—In general, caveolae are abundant in 

cells subjected to mechanical stress, such as muscle cells, fibroblasts, and endothelial cells 

(Nassoy and Lamaze, 2012; Parton and del Pozo, 2013). Cells respond to acute mechanical 

stresses by disassembly and reassembly of caveolae (Sinha et al., 2011). Trafficking and 

organization of caveolae in these processes are tightly regulated by stress-fiber regulators, 

implying a functional link between caveolae and stress fibers (Echarri and Del Pozo, 2015).

In endothelial cells, Cav1 interacts with a large number of signaling molecules that are 

involved in shear stress-mediated activation including G proteins, tyrosine kinases, GTPases, 

eNOS, and some components of the MAPK pathway (Smart et al., 1999; Gratton et al., 

2004). These observations suggest that Cav1 and/or caveolae serve as flow-activated 

mechano-sensors in blood vessels. In particular, caveolae sense flow at the luminal surface 

of endothelial cells; Cav1 knockout mice show impaired shear stress regulation of arterial 

diameter, and these effects are restored by re-expression of endothelial Cav1 (Yu et al., 

2006). This clear genetic evidence supports the important role of Cav1 in mechano-

transduction of hemodynamic forces in blood vessels. Interestingly, the number of caveolae 

at the cell surface increases in flow-adapted endothelial cells; however, prolonged exposure 

to laminar shear stress alters the distribution but not the expression of Cav1 within the 

endothelium in vitro (Rizzo et al., 2003), suggesting spatiotemporal complexity of Cav1 

expression in response to mechanical stress.

This evidence suggests that endothelial caveolae are an efficient means to modulate cell 

surface signaling that arise under conditions of altered blood flow. However, since Cav1 has 

other functions than simply a scaffold within caveolae (Pol et al., 2004), interpreting results 

from Cav1 loss-of-function studies should be made with caution.

Hashimoto et al. Page 9

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2017 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cav1 tyrosine 14 phosphorylation—Cav1 was originally identified as a major 

tyrosine-phosphorylated substrate of Src kinase, since tyrosine phosphorylation of Cav1 on 

Y14 is associated with sarcoma virus transformation (Glenney, 1989; Glenney and Soppet, 

1992). In cancer cells, tyrosine phosphorylation of Cav1 induces caveolae biogenesis via 

actin-dependent mechanotransduction, together with inactivation of the Cav1-suppressing 

transcription factor early growth response (Egr)–1 (Joshi et al., 2012). Phosphorylation of 

Cav1 also occurs in response to growth factor stimulation and integrin-mediated 

mechanotransduction (Mastick et al., 1995; Kim et al., 2000; Lee et al., 2000; Fielding et al., 

2004; Radel and Rizzo, 2005). Src-mediated phosphorylation of Cav1 is indispensable in 

stretch-induced epidermal growth factor receptor (EGFR) transactivation that leads to Akt 

phosphorylation (Zhang et al., 2007). These data imply that Cav1 phosphorylation has an 

important role in cell adaptation when subjected to mechanical stress by blood flow or 

stretch.

Interaction between Cav1 and Eph receptors—Cav1 interacts with several receptor-

tyrosine kinases. The family of Eph RTKs translocates to, or resides within, caveolae, in 

close physical proximity to Cav1 (Couet et al., 1997; Yamamoto et al., 1998; Lajoie et al., 

2007). More specifically, EphB1 receptors are localized in caveolae, and directly interact 

with Cav1 upon ligand stimulation; Cav1 mediates EphB1 receptor downstream ERK 

signaling (Vihanto et al., 2006). Furthermore, EphA2 also interacts with Cav1.

In wild-type isolated endothelial cells, stimulation of EphB4 signaling results in increased 

Cav1 phosphorylation, endothelial cell migration, and nitric oxide (NO) production (Muto et 

al., 2011). However, these effects were reduced in endothelial cells derived from 

heterozygous EphB4 mice. This observation shows that Cav1 is a downstream mediator of 

EphB4 signaling, regulating at least some endothelial cell functions in vitro. In a mouse vein 

graft model, elimination of Cav1 abolishes vein graft thinning in response to EphB4 

stimulation, suggesting that Cav1 is a critical mediator of EphB4 function in vivo (Muto et 

al., 2011). As such, Cav1 is an important downstream mediator of EphB4 signaling both in 

vitro and in vivo.

Interaction with eNOS—The structure of the eNOS protein facilitates dual acylation 

targeting to the cytoplasmic aspect of the Golgi complex and to plasmalemmal caveolae 

(Sessa et al., 1995; Garcia-Cardena et al., 1996). Co-immunoprecipitation studies show that 

nearly all the eNOS in endothelial cells is associated with Cav1 (Feron et al., 1996). On the 

caveolae side, the Cav1 scaffolding domain serves as an endogenous negative regulator of 

eNOS function (Bernatchez et al., 2011). Specifically, phenylalanine 92 (F92) is critical for 

this inhibitory action of Cav1 on eNOS. The activity of eNOS is suppressed under resting 

conditions in a reciprocal manner via its interaction with Cav1, leading to lower basal NO 

production (García-Cardeña et al., 1997; Ju et al., 1997; Michel et al., 1997). Since targeted 

interference with the inhibitory actions of Cav1 enhances NO release (Bernatchez et al., 

2011), this specific strategy may be valuable for cardiovascular diseases characterized by 

NO deficiency.

Interaction with TGF-β signaling—Cav1 is also an important negative regulator of 

TGF-β signaling (Razani et al., 2001). TGF-β signaling typically plays an important role in 
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cellular differentiation, with the attainment of a terminal phenotype frequently depending on 

cessation of TGF-β signaling (Moses and Serra, 1996). Caveolins, including Cav1, are 

frequently expressed in terminally differentiated cells in TGF-β-responsive lineages (Scherer 

et al., 1997). Therefore, Cav1’s suppressive regulation of TGF-β signaling could be an 

important mechanism for the controlled progression of developmental events of organs, 

including vessels (Razani et al., 2001).

TGF-β has also been implicated in pathologic processes in the adult vasculature. TGF-β is a 

potent stimulator of extracellular matrix deposition during early stages of vein graft 

adaptation; enhanced TGF-β signaling promotes progressive fibrotic neointimal hyperplasia 

expansion (Jiang et al., 2009). TGF-β signaling is also a principal pathway regulating 

endothelial-mesenchymal transition, an important component of vein graft remodeling in 

mice and possibly humans (Cooley et al., 2014). However, it is not well known whether 

Cav1 attenuates TGF-β-responsive pathological vessel remodeling.

Phenotype of Cav1−/− mice—Genetic deletion of Cav1 leads to complete loss of 

caveolae in mice. The phenotype of these mice includes cardiac and pulmonary 

abnormalities, derangements of lipid metabolism, and eNOS dysfunction (Drab et al., 2001; 

Razani and Lisanti, 2001), signifying the importance of Cav1 function in adult life. 

However, it is intriguing that complete loss of caveolae is not a lethal phenotype. Cav1 

knockout mice are even fertile and appear grossly normal. These observations suggest that if 

compensatory pathways exist, they are not within caveolae, since Cav1 is required for 

caveolae assembly (Parton, 2001). A recent study reporting genetic deletion of Cav1 in 

rodents showed a remarkable prevention of abdominal aortic aneurysm development in an 

Ang II-BAPN co-infusion model (Takayanagi et al., 2014), adding evidence that supports 

active participation of Cav1 in adult vascular pathology.

AKT

The PI3K-Akt pathway has critical roles in regulating diverse cellular functions, such as cell 

survival, proliferation, and metabolism. PI3K is a potential Eph receptor-binding partner, 

since the p85 subunit possesses a C-terminal SH2 domain that is able to interact with Eph 

receptors; in particular, PI3K binds to the EphA2 receptor (Pandey et al., 1994).

Steinle et al. (2002) reported that stimulation of EphB4 with the specific ligand ephrinB2/Fc 

augments migration and proliferation of human microvascular endothelial cells. These 

effects were inhibited in the presence of PI3K or Akt-inhibitors, suggesting the PI3K-Akt 

pathway plays one of the central roles in EphB4 signaling in endothelial cells and vascular 

remodeling.

ENOS

eNOS-derived NO plays important roles in many physiologic and pathologic cardiovascular 

events (Forstermann and Sessa, 2012). Many studies have shown that EphB4 regulates NO 

release in endothelial cells. With ephrinB2/Fc stimulation, eNOS phosphorylation and NO 

production are increased in human endothelial cells (Wong et al., 2014), while mouse 

Hashimoto et al. Page 11

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2017 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



endothelial cells derived from heterozygous EphB4 mice have less NO release compared 

with wild type (EphB4+/+) endothelial cells (Jadlowiec et al., 2013).

We have shown that eNOS is likely to be an essential downstream mediator of EphB4 

signaling that occurs during venous adaptation to the arterial environment (Wang et al., 

2015). Stimulation of EphB4 with monomeric eph-rinB2/Fc or clustered ephrinB2/Fc 

resulted in increased eNOS phosphorylation, NO production, and cell migration in vitro; 

these effects were abolished in the presence of an eNOS inhibitor. These data suggest that 

EphB4 regulates endothelial cell functions by eNOS phosphorylation. In a mouse vein graft 

model, loss of EphB4 during vein graft adaptation was associated with increased eNOS 

activity and adaptive vein graft wall thickening (Wang et al., 2015).

Unanswered questions include the seemingly discordant observations that EphB4 stimulates 

eNOS phosphorylation in vitro, whereas diminished EphB4 is associated with increased 

eNOS activity in vein grafts in vivo. It is likely that there are diverse mediators involved in 

regulating the EphB4-eNOS pathway in vivo, which entails a more complex mix of different 

cell populations and interactions, compared with isolated endothelial cells in vitro. For 

example, it is known that eNOS activity leads to NO production, which in turn is able to 

induce Src activation. Since Src stimulates Cav1 phosphorylation, increased eNOS-Cav1 

interaction negatively regulates eNOS phosphorylation (Chen et al., 2012). Another potential 

mediator is Ephexin (Eph-interacting exchange protein), a guanine nucleotide exchange 

factor for Rho GTPases that was identified as an Eph-receptor interacting protein with a 

yeast two-hybrid screen assay. Eph receptors modulate Ephexin activity and lead to Rho 

kinase activation (Shamah et al., 2001). However, Rho kinase can directly suppress eNOS 

activity (Sugimoto et al., 2007), or can negatively regulate eNOS activity via Akt (Ming et 

al., 2002). Although there is much left to investigate, eNOS plays an important role as an 

effector of EphB4 signaling, highlighting the EphB4-eNOS pathway as a potential attractive 

target for therapeutic manipulation of vessel remodeling.

ERK1/2

The MAPK ERK signaling pathway is downstream of VEGF and is associated with cell 

proliferation and migration. ERK is a downstream mediator of EphB4, since ephrinB2/Fc 

stimulation in human microvascular endothelial cells induces ERK1/2 phosphorylation 

(Steinle et al., 2002). However, it is also known that EphB4 transduces the ephrinB2 signal 

through different downstream effector molecules to positively or negatively regulate the 

ERK pathway in different cell types, reflecting the complexity of EphB4 signaling (Xiao et 

al., 2012). ERK mediates EphB4-regulated endothelial proliferation; however, this activation 

of MAPK is likely independent of Ras, since Ras inhibition does not reduce ephrinB2/Fc-

induced cell proliferation (Steinle et al., 2002). In addition, EphB4-dependent promotion of 

endothelial cell migration is not attenuated by an ERK inhibitor, suggesting that ERK is not 

involved in EphB4-mediated migration (Steinle et al., 2002).

It is noteworthy that the ERK signaling pathway is part of the EphB4 signal transduction 

pathway not only in endothelial cells, but also in hepatic stellate cells. EphB4 stimulates 

VEGF production and sinusoidal endothelial cell recruitment via the ERK pathway, and this 

effect is Akt-independent (Das et al., 2010). Similar pathways may exist in different cell 
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types, e.g., EphB4 activation results in inhibition of the Ras-MAPK-ERK pathway in human 

vascular endothelial cells, whereas it causes activation of the same pathway in breast cancer 

cells (Xiao et al., 2012).

OTHERS

Many Src family kinase family members are promising downstream candidates of Eph 

signaling in the nervous system. Activation of EphB4 by an exogenous ligand in vascular 

endothelial cells can induce Src phosphorylation. Src is responsible for EphB4-regulated 

endothelial cell migration, but not proliferation (Steinle et al., 2002).

EphB4-mediated regulation of endothelial cell migration also involves MMP2 and MMP9. 

Since these MMPs degrade collagen within the basement membrane, MMP2/9 activation is 

likely to enhance endothelial cell migration (Steinle et al., 2002). EphB4 may regulate 

MMP2/9 phos-phorylation via an Akt signaling pathway, since EphB4 can activate Akt, and 

Akt has been correlated with activation of MMP2/9 (Kim et al., 2001; Park et al., 2001).

Pericyte Dynamics During Vascular Development

In addition to endothelial cells, pericytes and vascular SMC are essential components of the 

vascular system. Unlike endothelial cells, these mural cells are of mesenchymal origin. 

Pericytes are periendothelial support cells that elongate around the endothelial cells and are 

functionally involved in stabilization and maturation of sprouting vessels during 

angiogenesis (Stapor et al., 2014). They were described in 1873 by the French physiologist 

Charles Marie-Benjamin Rouget and have since been known as “Rouget’s cells,” and later 

renamed as “pericytes” in 1923 (Zimmermann, 1923). Located along the basement 

membrane, pericytes interact with endothelial cells to regulate capillary diameter (Gerhardt 

and Betsholtz, 2003). Endothelial cells recruit pericytes through PDGF-B/PDGFR-β 
paracrine signaling during the sprouting of capillaries (Hellstrom et al., 1999; Lindblom et 

al., 2003).

In adults, SMC in arteries and veins help vessels resist the radial force of the blood flow and 

have a specialized function of contraction that allows for adjustments in vascular tone to 

regulate vessel diameter, blood pressure, and blood distribution (Owens et al., 2004). Loss or 

phenotypic change of SMC is implicated in the pathogenesis of human disease, such as 

aneurysm formation, atherosclerosis, systemic hypertension, and cancer (Slavin and 

Gonzalez-Vitale, 1976; Owens et al., 2004).

Of unexpected interest, expression of ephrinB2 defines genetic differences between arteries 

and veins not only in endothelial cells, but also in mural cells, both during later stages of 

embryogenesis as well as in adults (Gale et al., 2001; Shin et al., 2001), further supporting 

the role for ephrinB2 during formation of the arterial medial layer. These observations also 

suggest distinct mechanisms regulating the timing of onset of ephrinB2 expression in 

endothelial cells and in mural cells of mesenchymal origin. Notch signaling is also critically 

involved in SMC development, in addition to its role in arterial differentiation of endothelial 

cells (Simons and Eichmann, 2015).
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Pericytes are increasingly recognized as potential targets for pro- and anti-angiogenic 

therapies. However, pericyte investigations have been hindered, due to a lack of a 

standardized and efficient method for isolating these cells. Maier et al. (2010) reported a new 

method for culturing pericytes from human placentas, which may facilitate future studies.

Membrane Signaling in Human Vascular Physiology and Pathophysiology

VEIN GRAFT ADAPTATION

Vein grafts remain the gold standard conduit used by surgeons as a bypass graft to treat 

severe arterial occlusive disease. Exposure of the vein graft to arterial pressure, flow, and 

oxygen tension results in venous adaptive remodeling, namely venous wall thickening and 

luminal dilation. The remodeling process is a complex balance of cell proliferation and 

migration, programmed cell death, and changes to the extracellular matrix. These events are 

guided by well-coordinated signaling pathways activated, at least in part, by exposure of the 

venous endothelium to increased shear stress exerted by arterial flow (Mitra et al., 2006).

The Eph RTK family is a critical signaling pathway involved in vein graft remodeling. 

Human studies have shown that expression of the venous determinant, EphB4, is reduced in 

vein grafts compared with native veins (Kudo et al., 2007) (Fig. 4). Ex vivo study of human 

saphenous veins confirmed that increased shear stress results in loss of EphB4 expression 

(Berard et al., 2013; Model et al., 2014). Animal models of vein graft adaptation have also 

been developed and similarly show reduced EphB4 expression in vein grafts (Mitra et al., 

2006; Kudo et al., 2007; Muto et al., 2011).

Vein graft EphB4 expression and activity has been manipulated in rodent models to show 

that EphB4 is an active mediator of vein graft remodeling. An siRNA approach suggested 

that reduced EphB4 expression was associated with increased vein graft wall thickness, 

suggesting that EphB4 is an inhibitor of wall thickening (Kudo et al., 2007). Direct 

stimulation of EphB4 receptors using the specific ligand ephrinB2/Fc resulted in retention of 

EphB4 expression and thinning of the vein graft wall to more closely approximate an 

expected venous phenotype (Muto et al., 2011). Similar findings were also shown by 

overexpressing EphB4 receptors using a viral vector; conversely, reduced EphB4 signaling 

in EphB4 heterozygous mice was associated with thickening of the vein graft wall (Muto et 

al., 2011).

The mouse vein graft model also provides evidence for downstream signaling via Cav1 as 

essential for EphB4-mediated vein graft adaptation (Muto et al., 2011). Cav1 decreases in 

vein grafts relative to native veins, analogous to the reduced expression of EphB4. Increased 

expression or activity of EphB4 results in increased Cav1 phosphorylation, whereas 

decreased EphB4 results in decreased Cav1 phosphorylation. Vein grafts derived from Cav1 

knockout mice have reduced wall thickness and are unresponsive to EphB4 specific 

stimulation, suggesting Cav1 is an essential component of EphB4 signaling during vein graft 

remodeling (Muto et al., 2011).

NO production is also a downstream mediator of EphB4-dependent vein graft remodeling 

(Muto et al., 2011; Wang et al., 2015). In vein grafts with reduced EphB4 activity, there is 
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reduced eNOS phosphorylation (Jadlowiec et al., 2013). NO is a known regulator of vein 

graft wall thickness (Kibbe et al., 2001) and animal models lacking eNOS show inhibited 

remodeling (Wang et al., 2015).

Growth factors upstream of the Eph-ephrin pathway also influence vein graft adaptation. 

Among them, VEGF is of particular importance (Hayashi et al., 2005). Mouse models of 

vein graft adaptation show transiently increased VEGF-A expression and then subsequent 

down-regulation (Kudo et al., 2007). The consequence of transiently increased vein graft 

VEGF-A remains unclear as increased VEGF-A has been associated with increased 

proliferation and intimal hyperplasia in some studies (Kudo et al., 2007), yet has also been 

shown to be protective by inhibiting vein graft intimal hyperplasia in a rabbit model (Luo et 

al., 1998).

Whereas venous identity, as identified by EphB4 expression, is lost during vein graft 

adaptation, arterial identity is not gained. Both human and rat patent vein grafts do not 

acquire the arterial markers ephrinB2, Dll4, or Notch4 (Kudo et al., 2007), although a recent 

study reported that Dll4 in macrophages promotes the development of vein graft lesions 

(Koga et al., 2015). These results suggest that while the vein graft does thicken and remodel 

in the arterial environment, the vein does not transform into an arterial vessel; the vein graft 

has neither “arterial” nor “venous” identity.

The mitogen activated protein kinase (MAPK) family promotes cell proliferation, 

differentiation, and motility, and MAPK signaling is up-regulated during vein graft 

remodeling. Multiple studies have demonstrated that inhibition of MAPK in animal vein 

graft models results in reduced neointimal hyperplasia (Zhao et al., 2014; Evans et al., 

2015). The phosphatidylinositol 3-kinase-Akt (PI3K-Akt) pathway also modulates vein graft 

remodeling; PI3k-Akt activation promotes cell survival and protein synthesis by activation 

of downstream signals, including the mammalian target of rapamycin (mTOR) protein 

(Mitra et al., 2006).

The functional consequence of these activated signaling pathways is likely to result in SMC 

activation (Muto et al., 2007); consequently, there is increased SMC deposition and 

migration from the vein graft media to the intima, although the potential sources of these 

SMC are controversial. Proposed working models other than in situ differentiation include 

migration and transdifferentiation from adventitial fibroblasts, monocytes/macrophages, as 

well as circulating blood-borne stem cells (Welt and Rogers, 2002; Muto et al., 2007). 

Perivascular fibroblasts may also be converted into myofibroblasts, SMC-like cells that have 

migratory and synthetic capacity (Shi et al., 1996, 1997). These activated SMC are 

associated with increased extracellular matrix deposition and contribute to neointimal 

thickening (Westerband et al., 2001; Siow et al., 2003; Mitra et al., 2006).

After the vein is surgically implanted into the arterial environment, the factors that regulate 

and distinguish favorable adaptive remodeling from that of pathologic remodeling remain 

poorly defined (Lu et al., 2014; Owens et al., 2015). Outward remodeling and wall 

thickening are essential for vein graft maturation and function, yet excessive thickening 

leads to neointimal hyperplasia and remains the leading cause of vein graft failure (Collins et 
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al., 2012). Pathologic neointimal hyperplasia is thought to be induced by endothelial injury 

as a result of surgical manipulation, ischemia, and increased shear stress from arterial flow. 

Early after graft implantation, platelets adhere to areas of endothelial injury and release 

inflammatory cytokines, including PDGF, TGF-β, cytokines such as IL-1, IL-6, and IL-8, 

and thrombin (Ishiwata et al., 1997; Muto et al., 2010; Collins et al., 2012; Lu et al., 2014). 

Leukocytes are then recruited and activated, further promoting an inflammatory response 

(Owens et al., 2015). Ultimately, SMC become more motile and are recruited to areas of 

endothelial injury. There is a resultant increase in cellular proliferation and deposition of 

extracellular matrix at these sites. These events are attenuated by reestablishment of an intact 

endothelium highlighting the significance of endothelial injury as a trigger for pathologic 

remodeling (Mitra et al., 2006).

Placenta, Bone, and Cancer

EphrinB2 and EphB4 are also found in tissues such as placenta and bone, as well as in 

tumors (Table 1).

THE PLACENTA

Successful development and maintenance of the uteroplacental vascular network is vital for 

the developing embryo and is dependent on the interplay between EphB4 and ephrinB2. In 

the mouse uterus, EphB4 and ephrinB2 are expressed dynamically in the spiral arteries, 

uterine natural killer cells, and trophoblasts during gestation days 6.5 to 12.5, suggesting 

their roles in the modification of spiral arteries and in the mechanisms of pathological 

pregnancy, due to abnormal spiral artery development (Dong et al., 2016). The placenta is 

structurally composed of cytotrophoblasts (CTB) and syncytiotrophoblasts (STB) (Mi et al., 

2000). STB form the border of the villi in contact with the maternal decidua and facilitate 

the nutrient and gas exchange between the maternal and fetal environments. CTB, on the 

other hand, provide a source of proliferating and migratory stem cells that ultimately 

establish the uteroplacental circulation. In the human placenta, Makikallio et al. (2005) 

showed that the embryonic blood circulation is present at 7 weeks of development with a 

drastic augmentation in flow rate, without change of the vascular impedance, after 10 weeks 

of development. These changes are driven by angiogenesis, vasculogenesis, and their 

respective mediators.

In exploring the instrumental role of Ephs and Ephrins in the specification of cell fate and 

migration in the human placenta, Chennakesava, et al. (2006) found that EphB4-ephrinB2 

interaction is dependent on gestational age. EphB4 and ephrinB2 are highly expressed in the 

first trimester placenta, but are diminished at term. At 7 weeks of gestation, EphB4 was 

preferentially detected in the syncytial cell layer of the villi; the underlying CTB layer was 

only weakly positive for EphB4. Inside the villi, EphB4 was detected in single mesenchymal 

cells. Endothelial cells of newly formed capillaries, however, lacked EphB4 receptor 

expression. Outside the villi, EphB4 expression was highest in the CTB giant cells. 

Conversely, at 7 weeks, ephrinB2 expression was equally strong in the CTB and STB cell 

layers of the villi. No difference in distribution was noted in expression between cytoplasm 
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and nuclei of CTB. Expression of both EphB4 and ephrinB2 stabilized by 12 weeks and 

strongly diminished by term in the human placenta.

The expression pattern of EphB4 and ephrinB2 in the placenta also appears to be associated 

with some placental diseases. Preeclampsia affects 5 to 8% of all human pregnancies, and is 

characterized by new onset hypertension and proteinuria (Redman and Sargent, 2005; 

Kanasaki and Kalluri, 2009). In preeclampsia, fewer trophoblasts invade the uterus, and 

those that do have shallow penetrance (Goldman-Wohl and Yagel, 2002). Wang et al. (2012) 

extracted mRNA from villous placental tissues of healthy term and severely pre-eclamptic 

pregnancies to show that miRNA-17, −20a, and −20b were significantly increased in 

placentas from pre-eclamptic pregnancies. miR-20b was found to directly target EphB4 and 

ephrinB2, and was expressed primarily in the syncytium and some of the villous STB in 

term placentas, but not in the capillary endothelial cells. Interestingly, placental ephrinB2 

mRNA was significantly down-regulated in pre-eclampsia compared with normotensive 

pregnancies.

These studies suggest that the expression of ephrinB2 and EphB4 is controlled, temporally 

varied, and preferentially expressed by cell type in the establishment of the uteroplacental 

circulation; their deregulation compromises healthy fetal development and maternal health.

THE SKELETAL SYSTEM

Eph- and Ephrin-mediated signaling is thought to affect progression of several diseases, such 

as osteoarthritis (Kwan Tat et al., 2008, 2009), rheumatoid arthritis (Kitamura et al., 2008), 

multiple myeloma (Pennisi et al., 2009), and osteosarcoma (Varelias et al., 2002; Fritsche-

Guenther et al., 2010). In bone, Eph-receptor and ephrin-ligand interactions mediate 

osteoblast and osteoclast proliferation, migration, attachment, spread, and differentiation 

from precursor cells. In differentiating osteoclasts, mRNAs of ephrinB1 and ephrinB2 were 

detected; calvarial osteoblasts constitutively expressed several ephrinB ligands, EphB 

receptors, and EphA4 (Zhao et al., 2006); their interactions function during somitogenesis as 

well as craniofacial and limb development (Matsuo and Otaki, 2012). Interactions between 

EphB4 and ephrinB2 also mediate stromal-hematopoietic cell crosstalk during bone 

remodeling, fracture repair, and arthritis (Zhao et al., 2006; Maes et al., 2010; Valverde-

Franco et al., 2012; Nguyen et al., 2015).

During development, mesenchymal cells condense and differentiate into chondrocytes to 

form avascular cartilage models of future bones. Chondrocytes within cartilage then 

differentiate into hypertrophic chondrocytes that produce VEGF to stimulate angiogenesis 

(Matsuo and Otaki, 2012). Osteoblasts appear in the surrounding perichondrium and 

generate the provisional bone cortex. Vascular invasion of the cartilaginous template ensues 

and prompts the establishment of the primary ossification center inside the bone. Endothelial 

cells and osteoclasts accumulate in the perichondrium and invade and erode the cartilage, 

while osteoblasts and marrow cells populate the highly vascularized area (Karsenty and 

Wagner, 2002; Kronenberg, 2007). Maes et al. (2010) showed that the entry of EphB4-

positive, ephrinB2-positive osteoblast precursors into developing bones is intimately related 

to their invasion by blood vessels. This finding suggests that there may be coupled 
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movement involving mechanisms that are specific to early cells in the osteoblast lineage and 

lost upon advanced osteoblastic differentiation.

Osteoblast dual expression of EphB4 and ephrinB2 is likely to be one factor that guides 

bone development and healing, and aberrant expression or signaling may be a factor in 

various bone pathologies.

CANCERS

Sustained angiogenesis is one of the many hallmarks of cancer (Hanahan, 2000), and altered 

patterns of EphB4 and ephrinB2 expression may favor tumor growth and neovascularization. 

Kaposi sarcoma (KS) is one such example. KS is a multifocal angioproliferative disease of 

endothelial cell origin (Gill et al., 1994). Masood et al. (2005) showed that KS tissue and 

cell lines are of arterial phenotype, with abundant expression of ephrinB2, but with little or 

no EphB4. Infection of venous endothelial cells with HHV-8 or VEGF resulted in a 

phenotype switch from EphB4 to ephrinB2; inhibition of ephrinB2 using the extracellular 

domain of EphB4 fused with human serum albumin (sEphB4-HSA) inhibited migration, and 

invasion of KS cells in vitro (Scehnet et al., 2009).

However, increased EphB4 expression is also associated with some cancers. For example, in 

head and neck squamous cell carcinomas (HNSCC), six of seven HNSCC cell lines studied 

(SCC-4, −9, −12, −13, −15, −25, −71) had functional EphB4, regulated by EGFR signaling 

via Akt (Masood et al., 2006). Xia et al. (2005) found EphB4 expression to be highest in the 

metastatic form of the prostate cancer cell line 3 (PC3M), and showed EphB4 expression 

localized to the neoplastic epithelium, while it remained absent in normal glands. Further, 

gene expression analyses revealed EphB4 was expressed in 64 of 72 (89%) cases.

In a later study looking at both prostate and breast cancer cell lines, Rutkowski et al. (2012) 

showed that EphB4 overexpressing cells had enhanced anchorage-independent growth, 

migration, and invasion, characteristics of an aggressive phenotype. Importantly, these 

effects were reversed in the presence of ephrinB2 that led to a reduction in EphB4 protein 

levels, demonstrating that ligand-dependent signaling is tumor suppressive.

Evaluating the effects of EphB4’s extracellular domain on the ephrinB2 ligand in tumor cell 

lines, Noren et al. (2004) showed that EphB4 attracts endothelial cells in vitro and stimulates 

endothelial cell invasion, survival, and proliferation, all crucial functions for angiogenesis. 

These data support a model in which EphB4 promotes tumor growth by stimulating 

angiogenesis via ephrinB2.

Similarly, in highly malignant melanoma cells, Yang et al. (2006) showed that these cells 

express very high levels of EphB4. The receptor is phosphorylated on tyrosine and 

subsequently associates with Src; increasing the level of activated EphB4 by treating slowly 

migrating melanoma cells with ephrinB2/Fc significantly enhanced their migratory ability.

VASCULAR TUMORS

Hemangiomas are benign tumors and the most common tumor of infancy, affecting about 

10% of all children (Waner et al., 2003). The tumors proliferate rapidly during the first year 
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of life and then gradually involute. Calicchio et al. (2009) showed that the proliferating 

phase of hemangiomas is characterized by immature endothelial cells and adjacent pericyte-

like cells. Involution, on the other hand, is characterized by endothelial apoptosis, dilation of 

vascular lumens, flattening of endothelial cells, loss of mitotic activity, thickening of 

basement membranes, and dropout of capillaries. In proliferating hemangiomas, there was 

increased transcript expression of Tie2, Jagged1, and Notch4; however, there were increased 

EphB3, but not EphB4, receptors (Calicchio et al., 2009).

Angiosarcomas are highly malignant vascular tumors of endothelial origin with a mortality 

rate of 79 to 83%, due to their rapid growth and metastasis (Mark et al., 1996; Lahat et al., 

2010); these tumors are currently thought to arise from the transformation of endothelial 

cells or from circulating stem cells (Young et al., 2010). Immunohistochemical analysis of 

human skin angiosarcoma samples showed positivity of membranous EphB4 in 42% (10 of 

24) of cases (Fig. 5), suggesting a role for EphB4 in the pathogenesis and behavior of 

angiosarcoma. Signaling upstream of EphB4 is implicated as well; analyses of Notch1 

knockout mice showed increased EphB4 expression in liver sinusoidal endothelium, with 

increased angiogenesis, proliferation, and portal hypertension that resulted in sinusoidal 

capillarization and angiosarcomas (Dill et al., 2012).

Hemangiomas and angiosarcomas are two vascular pathologies of endothelial origin 

affecting different populations and with different outcomes. Though neither is fully 

understood, their molecular basis revolves around the signaling pathways of vascular 

identity. Unchecked expression of EphB4 or ephrinB2 in various cancers frequently 

identifies an aggressive phenotype with important consequences for patients and potentially 

presenting a target for therapy.

Conclusions and Future Perspectives

Over the past 20 years, there has been significant progress in defining the mechanisms that 

underlie determination of embryonic vessel identity, with the establishment of Eph-ephrin 

interactions as critical for vascular development and biology. Several of the signaling 

pathways that guide embryonic development are also active in adult vessels, and continue to 

show plasticity and pathology in adults. These findings have been clinically translated with 

successful inhibition of tumor vessels (Boyd et al., 2014). Continued clinical success for 

strategies to alter membrane signaling for management of disease will rely on furthering our 

understanding of the molecular basis for these processes.
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FIGURE 1. 
Schematic showing (A) details of EphB4 and ephrinB2 structures, as well as (B) 

bidirectional signaling induced by EphB4-ephrinB2 binding. Panel (C) depicts pathways 

leading to selective EphB4 or ephrinB2 expression guiding arterial-venous differentiation. 

PBM, PDZ binding motif; SH2, SRC homology 2; RBD, receptor-binding domain; LBD, 

ligand-binding domain; CRD, cysteine-rich domain; Sushi, short consensus repeat (SCR); 

EGF, epithelial growth factor; FNIII, fibronectin III; SAM, sterile alpha motif (Pasquale, 

2008; Boyd et al., 2014).
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FIGURE 2. 
Representative photomicrographs showing expression of the venous identity marker EphB4 

and the arterial identity markers ephrinB2 and neuro-pilin1 in full term human umbilical 

cord artery and vein. Black arrowheads indicate positive signals. Scale bar 50 μm.
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FIGURE 3. 
Schematic showing signaling pathways downstream of EphB4 regulate vascular remodeling. 

MMP2/9, matrix metalloproteinase 2/9; Src, proto-oncogene tyrosine-kinase kinase; Cav1, 

caveolin1; PI3K, phosphatidylinositol-3-kinase, eNOS, endothelial nitric oxide synthase; 

PKG, cGMP-dependent protein kinase; MEK, mitogen-activated protein kinase; MAPK, 

mitogen-activated protein kinase; Erk, extracellular signal-regulated kinases.
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FIGURE 4. 
Representative photomicrographs showing immunoreactivity of EphB4 (green) and smooth 

muscle actin (SMA) (red), 3 weeks after vein graft placement in aged rats; counterstained 

with DAPI (blue). White arrowheads indicate positive signals for EphB4. Scale bar 50 μm.

Hashimoto et al. Page 33

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2017 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
Photomicrographs showing representative histology of human skin angiosarcoma. (A) 

Hematoxylin and eosin (H&E) staining; (B) CD31 immunolocalization using a mouse 

monoclonal antibody (catalog no. M0823, Dako); (C) EphB4 immunolocalization using a 

rabbit monoclonal antibody (catalog no. #14960, Cell Signaling Technology). Assessment of 

EphB4 immunoreactivity in human skin angiosarcoma showed 42% of cases were positive; 

n = 24. Scale bars 50 μm.
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TABLE 1

Effects of EphB4 and ephrinB2 in Cancer, Bone, and Placental Physiology

Source (Cell line) Findings References

Cancers

Breast Cancer (MCF10-B4) EphB4 overexpression enhances migration, invasion, and colony 
formation; ephrinB2 reverses these effects via a forward signaling 
pathway

Rutkowski et al., 2012

Prostate Cancer

(PC3, PC3M, DU145, ALVA31, 
LAPC-4, LNCaP, CWR22R)

EphB4 expression is high in PC3 and higher in its metastatic form, 
PC3M

Xia et al., 2005,

(22Rv1) EphB4 overexpression enhances migration, invasion, and colony 
formation; ephrinB2 reverses these effects via a forward signaling 
pathway

Rutkowski et al., 2012

HNSCC (SCC-15) Inhibition of EphB4 in tumor cells leads to reduced cell number, 
apoptosis and activation of the death receptor-caspase pathway

Masood et al., 2006

Melanoma (K1735, SW1, M2, P, C19, 
C23)

High EphB4 expression enhances metastatic and migratory potential Yang et al., 2006

 Kaposi’s Sarcoma EphrinB2 is necessary for survival of KS cells Masood et al., 2005

 Angiosarcoma Increased EphB4 expression Dill et al., 2012

Skeletal System

 Osx=LacZ+ precursor cells, 
Col1=LacZ+ mature osteoblasts

Osx=LacZ+ cells closely colocalized with cartilage-invading vessels Maes et al., 2010

Placenta

(HIPEC-65, BeWo) Expression of EphB4 and ephrinB2 is induced by hypoxia (HIPEC-65 
and BeWo); induction of ephrinB2 expression is independent of 
HIF-1alpha (BeWo)

Chennakesava et al., 2006

Severe pre-eclamptic human placentas Increased miR-17, miR-20a, and miR-20b expression Wang et al., 2012

(HUVEC, BeWo) Inhibition of miR-20b expression increased IF1A, MMP2, ephrinB2 
and EphB4 expression
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