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0BAbstract 

Endoglin, an endothelial cell specific transforming growth factor-β (TGF-β) 

superfamily co-receptor, has an essential role in angiogenesis, with endoglin null mice 

having an embryonic lethal phenotype due to defects in angiogenesis and mutations in 

endoglin resulting in the human vascular disease hereditary, hemorrhagic telangiectasia 

type I. While endoglin is thought to regulate TGF-β superfamily signaling in endothelial 

cells through regulating the balance between two TGF-β superfamily responsive 

pathways, the ALK5/Smad2/3 pathway and the ALK1/Smad1/5/8 pathway, the 

mechanism by which endoglin regulates angiogenesis has not been defined. Recently, 

endoglin has been demonstrated to increase ALK1 signaling, supporting a role for 

endoglin as an important regulator of the ALK1 pathway. Here we investigate the role of 

the cytoplasmic domain of endoglin and its phosphorylation by TGF-β superfamily 

receptors in regulating endoglin function in endothelial cells. We demonstrate that the 

cytoplasmic domain of endoglin is basally phosphorylated by ALK5, primarily on serines 

646 and 649, in endothelial cells. This basal phosphorylation primes and is necessary for 

subsequent phosphorylation of endoglin by ALK1. Functionally, the loss of 

phosphorylation at serine 646 resulted in a loss of endoglin-mediated inhibition of 

Smad1/5/8 signaling and endothelial cell migration. Taken together these results support 

endoglin phosphorylation by ALK5 as an important mechanism for regulating TGF-β 

superfamily signaling and migration in endothelial cells.  
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5B1. Introduction 

12B1.1 TGF-β superfamily 

The transforming growth factor- β (TGF-β) superfamily is a family of proteins that is 

involved in regulating and mediating processes at the cellular level, including cell 

proliferation, differentiation, motility, adhesion and apoptosis, as well as processes at the 

tissue and organism level, including development, wound healing, fibrosis and 

angiogenesis (Blobe et al., 2000). The TGF-β superfamily consists of ligands and 

receptors that all signal, at least in part, through well characterized downstream mediators 

termed the Smads. 

The TGF-β1 ligand is the founding member of the TGF-β superfamily of proteins 

that includes TGF-βs, bone morphogenetic proteins (BMPs), activins, growth 

differentiation factors (GDFs), and Müllerian inhibiting substance (MIS) (Massague, 

1998). TGF-β1 and all other TGF-β superfamily ligands are dimers that are held together 

by three disulfide bonds that are part of a characteristic structure called a cysteine knot 

(Blobe et al., 2000). Secreted TGF-β is a latent complex that is composed of the TGF-β 

dimer associated with the latency associated peptide (LAP) and the latent TGF-β binding 

protein (LTBP). The latent complex is proteolytically cleaved in the extracellular space 

resulting in the release of the TGF-β dimer, allowing TGF-β to bind cell surface 

receptors (Massague, 1998). The cell surface TGF-β superfamily receptors are classified 

as either type I receptors, type II receptors, or co-receptors.  
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In mammals, there are seven type I TGF-β superfamily receptors called activin 

receptor like kinases (ALK) 1-7 in the TGF-β superfamily. These receptors and the 

ligands they bind are detailed in Table 1. The ALKs are approximately 55 kD, are 

serine/threonine kinases, and have relatively short extracellular domains (Massague, 

1998). The cytoplasmic domain of the type I receptors has a 30 amino acid domain 

named the GS domain, which is characterized by the sequence SGSGSG (Massague, 

1998). Phosphorylation of the GS domain by the TGF-β superfamily type II receptors 

results in activation of the type I receptors (Massague, 1998). Downstream of the GS 

domain is the kinase domain, which phosphorylates its substrates on serines. Within the 

kinase domains of type I receptors, there is a region called the L45 loop, which is 

involved in substrate recognition (Massague, 1998). The type I receptors, the ligands they 

bind, and the downstream substrates they recognize and phosphorylate are detailed in 

Table 1. 

There are five type II receptors in the TGF-β superfamily, the TGF-β type II 

receptor (TβRII), Activin type II receptor (ActRII), Activin type II receptor B (ActRIIB), 

BMP type II receptor (BMPRII), and anti-Müllerian hormone receptor (AMHR) (Gordon 

and Blobe, 2008). These receptors are approximately 70 kDa, are serine/threonine 

kinases, have short extracellular domains, and autophosphorylate and phosphorylate the 

type I receptors on serines and threonines (Lin et al., 1992; Massague, 1998). The 

regulatory region of the type II receptors has two serines that when phosphorylated 

promote or inhibit the activity of the type II receptors (Luo and Lodish, 1997). The type 

II receptors and the ligands they bind are detailed in Table 1.  
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In the TGF-β superfamily there are also co- receptors, the type III TGF-β receptor 

(TβRIII), endoglin, RGMa, DRAGON (RGMb), and hemojuvelin/HFE2 (RGMc) (Babitt 

et al., 2006; Babitt et al., 2005; Massague, 1998; Samad et al., 2005). TβRIII and 

endoglin are transmembrane co-receptors, while RGMa, RGMb, and RGMc lack 

transmembrane domains and are glycosylphosphatidylinositol (GPI)-linked to the cell 

membrane and all possess a large extracellular domain (Babitt et al., 2006; Babitt et al., 

2005; Gougos and Letarte, 1990; Massague, 1998; Samad et al., 2005; Wang et al., 

1991). The cytoplasmic domains of the transmembrane co-receptors, TβRIII and 

endoglin, are serine/threonine rich, have a PDZ binding domain, and lack catalytic 

activity (Kirkbride et al., 2005). The co-receptors and the ligands they bind are detailed in 

Table 1. 

Smads mediate signaling downstream of the TGF-β signaling receptors. There are 

three classes of Smads: (i) the receptor Smads (R-Smads), Smads 1/2/3/5/8, (ii) the co-

Smad, Smad 4, (iii) the inhibitory Smads (I-Smads), Smads 6/7 (Massague, 1998). There 

are two major pathways downstream of the TGF-β superfamily receptors: Smads 1/5/8 

downstream of ALK 1, 2, 3, and 6 and Smads 2/3 downstream of ALK 4, 5, and 7. The 

Smads possess two highly conserved domains, the MH1and the MH2 domains, and a 

variable linker region. The MH1 domain is conserved between the R-Smads and Smad 4 

(Massague, 1998). The MH1 domain basally acts as an inhibitor of MH2 activity by 

preventing association with Smad 4 (Massague, 1998). However, upon ligand stimulation 

the MH1 domain releases the MH2 domain and is able to bind DNA (Massague, 1998). 

The Smad MH2 domain is phosphorylated by the receptors and is responsible for protein-
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protein interactions with receptors and Smad4 (Kretzschmar et al., 1997b; Massague, 

1998). In addition, the MH2 domain of Smad4 activates transcription, while the MH2 

domain of Smad 6/7 is required for inhibition (Massague, 1998). 

33B1.1.1 TGF-β superfamily signaling 

There are three types of TGF-β superfamily receptors expressed on the cell 

surface: a type I receptor, a type II receptor, and a co-receptor. TGF-β superfamily 

signaling begins with secretion of ligand. TGF-β superfamily ligands are dimers held 

together by hydrophobic interactions and a disulfide bond between the two monomers 

(Blobe et al., 2000). Active dimers bind and signal through cell surface receptors. In 

TGF-β superfamily signaling, there are 3 models of ligand binding to receptors:  

1. Ligand binds to the co- receptor, which presents the ligand to the type II 

receptor, which then recruits the type I receptor (Blobe et al., 2000).  

2. Ligand binds to the type II receptor and then recruits the type I receptor to 

the signaling complex (Massague, 1998). 

3. The type I and type II receptors bind ligand in a cooperative manner, 

meaning the two receptors have a much higher affinity when together 

than they do individually (Massague, 1998). 

Model 1 of ligand binding has been described for TGF-βs, model 2 has been described 

for TGF-βs and Activins, while model 3 has been described for BMPs (Fig. 1) (Blobe et 

al., 2000; Massague, 1998). Once bound to ligand, the type II receptor phosphorylates the 

GS domain of the type I, resulting in type I receptor activation (Wrana et al., 1994). The 
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newly activated type I receptor is now able to bind and phosphorylate the R-Smads on 

serines within the MH2 domain (Massague, 1998). The phosphorylated R-Smads form a 

complex with the co-Smad, Smad 4 (Massague, 1998). This Smad complex accumulates 

in the nucleus where it regulates its target genes (Massague, 1998). TGF-β superfamily 

signaling is illustrated in Figure 1.  

1.1.1.1 57BRegulation of TGF-β Signaling 

TGF-β superfamily signaling is regulated at the level of the ligand, the receptors, 

and the Smads. For example, TGF-β ligand is secreted as an inactive complex consisting 

of the TGF-β dimer, LAP, and LTBP, which must be activated in the extracellular matrix 

before it can bind and activate TGF-β receptors (Massague, 1998). In contrast, BMP 

ligands are inhibited in the extracellular matrix by antagonists such as noggin and 

chordin, which bind BMPs preventing receptor binding (Piccolo et al., 1996; Zimmerman 

et al., 1996). At the receptor level there are multiple layers of regulation. For example, 

TβRI is only phosphorylated by TβRII, when an active signaling complex is formed in 

the presence of TGF-β (Massague, 1998). TβRI activity is also inhibited in part by 

binding the 12-kDa FK506-binding protein (FKBP12), which prevents phosphorylation 

of TβRI by TβRII in the absence of TGF-β (Charng et al., 1996; Chen et al., 1997). At 

the level of the Smads, the linker region of R-Smads is phosphorylated by mitogen-

activated protein kinase (MAPK), resulting in the inhibition of nuclear accumulation of 

Smad complexes (Kretzschmar et al., 1997a). There are also 2 inhibitory Smads: Smad 6 

which inhibits BMP signaling and Smad 7 which inhibits TGF-β signaling (Imamura et 
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al., 1997; Nakao et al., 1997). These Smads lack the C-terminal phosphorylation motif of 

the R-Smads and have a short N-terminal MH1 domain and are thought to either bind the 

type I receptors preventing phosphorylation of the R-Smads or to compete with Smad4 

for binding to R-Smads (Massague, 1998).  

13B1.2 Angiogenesis 

Blood vessels are formed during the processes of vasculogenesis and 

angiogenesis. Vasculogenesis is a process exclusive to development, where blood vessels 

are formed de novo, while angiogenesis occurs both during and after embryonic 

development, and describes the formation of new blood vessels from existing blood 

vessels (Pepper, 1997). During vasculogenesis, precursors in the mesoderm differentiate 

into endothelial cells and organize into tubes that form a primitive vascular plexus (Risau 

and Flamme, 1995). Following the formation of this primitive circulatory system, 

angiogenesis occurs, in which new blood vessels sprout from the vascular plexus (Pepper, 

1997). After development, angiogenesis occurs normally during wound healing, the 

menstrual cycle, and pregnancy (Ferrara, 2000). Angiogenesis also occurs pathologically 

in rheumatoid arthritis, and proliferative retinopathy, juvenile haemangioma, and cancer 

(Ferrara, 2000).  

34B1.2.1 Process of Angiogenesis  

Angiogenesis is divided into two phases: the activation phase, which promotes the 

formation of new blood vessels and the resolution phase, which promotes the quiescent 

state of endothelial cells (Pepper, 1997). The activation phase begins with detachment of 
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smooth muscle cells, increased vascular permeability, and the establishment of a 

concentration gradient of VEGF to act as a chemoattractant for endothelial cells of 

nearby blood vessels (Adams and Alitalo, 2007). Not all endothelial cells in the 

established blood vessels respond to the chemoattractant. The mechanism that selects 

which cells will respond to the gradient is not well understood, however reduced Notch 

signaling has been demonstrated in the cells that respond to the chemoattractant 

(Hellstrom et al., 2007). The group of endothelial cells selected to respond to the VEGF 

gradient and lead angiogenic sprouting are called tip cells (Adams and Alitalo, 2007). 

The basement membrane begins to be degraded and the filopodia of the tip cells extend 

toward the chemoattractant (Adams and Alitalo, 2007). As the tip cells move forward 

forming sprouts, endothelial cells behind the tip cells migrate and proliferate (Gerhardt et 

al., 2003). When the newly formed sprouts encounter other sprouts or capillaries, the 

resolution phase of angiogenesis begins. At this time, endothelial cell migration is 

inhibited and the endothelial cells begin to form cell-cell junctions at the site of 

interaction (Adams and Alitalo, 2007). As new vascular junctions are established, the 

lumen of the new capillaries is formed (Adams and Alitalo, 2007). While the mechanism 

of lumen formation is not well understood, there is evidence that the lumen is formed by 

pinocytosis and vacuole fusion within and between cells (Davis and Bayless, 2003; 

Kamei et al., 2006; Lubarsky and Krasnow, 2003). Blood flow through the lumen of the 

new tubes stabilizes the new junctions (Adams and Alitalo, 2007). The resolution phase 

concludes with the recruitment of pericytes (promoted by increased concentrations of 
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PDGF), reconstitution of the basement membrane and the inhibition of endothelial cell 

migration, resulting in mature quiescent blood vessels (Adams and Alitalo, 2007).  

35B1.2.2 TGF-β in angiogenesis  

TGF-β has been reported to be both pro and anti angiogenic in largely correlative, 

in vitro, and in vivo studies. TGF-β has been linked to angiogenesis in multiple studies 

that examined TGF-β expression in normal and tumor tissues. For example, TGF-β 

expression is increased in the plasma of patients with prostate cancer and hepatocellular 

carcinoma correlating with increased tumor vasculature (Ito et al., 1995; Ivanovic et al., 

1995). While these studies suggest a role for TGF-β in angiogenesis, they are correlative 

studies that do not examine whether TGF-β is upregulated as part of the activation or 

resolution phase of angiogenesis.  

In vitro angiogenesis assays measure the ability of endothelial cells to proliferate 

and migrate. In multiple assays, TGF-β1 has been reported to inhibit proliferation. For 

example, treatment of Bovine Aortic Endothelial Cells (BAECs) with TGF-β1 results in a 

weak inhibition of cell proliferation (Frater-Schroder et al., 1986). However, the addition 

of TGF-β1 to BAECs previously treated with basic fibroblast growth factor (bFGF), 

results in potent inhibition of bFGF stimulated proliferation (Frater-Schroder et al., 

1986). The inhibition of bFGF stimulated cell proliferation by TGF-β1 was also reported 

in bovine corneal endothelial cells and bovine fetal heart endothelial cells (Muller et al., 

1987). bFGF has also been reported to promote endothelial cell migration in both scratch 

wound and Boyden chamber assays and the addition of TGF-β1 to these assays resulted 



 

9 

in inhibition of migration in both (Muller et al., 1987). While the above studies used 

bFGF to stimulate proliferation, in another study microvascular endothelial cells were 

plated on laminin, type IV collagen, or fibronectin (Madri et al., 1988). There was a 

proliferative difference between the three extracellular components, with high 

proliferation on laminin and low proliferation on fibronectin with collagen in the middle 

(Madri et al., 1988). However, TGF-β1 also induced inhibition of proliferation stimulated 

by each extracellular matrix component (Madri et al., 1988). Taken together, the in vitro 

studies suggest that TGF-β1 inhibits endothelial cell proliferation and migration and 

might have a role in the inhibition of angiogenesis.  

In contrast, in vivo studies support a pro-angiogenic role for TGF-β1 as TGF-β1 

knockout mice are embryonic lethal at E10.5 and exhibit decreased integrity of blood 

vessel walls, suggesting defects in angiogenesis (Bertolino et al., 2005). In addition, 

administration of exogenous TGF-β1 into the nape of the neck of adult mice results in a 

nodule, which when removed reveals a fibrotic and angiogenic response (Roberts et al., 

1986). In the chick embryo chorioallantoic membrane assay (CAM), small 

methylcellulose disks soaked in the substance being tested are placed on CAMs and 

incubated for 3 days (Yang and Moses, 1990). This assay measures the ability of a 

substance to promote or inhibit embryonic angiogenesis, which may or may not entail a 

similar mechanism as angiogenesis in an adult (Yang and Moses, 1990). In this assay, 

TGF-β1 treated CAM exhibited increased angiogenesis within 24 hours and in a dose 

dependent manner (Yang and Moses, 1990). Taken together, these studies suggest that 

TGF-β is a promoter of angiogenesis in vivo. 
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There is a clear discrepancy between the observations of in vitro and in vivo 

studies. There have been some studies that have tried to reconcile the differences between 

the in vitro and in vivo observations. For example, when subconfluent bovine aortic 

endothelial (BAE) cells were treated with TGF-β1, cell proliferation was inhibited, while 

TGF-β1 treatment of postconfluent cells resulted in stimulation of proliferation (Iruela-

Arispe and Sage, 1993). In postconfluent cultures, three subgroups of cells were 

identified: (i) cell that were in cords, (ii) cells within a monolayer, and (iii) cells which 

were not part of either group (Iruela-Arispe and Sage, 1993). These cultures were labeled 

with bromodeoxyuridine (BrdU), which is an analogue of thymidine that is incorporated 

into the DNA of proliferating cells (Iruela-Arispe and Sage, 1993). Interestingly, the cells 

within the monolayer and the cells that were not part of the monolayer or cords exhibited 

low proliferation rates while the cells that were part of cords exhibited a high 

proliferation rate when treated with TGF-β1 (Iruela-Arispe and Sage, 1993). This study 

suggests that cells in a monolayer culture are inherently different from cells that are 

actively involved in tube formation in angiogenesis. This is supported by the observation 

that capillary endothelial cells grown within a collagen gel in the presence of TGF-β1 

form extensive tube-like structures in the three dimensional matrix, whereas control cells 

formed short simple tube-like structures (Madri et al., 1988). Taken together, these 

studies suggest that in vitro studies in a three dimensional matrix are a better predictor of 

in vivo function than in vitro studies in two dimensional culture. 
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14B1.3 TGF-β signaling in endothelial cells 

TGF-β has been reported to both inhibit and stimulate endothelial cell migration and 

proliferation (Pepper, 1997). The dichotomous effect of TGF-β on endothelial cells is 

thought to be mediated by two TGF-β responsive signaling pathways (Fig. 2) (Attisano et 

al., 1993; Lebrin et al., 2004; Lux et al., 1999). Similar to epithelial cells, endothelial 

cells express ALK5 and the TβRII. However, instead of TβRIII endothelial cells express 

the endothelial cell specific co-receptor endoglin. TβRII binds TGF-β, recruits and 

activates ALK5 by phosphorylation of the ALK5 GS domain (Massague, 1998). The 

newly activated ALK5 then phosphorylates Smads 2/3, which form a complex with 

Smad4, accumulate in the nucleus and regulate gene expression (Massague, 1998). In 

addition, endothelial cells express a second type I TGF-β superfamily receptor, ALK1, 

which forms a complex with TβRII, ALK5, and endoglin (Goumans et al., 2003a). The 

receptor complex of TβRII, ALK5, ALK1, and endoglin also binds TGF-β, however it 

propagates its signal through Smads 1/5/8 (Chen and Massague, 1999; Goumans et al., 

2003a; Lebrin and Mummery, 2008). TGF-β function in the endothelium is thought to 

result from a regulated balance of these two pathways (Goumans et al., 2003b). While 

mechanisms regulating this balance of signaling have not been clearly defined, endoglin 

has been suggested to regulate the balance between ALK5 and ALK1 signaling.  
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15B1.4 BMP-9 signaling in endothelial cells and angiogenesis 

BMP-9, which is also known as Growth Differentiation Factor-2, has been 

reported to be expressed in the adult liver by endothelial, stellate and Kupffer cells 

(David et al., 2008). In addition, BMP-9 has been reported to be expressed in the septum 

and spinal cord of E13 mice, and to promote differentiation of cholinergic neurons and of 

mesenchymal cells into cartilage (Brown et al., 2005). Recently, BMP-9 was described to 

be a factor that circulates in human sera and plasma at concentrations between 2 and 12 

ng/mL (David et al., 2008). In 1999, TGF-β1, TGF-β3, and a third ligand present in 

serum were identified to be ligands for ALK1 (Lux et al., 1999). Recently, the TGF-β 

superfamily ligand, BMP-9 has been identified to be a ligand for the ALK1 receptor by 

surface plasmon resonance studies and in radioactive binding and crosslinking studies 

(Brown et al., 2005). In addition, BMP-9, unlike other TGF-β superfamily ligands, was 

reported to bind directly to the co-receptor endoglin in the absence of a type II receptor in 

both over expression studies and in endothelial cells (Scharpfenecker et al., 2007). The 

ability of BMP-9 to bind to both endoglin and ALK1 suggests that BMP-9 propagates 

signaling through a complex of endoglin and ALK1. This is supported by the observation 

that treatment of endothelial cells with BMP-9 results in the induction of Smad 1/5/8 

phosphorylation and increases the transcriptional activity of a BMP responsive reporter 

(David et al., 2007a; Scharpfenecker et al., 2007). In addition, this activity was reported 

to be dependent on the ALK1 receptor and over expression of endoglin increased BMP-9 

responsiveness (David et al., 2007a). BMP-9 treatment also resulted in the stimulation of 

ID1 and endoglin expression in endothelial cells (Scharpfenecker et al., 2007).  
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While TGF-β has been reported to have dichotomous effects on endothelial cell 

biology, BMP-9- activation has been consistently reported to inhibit endothelial cell 

proliferation, migration, and angiogenesis. For example, BMP-9 treatment weakly 

inhibits endothelial cell proliferation and migration in wound closure assays 

(Scharpfenecker et al., 2007). However, BMP-9 potently inhibits FGF-2 stimulated 

endothelial cell proliferation when cells were treated with both ligands (Scharpfenecker 

et al., 2007).  BMP-9 has also been reported to inhibit angiogenesis in an in vivo study, in 

which a small cellulose sponge coated with either FGF-2 alone or FGF-2 and BMP-9 was 

implanted subcutaneously in mice (David et al., 2008). The FGF-2 coated sponge elicited 

an angiogenic response, while the FGF-2 and BMP-9 coated sponge did not exhibit 

angiogenesis (David et al., 2008). Additionally, sponges coated with FGF-2 alone and 

injected with BMP-9 after FGF-2 stimulated angiogenesis occurred, exhibited 

destabilization of the newly formed blood vessels (David et al., 2008). Interestingly, 

while BMP-9 alone has a slight effect on unstimulated cells, the effect of BMP-9 is 

drastically increased when the endothelial cells have been previously or simultaneously 

stimulated by FGF-2. In addition, chick embryo chorioallantoic membrane (CAM) 

treated with BMP-9 exhibited impaired angiogenesis in a dose dependent manner (David 

et al., 2008). Upon further study, BMP-9 treatment did not result in a loss of vessels but 

caused vessel constriction resulting in collapsed non-functional vessels suggesting a role 

for BMP-9 in vascular tone (David et al., 2008). While this also supports BMP-9 as a 

negative regulator of angiogenesis, other studies have reported loss of blood vessels not 

collapse. This may be because of the technique used to determine loss of blood vessels. 
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In the sponge assay vessel presence was determined by taking photographs of the 

dissected sponges, while the CAM were sectioned and stained showing that the vessels 

were still present but shown to be collapsed by the inability of FITC-dextran to flow 

through the vessels (David et al., 2008). Taken together, both in vitro and in vivo studies, 

suggest that BMP-9 has a role in the resolution phase of angiogenesis by inhibiting 

migration and proliferation and destabilizing already formed vessels. 

16B1.5 Endoglin  

Endoglin is an endothelial cell specific TGF-β co-receptor that was first identified 

in a pre-B lymphoblastic HOON cell line (Gougos and Letarte, 1988). Since then, 

endoglin has been reported to be strongly expressed in active endothelial cells and 

weakly expressed in hematopoietic cells, syncytiotrophoblast of the placenta, stromal 

cells, fibroblasts, keratinocytes, and vascular smooth muscle cells (Gougos and Letarte 

1988; Gougos et al. 1992; Lastres et al. 1992; O'Connell et al. 1992; Rokhlin et al. 1995; 

Adam et al. 1998; Chen et al. 2002). Additionally, endoglin is expressed on the 

endothelial cells of tumor blood vessels, in sarcomas, in carcinomas and on the stromal 

components in many tumor types (Fonsatti and Maio, 2004; Postiglione et al., 2005). 

Underscoring the importance of examining endoglin expression at both the mRNA and 

protein level, some cells with high endoglin mRNA expression do not have high levels of 

endoglin protein expression on the cell surface (Postiglione et al., 2005). This is an 

important consideration since many cell types have been reported to express endoglin 

mRNA but do not have detectable endoglin on the cell surface.  
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The endoglin promoter mediates tissue-specific expression of endoglin in 

endothelial cells (Cowan et al., 2003; Rius et al., 1998). In addition, there are a number of 

factors that induce endoglin expression. Endoglin expression at the transcriptional and 

protein levels is induced by TGF-β1 treatment (Zhu et al., 2003). TGF-β1 induction of 

endoglin expression is dependent upon interactions of the transcription factor Sp1 with 

the endoglin promoter (Botella et al., 2001). In addition, BMP-9, ALK1, and angiotensin 

II stimulate endoglin expression (Chen et al., 2004; David et al., 2007a; Scharpfenecker 

et al., 2007). 

Endoglin expression is also increased during ischemia-induced, tumor-induced, or 

inflammation-induced angiogenesis (Burrows et al., 1995; Duff et al., 2003; Szekanecz et 

al., 1995). Hypoxia-mediated induction is dependent on the activation of the p38 and 

JNK pathways, and upon interactions of the transcription factors hypoxia-inducible 

factor-1 (HIF-1), SP1, and Smad proteins with the endoglin promoter (Sanchez-Elsner et 

al., 2002; Zhu et al., 2003). Endoglin has also been reported to be upregulated in vascular 

injury via the Sp1/KLF6 components of the endoglin promoter (Botella et al., 2002; Ma 

et al., 2000).  

36B1.5.1 Endoglin Structure  

Endoglin is related to TβRIII with a high degree of similarity and identity in the 

transmembrane and cytoplasmic regions (Cheifetz et al., 1992). Endoglin is a type one 

integral membrane protein that is usually expressed on the cell membrane as a disulfide 
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linked homodimer (Gougos and Letarte, 1990). Endoglin structural features are illustrated 

in Figure 3. 

58B1.5.1.1 Extracellular Domain 

Endoglin has a large extracellular domain of 561 amino acids. Approximately the 

first half of the N terminus of the extracellular domain forms a large flat area, which has 

been called an orphan domain due to its lack of homology with known protein domains 

(Llorca et al., 2007). Following the orphan domain is a ZP domain that is divided into 

ZP-N (amino acids 360-437) and ZP-C (amino acids 458-586), which form a U-shape 

with the orphan domain (Llorca et al., 2007). The ZP domains might have a role in 

receptor oligomerization and in endoglin interaction with TβRI and TβRII. 

As mentioned previously, endoglin is homologous to TβRIII, the extracellular 

domains of endoglin and TβRIII have two regions that are similar with 28% and 48% 

homology (Cheifetz et al., 1992). Similar to TβRIII, the extracellular domain of endoglin 

is proteolytically cleaved releasing a soluble protein, sEndoglin. sEndoglin is thought to 

antagonize the membrane bound receptor and has been described in the pathogenesis of 

pre-eclampsia, which will be discussed in more detail below (Maynard et al., 2008). Also 

similar to TβRIII, the extracellular domain of endoglin has O- and N- linked 

glycosylation sites, however unlike TβRIII, endoglin is not a proteoglycan (Lebrin and 

Mummery, 2008). Also unlike TβRIII, human endoglin has an RGD tripeptide (374-376) 

that is an interaction motif for integrins, which suggests endoglin has a role in cell 

adhesion (Gougos and Letarte, 1990).  
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59B1.5.1.2 Cytoplasmic Domain 

While it is not understood how endoglin regulates TGF-β signaling, recent reports 

suggest that the cytoplasmic domain of endoglin has an important role. Endoglin, like its 

homolog TβRIII, has a short cytoplasmic domain that is serine/threonine rich, has a PDZ 

binding domain, has a potential PKC phosphorylation site and lacks catalytic activity 

(Gougos and Letarte, 1990). While the cytoplasmic domain does not have catalytic 

activity, it does interact with the focal adhesion proteins zyxin and zyxin related protein-1 

(ZRP-1) , and with the scaffolding proteins β-arrestin 2 and GAIP interacting protein C 

terminus (GIPC) (Conley et al., 2004; Lee and Blobe, 2007; Lee et al., 2008; Sanz-

Rodriguez et al., 2004). These interactions will be discussed in more detail below. 

Endoglin is expressed in two forms, derived by alternative splicing, endoglin long 

and endoglin short (Bellon et al., 1993). These forms differ in their cytoplasmic domains, 

with the short form having a distinct cytoplasmic domain 14 amino acids in length that 

has no PDZ binding domain or PKC site (Bellon et al., 1993). However, endoglin short 

does have an SH3 recognition site, suggesting it might have binding partners different 

from endoglin long (Bellon et al., 1993). The expression of endoglin long predominates 

in endothelial cells, with higher levels of endoglin short expressed in liver, heart, and 

lung (Perez-Gomez et al., 2005). Both endoglin long and endoglin short can bind TGF-β 

and can interact through their extracellular domains (Lastres et al., 1996). Both forms are 

phosphorylated however endoglin long is phosphorylated to a greater extent than 

endoglin short (Lastres et al., 1994).  
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Recently, endoglin short has been reported to be anti-angiogenic while endoglin 

long is pro-angiogenic. In this study tumor growth and angiogenesis was reduced in mice 

ectopically expressing endoglin short compared with mice expressing endoglin long 

(Perez-Gomez et al., 2005). This might be due to differences in the effects that endoglin 

long and endoglin short have on TGF-β signaling in endothelial cells. Indeed, endoglin 

long has been reported to promote ALK1 signaling and proliferation, while endoglin 

short promoted ALK5 signaling and exhibited increased collagen deposition (Velasco et 

al., 2008). The report that endoglin short does not rescue endoglin long null mice 

supports that endoglin long and endoglin short have different roles in endothelial cells 

and are not redundant (Perez-Gomez et al., 2005). Taken together, these studies support 

that endoglin long and endoglin short modulate TGF-β signaling in different manners and 

do not serve redundant functions, suggesting that the cytoplasmic domain is important in 

endoglin function (Lastres et al., 1996; Lastres et al., 1994; Velasco et al., 2008) 

60B1.5.1.3 Phosphorylation of the cytoplasmic domain of endoglin 

The short 47 amino acid cytoplasmic domain of endoglin is serine/threonine rich 

with 14 serines and 5 threonines, has a potential PKC phosphorylation site, and has been 

reported to be mainly phosphorylated on serines both in the presence and absence of 

TGF-β1 (Lastres et al., 1994; Lebrin and Mummery, 2008; Yamashita et al., 1994). 

Recently, endoglin phosphorylation by ALK1, ALK5, and TβRII has been demonstrated 

(Guerrero-Esteo et al., 2002; Koleva et al., 2006). Phosphorylation of endoglin by all 

three kinases was demonstrated to increase when the PDZ binding domain of endoglin 
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was truncated (Koleva et al., 2006).  This is the domain that binds GIPC, which will be 

discussed in detail below (Lee et al., 2008).  Taken together, this suggests that endoglin 

phosphorylation might be regulated by interaction with GIPC.  While, specific sites of 

phosphorylation on endoglin were not defined for ALK5, endoglin was reported to be 

phosphorylated by ALK1, primarily on threonine residues, and basally phosphorylated by 

TβRII on S634/S635 (Guerrero-Esteo et al., 2002; Koleva et al., 2006).   

37B1.5.2 Endoglin is a co-receptor 

Co-receptors are receptors that have large extracellular domain that makes up 76-

100% of the protein, are able to bind ligand and are required to mediate signaling through 

the kinase receptors they complex with, but have traditionally been thought not to signal 

independently (Kirkbride et al., 2005). There are two classes of co-receptors, the first are 

linked to the cell surface by glycosylphosphatidylinositol and do not have a cytoplasmic 

domain and the second class is composed transmembrane receptors with short 

cytoplasmic domains that lack catalytic activity (Kirkbride et al., 2005). Many signaling 

pathways including the VEGF, Wnt, and TGF-β  superfamily signaling  pathways have 

co-receptors  (Kirkbride et al., 2005). Like other co-receptors, endoglin expression is 

essential for embryonic development, as deletion of the VEGF co-receptor, Neuropilin-1, 

the Wnt co-receptor, LRP6, and the TGF-β co-receptors, TβRIII and endoglin, all 

resulting in embryonic lethality (Kawasaki et al., 1999; Li et al., 1999; Pinson et al., 

2000; Stenvers et al., 2003).  
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The co-receptors as a group share structural features and have been reported to 

have similar functions. Thus, insight into the function of one co-receptor might provide 

new avenues of research for the others. For example the extracellular domain of all 

transmembrane co-receptors is proteolytically cleaved resulting in a soluble form of the 

receptor and the soluble form of the receptor has been reported to sequester soluble 

ligand, regulating ligand availability (Kirkbride et al., 2005). Recently, a soluble form of 

endoglin has been reported to be involved in the pathogenesis of pre-eclampsia, which 

will be discussed below (Venkatesha et al., 2006). It is unclear what happens to the 

remaining transmembrane and cytoplasmic domains after cleavage. However, the co-

receptor p75NTR might provide insight. After release of the extracellular domain, the 

receptor is cleaved a second time, releasing a soluble cytoplasmic domain that can signal 

directly (Nykjaer et al., 2005). 

Recently, endoglin has been reported to regulate signaling through the ERK 

pathway (Lee and Blobe, 2007). This regulation was reported to require interaction 

between the cytoplasmic domain of endoglin and the scaffolding protein β-arrestin 2 (Lee 

and Blobe, 2007). However, it is unclear whether the TGF-β kinase receptors are required 

for this regulation. Traditionally, the co-receptors have been thought to mediate signaling 

when in complex with kinase receptors, however recent reports suggest co-receptors 

might signal independently of signaling receptors. Again the co-receptor p75NTR provides 

insight, p75NTR binds pro-neurotrophin resulting in the interaction of the cytoplasmic 

domain with adapter proteins such as neurotrophin receptor interacting factor and TNF-

receptor-associated factor (Kanning et al., 2003). These interactions activate the cJun N-
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terminal kinase (JNK) pathway, resulting in apoptosis (Kanning et al., 2003). This 

signaling is independent of the signaling receptors, receptor tyrosine kinase (Trk), which 

normally mediate signaling in complex with p75NTR (Kanning et al., 2003). The ability of 

the p75NTR co-receptor to signal independently of the kinase receptors via adaptor 

proteins might provide insight into the interaction between endoglin with the scaffolding 

proteins β-arrestin2 and GIPC.  

38B1.5.3 Endoglin-mediated signaling  

As mentioned previously, endothelial cells express the type I receptors, ALK1 and 

ALK5, the type II receptor, TβRII and endoglin, an endothelial cell specific TGF-β 

superfamily co-receptor (Gougos and Letarte, 1988, 1990). TβRII binds TGF-β, recruits 

and activates ALK5 by phosphorylation of the ALK5 on the GS domain (Massague, 

1998). The newly activated ALK5 then phosphorylates Smads 2/3, which form a complex 

with Smad 4, accumulate in the nucleus and regulate gene expression (Massague, 1998). 

TGF-β is also able to bind a second signaling complex composed of ALK1, TβRII, 

ALK5, and endoglin (Goumans et al., 2003a). This receptor complex propagates its 

signal through Smads 1/5/8 (Chen and Massague, 1999; Goumans et al., 2003a; Lebrin 

and Mummery, 2008). While mechanisms regulating the balance of TGF-β signaling 

through these two pathways have not been clearly defined, endoglin has been suggested 

to regulate the balance between the ALK5/Smad2/3 and ALK1/Smad1/5/8 signaling 

pathways (Lebrin et al., 2004). This model is supported by multiple studies that 
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demonstrate and effect of endoglin promoting ALK1 signaling, while inhibiting ALK5 

signaling.  

TGF-β treatment has been reported to induced Smad1/5 phosphorylation and activity 

of a Smad 1/5 responsive promoter via ALK1 in bovine aortic, bovine corneal, and 

bovine microvascular endothelial cells (Goumans et al., 2002). In this study, Smad 1/5 

phosphorylation downstream of constitutively active ALK1 (caALK1) resulted in 

promotion of endothelial cell migration in both transwell and wound healing assays, 

while Smad 2/3 phosphorylation downstream of caALK5 resulted in inhibition of 

endothelial cell migration in both transwell and wound healing assays (Goumans et al., 

2002). In addition, the ALK1 induction of Smad 1/5 phosphorylation was dependent on 

the expression of endoglin. In wild type MEECs, treatment with siRNA to endoglin 

resulted in the loss of Smad 1/5 phosphorylation in response to TGF-β (Lebrin et al., 

2004). In this system, ALK1 was also reported to promote endothelial cell proliferation 

and that induction of endothelial cell proliferation required endoglin expression (Lebrin 

et al., 2004). Together, these studies support that TGF-β promotes Smad 1/5 

phosphorylation downstream of ALK1 and that induction of this pathway requires 

expression of endoglin.  

Studies of ALK5 signaling and endoglin have not been as consistent. TGF-β has been 

reported to inhibit Smad3 phosphorylation and nuclear translocation downstream of 

ALK5 when endoglin was overexpressed in the L6E9 myoblast cell line that does not 

express endogenous endoglin (Guo et al., 2004). In addition, overexpression of endoglin 

resulted in an increase in JNK1 phosphorylation, which has been previously reported to 
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inhibit Smad3 (Guo et al., 2004). While this study suggests that endoglin inhibits the 

ALK5 pathway in the presence of TGF-β, the L6E9 cell line does not express 

endogenous endoglin or ALK1, making it difficult to extrapolate these findings to 

endothelial cells. Recently, siRNA mediated knockdown of endoglin in MEECs resulted 

in increased ALK5 signaling measured by Smad 2/3 reporter activity, suggesting that 

endoglin expression inhibits ALK5 signaling in endothelial cells (Lebrin et al., 2004). 

This supports the L6E9 study and suggests that L6E9 might be a good model system in 

which to study endoglin-mediated TGF-β signaling. However, there is an added layer of 

complexity as endoglin has also been reported to promote ALK5 signaling. In addition, 

TGF-β treatment has been reported to induced Smad 2 phosphorylation and activity of a 

Smad 2/3 responsive promoter via ALK5 in mouse embryonic, bovine aortic, bovine 

corneal, and bovine microvascular endothelial cells (Goumans et al., 2003a). While this 

study did not determine whether endoglin had an effect on the ability of TGF-β to 

promote ALK5/Smad 2 signaling, a study in L6E9 myoblasts suggests that it might. 

TGF-β treatment of L6E9 myoblasts overexpressing endoglin induced Smad 2 

phosphorylation and induction of a Smad 2 responsive reporter (Guerrero-Esteo et al., 

2002). The observation that Smad 2 phosphorylation is promoted by TGF-β treatment 

and Smad 3 phosphorylation is inhibited by TGF-β treatment suggests that these two 

pathways should be considered separately, which is consistent with the unique 

phenotypes of the Smad 2 and Smad 3 knockout mice (Datto et al., 1999; Nomura and Li, 

1998). Taken together, these studies suggest that expression of endoglin promotes ALK1 

and ALK5 signaling, but might also inhibit ALK5 signaling in response to TGF-β 
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treatment. While it is not clear how endoglin performs all of these functions, perhaps 

endoglin modulates which pathway predominates based on the concentration of TGF-β 

present. Indeed, low concentrations of TGF-β have been reported to stimulate 

proliferation downstream of ALK1 while high concentrations inhibit proliferation 

downstream of ALK5 (Goumans et al., 2002). Thus, endoglin might perform all of these 

functions depending on the active TGF-β concentration in the microenvironment.   

  Endoglin has also been implicated in non-canonical or Smad-independent TGF-

β signaling via MAPKs. For example, treatment of human T cells with an endoglin 

specific antibody resulted in stimulation of endoglin homodimer formation. Dimerization 

of endoglin in this manner resulted in increased ERK 1/2 phosphorylation and cell 

proliferation (Schmidt-Weber et al., 2005). In addition, TGF-β treatment of L6E9 

myoblasts overexpressing endoglin, resulted in increased ERK 1/2 phosphorylation and 

decreased synthesis of collagen compared with L6E9 not expressing endoglin 

(Rodriguez-Barbero et al., 2006). However, endoglin has also been reported to attenuate 

MAPK signaling. In a cell model of wild type and endoglin null mouse embryonic 

endothelial cells, ERK 1/2 phosphorylation was higher in cells that lacked endoglin 

expression, suggesting that endoglin has a role in attenuating ERK 1/2 signaling (Lee and 

Blobe, 2007). Taken together, these studies suggest that TGF-β treatment may result in 

endoglin dependent regulation of MAPK signaling. While all of these studies 

demonstrate that endoglin is required for the regulation of ERK 1/2 phosphorylation, 

none demonstrate a requirement of ALK5 or ALK1. As discussed previously, other co-

receptors have been reported to signal independently of kinase receptors via interactions 
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with adaptor or scaffolding proteins. This might also be the case for endoglin, as 

attenuation of ERK 1/2 phosphorylation requires endoglin interaction with the 

scaffolding protein, β-arrestin 2 (Lee and Blobe, 2007).  

39B1.5.4 Endoglin and endothelial cell biology 

Endoglin has been implicated in many aspects of endothelial cell biology. For 

example, endoglin has been reported to have a role in proliferation, migration, and 

adhesion, which will be discussed below.  

61B1.5.4.1 Endoglin promotes proliferation of endothelial cells 

Treatment of rat myoblasts and U-937 monocytes with TGF-β results in inhibition 

of cell proliferation. However, ectopic expression of endoglin in both of these cell lines 

has been reported to inhibit TGF-β induced growth arrest (Lastres et al., 1996; 

Letamendia et al., 1998). In addition, treatment of human umbilical vein endothelial cells 

with antisense oligonucleotides targeting endoglin or neutralizing anti-endoglin 

antibodies resulted in loss of endoglin function and enhanced the inhibitory effect of 

TGF-β on proliferation (Li et al., 2000b; She et al., 2004). An additional study reported 

that siRNA mediated knock down of endoglin in mouse embryonic endothelial cells 

results in inhibition of proliferation and increased Smad 2/3 luciferase reporter activity 

(Lebrin et al., 2004). As discussed previously, endoglin promotes ALK1 signaling and 

ALK1 signaling has been reported to promote proliferation, whereas ALK5 inhibits 

proliferation. Taken together, these studies support a role for endoglin in promoting cell 
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proliferation, most likely through promotion of ALK1 signaling. In a reciprocal manner, 

loss of endoglin expression results in decreased signaling suggesting that loss of endoglin 

relieves endoglin-mediated  suppression of ALK5 signaling, resulting in inhibition of 

proliferation.  

62B1.5.4.2 Endoglin mediates inhibition of endothelial cell migration 

Endoglin has been reported to inhibit endothelial cell migration via its interaction 

with four cytosolic proteins. For example, endoglin has been reported to interact with the 

LIM domain phosphoprotein, zyxin, which localizes at focal adhesions and along the 

actin cytoskeleton (Conley et al., 2004). Over expression of endoglin in a bovine 

endothelial cell line (GM7372) resulted in inhibition of migration due to the endoglin-

zyxin mediated redistribution of focal adhesion proteins to ruffles whereas a truncated 

form of endoglin that was unable to interact with zyxin did not affect the ability of the 

endothelial cells to migrate (Conley et al., 2004). The interaction between endoglin and 

zyxin will be discussed in more detail below. While the interaction between zyxin and 

endoglin was demonstrated to inhibit migration, it is not clear where this interaction takes 

place on the endoglin cytoplasmic domain. However, it has been demonstrated that loss 

of the endoglin PDZ binding domain increased endoglin’s interaction with zyxin (Conley 

et al., 2004). Whether this is due to the loss of an interaction that normally prevents zyxin 

binding or due to upregulation of phosphorylation on sites that promote the endoglin-

zyxin interaction remains to be determined. In addition, this study did not determine 

whether the interaction depends on the presence of ligand or the kinase receptors. 
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The cytoplasmic domain of endoglin has been recently been reported to interact 

with the scaffolding protein β-arrestin 2 (Lee and Blobe, 2007). This interaction was 

demonstrated to be regulated by the phosphorylation of threonine 650 of endoglin by 

ALK1 (Lee and Blobe, 2007). The endoglin-β-arrestin 2 interaction down regulates TGF-

β induced ERK activation and was also demonstrated to be required for endoglin-

mediated inhibition of migration of endothelial cells (Lee and Blobe, 2007). The 

interaction between endoglin and β-arrestin 2 will be discussed in more detail below. 

While this study reports the site of interaction, the regulation of the interaction, and the 

effects on signaling, it is unclear if the signaling effects are dependent on either ALK1, or 

ALK5. As discussed previously, this is an important question since other co-receptors 

have been reported to signal independently of their respective signaling receptors by 

interacting with adaptor proteins, such as β-arrestin 2. 

In addition, the cytoplasmic domain of endoglin also interacts with the PDZ 

domain containing protein GAIP interacting protein C terminus (GIPC) (Lee et al., 2008). 

The interaction between endoglin and GIPC was demonstrated to be dependent on the 

last three amino acids of the cytoplasmic domain of endoglin and to promote the stability 

of endoglin on the cell surface in endothelial cells (Lee et al., 2008). The interaction of 

endoglin and GIPC was required for efficient induction of the Smad 1/5/8 signaling 

pathway as well as endoglin-mediated inhibition of migration (Lee et al., 2008). The 

interaction between endoglin and GIPC will be discussed in more detail below. Much like 

the β-arrestin 2 study, this study reported the site of endoglin-GIPC interaction and 

demonstrated an effect on signaling. However, the regulation of this interaction was 
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unexplored, leaving the questions of whether the interaction depends on the presence of 

ligand or phosphorylation by the kinase receptors unanswered. While it seems likely that 

the effects of GIPC depend on ALK1 or ALK5 since signaling downstream of the 

ALK1/ALK5/TβRII signaling complex was impaired, there is no evidence that the 

downstream effects of the endoglin-GIPC interaction is dependent on ALK1 or ALK5 

nor that it is due to a direct effect on the kinase receptors.  

63B1.5.4.3 Endoglin regulates endothelial cell adhesion 

Endoglin inhibition of migration might be an indirect effect due to changes in 

endothelial cell adhesion. When human endoglin was initially sequenced, an Arg-Gly-

Asp (RGD) tripeptide was identified in the extracellular domain (Gougos and Letarte, 

1990). However, it was later determined that the RGD tripeptide was not conserved in 

mouse or porcine endoglin (Ge and Butcher, 1994; Yamashita et al., 1994). The 

tripeptide was predicted to be within an exposed region of the extracellular domain 

(Gougos and Letarte, 1990). RGD is a motif recognized by the integrins that is found on 

extracellular matrix proteins such as fibronectin and type I collagen (Gougos and Letarte, 

1990). Thus it was predicted that human endoglin might have a role in adhesion possibly 

via interactions with integrins.  

It has been reported that TGF-β treatment of the monocyte cell line, U-937, 

resulted in increased adhesion on fibronectin via upregulation of the integrin receptor 

α5β1 (Bauvois et al., 1992). When endoglin was over expressed in these cells, TGF-β 

induced adhesion was abrogated (Lastres et al., 1996). However, endoglin expression was 
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demonstrated to not affect integrin expression, suggesting that endoglin inhibits cell 

adhesion through an as yet unidentified mechanism (Lastres et al., 1996). In a recent 

study, over expression of caALK1 was reported to promote detachment of human 

umbilical vein endothelial cells (HUVEC) on plastic (Koleva et al., 2006). Over 

expression of endoglin in these cells resulted in inhibition of caALK1 induced cell 

detachment (Koleva et al., 2006). The authors went on to demonstrate that the inhibition 

of caALK1 induced cell detachment is dependent on phosphorylation of the cytoplasmic 

domain of endoglin by ALK1, as mutation of the 5 threonines in the cytoplasmic domain 

of endoglin, which are sites of ALK1 phosphorylation, restored caALK1 induced cell 

detachment (Koleva et al., 2006). With the lack of a catalytic domain, the loss of 

phosphorylation of endoglin might result in the loss of interactions involved in adhesion. 

However, this possibility was not explored.  

While both of these studies suggest that endoglin has a role in the regulation of 

adhesion, neither establish whether the demonstrated effects depend on ligand, the 

activity of the kinase receptors, the interaction with zyxin, which regulates focal 

adhesions or by an interaction with integrins, as predicted by the RGD tripeptide. In 

addition, discrepancies might be due to different cell types and substrates on which the 

cells were plated. 
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17B1.6 Endoglin and Interacting Proteins 

40B1.6.1 Ligand 

The U-shaped extracellular domain of endoglin interacts with the TGF-β 

superfamily ligands: TGF-β1, TGF-β3, Activin A, BMP-2, BMP-7, and BMP-9, however 

the ligand binding site of endoglin was not identified in this study (Barbara et al., 1999; 

Scharpfenecker et al., 2007). While endoglin is able to bind BMP-9 in the absence of 

other receptors, endoglin requires the presence of a type two receptor to bind TGF-β1, 

TGF-β3, Activin, BMP-2, BMP-7 (Barbara et al., 1999; Scharpfenecker et al., 2007). 

Perhaps direct binding of BMP-9 to endoglin allows endoglin to bind ligand and present 

it to the signaling receptors instead of binding ligand in a cooperative manner. 

41B1.6.2 Receptors  

Endoglin also interacts with the TGF-β superfamily kinase receptors: ALK1, ALK2, 

ALK3, ALK5, ALK6, TβRII, ActRII, ActRIIB, and BMPRII (Barbara et al., 1999). 

While endoglin has been reported to interact with all of these receptors, most studies of 

endoglin have concentrated on the interactions of endoglin with ALK1, ALK5, and 

TβRII. Endoglin interacts with ALK1, ALK5, and TβRII in both a ligand dependent and 

independent manner, suggesting that there are complexes formed upon ligand binding 

and preformed complexes on the cell surface (Blanco et al., 2005; Guerrero-Esteo et al., 

2002). The extracellular and cytoplasmic domains of endoglin have been reported to 

interact with ALK1, ALK5, and TβRII in a modular manner, meaning the extracellular 



 

31 

domain of endoglin can bind the signaling receptors in the absence of the cytoplasmic 

domain and the cytoplasmic domain of endoglin can bind the signaling receptors without 

the extracellular domain (Blanco et al., 2005; Guerrero-Esteo et al., 2002). Interestingly, 

the extracellular domain interacts with ALK1, ALK5, and TβRII regardless of the kinase 

activity of the kinase receptors, while the cytoplasmic domain of endoglin interacts more 

strongly with the kinase dead ALK1 and ALK5 than the constitutively active ALK1 and 

ALK5 (Blanco et al., 2005; Guerrero-Esteo et al., 2002), suggesting that this interaction 

is transient and regulated by the phosphorylation of endoglin by the type I receptors. 

Determining whether the phosphorylation of the cytoplasmic domain of endoglin by 

ALK1 and ALK5 is required for the release of the cytoplasmic domain interaction and 

whether this binding inhibits the activity of the signaling receptors will provide insight 

into how endoglin regulates TGF-β superfamily signaling. 

42B1.6.3 Zyxin and ZRP-1 

The cytoplasmic domain of endoglin has been reported to interact with the cytosolic 

protein zyxin, a phosphoprotein that localizes at focal adhesions and along the actin 

cytoskeleton. Zyxin is composed of a proline rich N-terminal domain, a nuclear export 

signal, and a C-terminus with three LIM domains (Beckerle, 1997). The second and third 

LIM domains of zyxin mediate the interaction with endoglin (Conley et al., 2004). While 

the cytoplasmic domain of endoglin interacts with zyxin, truncation of the endoglin PDZ 

binding domain increased the interaction (Conley et al., 2004). Interestingly, this is the 
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binding site for GIPC, suggesting that the interaction of endoglin with GIPC might inhibit 

zyxin binding to endoglin (Lee et al., 2008).  

Endoglin and zyxin were reported to colocalize in ruffle-like structures in cells over 

expressing both endoglin and zyxin (Conley et al., 2004). This differs from previous 

reports of zyxin localizing to focal adhesions. This suggests that endoglin expression 

mediated redistribution of zyxin and p130cas from focal adhesions (Conley et al., 2004). 

Over expression of full length endoglin but not cytoplasmic domain truncated endoglin, 

promotes the endoglin-zyxin interaction and redistribution of focal adhesion proteins, 

resulting in inhibition of migration (Conley et al., 2004).  

In addition, endoglin also interacts with zyxin related protein-1 (ZRP-1), which like 

zyxin has a proline rich N-terminus and a C-terminus composed of three LIM domains 

(Murthy et al., 1999). The LIM domains of ZRP-1 also mediate the interaction with the 

cytoplasmic domain of endoglin (Sanz-Rodriguez et al., 2004). In the presence of 

endoglin, ZRP-1 was localized along actin stress-like fibers whereas the loss of the 

endoglin-ZRP-1 interaction led to the accumulation of ZRP-1 at focal contacts (Sanz-

Rodriguez et al., 2004). This change in the organization of the actin cytoskeleton requires 

the cytoplasmic domain of endoglin and ZRP-1 (Sanz-Rodriguez et al., 2004). This study 

demonstrated the ability of the endoglin-ZRP-1 interaction to reorganize the actin 

cytoskeleton. However, it remains unclear whether there is an effect on endothelial cell 

biology. The reorganization of the cytoplasmic domain might suggest that this interaction 

has a role in endoglin-mediated inhibition of migration. Indeed, ZRP-1 has previously 

been reported to inhibit cell migration (Yi and Beckerle, 1998). 
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43B1.6.4 β-arrestin 2  

β-arrestin 2 is a scaffolding protein that promotes internalization and brings together 

cell surface receptors and downstream proteins of several signaling pathways, such as 

ERKs, JNKs, and p38 (DeWire et al., 2007). The cytoplasmic domain of endoglin, 

similar to the cytoplasmic domain of TβRIII, has been reported to interact with β-arrestin 

2 (Chen et al., 2003; Lee and Blobe, 2007). The interaction between the cytoplasmic 

domain of endoglin and β-arrestin 2 is promoted by the over expression of ALK1 and is 

lost when threonine 650 is mutated to alanine, preventing phosphorylation of this ALK1 

phosphorylation site (Lee and Blobe, 2007). The interaction between endoglin and β-

arrestin 2 resulted in co-internalization of endoglin and β-arrestin 2 into endocytic 

vesicles (Lee and Blobe, 2007). The endoglin-β-arrestin 2 interaction down regulates 

TGF-β induced ERK 1/2 activation and is required for endoglin-mediated inhibition of 

migration of endothelial cells (Lee and Blobe, 2007). This study demonstrates that 

endoglin mediates inhibition of endothelial cell migration and ERK 1/2 phosphorylation 

and that inhibition of both requires an interaction with the scaffolding protein β-arrestin 

2. In addition, this study confirms that phosphorylation of the cytoplasmic domain of 

endoglin regulates interaction of endoglin with adaptor proteins, suggesting that other 

interactions might be regulated in a similar manner.  

44B1.6.5 GAIP interacting protein C terminus 

GAIP interacting protein C terminus (GIPC) is a PDZ domain containing, scaffolding 

protein that has been reported to regulate cell surface receptor stability and trafficking of 
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other co-receptors, such as neuropilin and syndecan (Cai and Reed, 1999; De Vries et al., 

1998; Gao et al., 2000; Kirkbride et al., 2005). GIPC has been reported to interact with 

the PDZ binding domain of the cytoplasmic domain of endoglin (Lee et al., 2008). This 

interaction promotes the stability of endoglin on the cell surface in endothelial cells (Lee 

et al., 2008). In addition, the interaction of endoglin and GIPC was required for efficient 

induction of the Smad 1/5/8 signaling pathway as well as endoglin-mediated inhibition of 

migration (Lee et al., 2008). This study suggests that endoglin-mediated Smad 1/5/8 

signaling is dependent on the presence of endoglin on the cell surface possibly increasing 

the endoglin interaction with the ALK1 signaling complex. The increase of Smad 1/5/8 

signaling mediated by the endoglin-GIPC interaction might be due to GIPC acting as a 

scaffold bringing Smad 1/5/8 in closer proximity to the signaling complex, however it is 

not known whether GIPC interacts with the Smads. 

18B1.7 Endoglin in Human Disease 

45B1.7.1 Endoglin and HHT  

Hereditary Hemorrhagic Telangiectasia (HHT) is an autosomal dominant disease 

characterized by vascular dysplasia, telangiectasias, and arteriovenous malformations 

(AVMs) that affects between 1:5,000 and 1:8,000 individuals (Sadick et al., 2005). HHT 

has been reported to be age dependent and to have a penetrance between 97% and 100% 

(Sadick et al., 2005). One of the early manifestations of HHT is the dilation of venules 

near a capillary bed (Sadick et al., 2005). The lumen diameter and the vascular walls of 

the venule thicken resulting in increased venule size (Sadick et al., 2005). In addition, the 
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venules become contorted and become directly connected to arterioles on the other side 

of the capillary bed that are also increasing in size (Sadick et al., 2005). Eventually, the 

capillary bed is completely lost, leaving a direct arteriole/venule connection (Sadick et 

al., 2005). These malformations are called telangiectasias and have increased layers of 

smooth muscle cells or incomplete layers of smooth muscle cells (Sadick et al., 2005). 

Arteriovenous malformations (AVMs) are like telangiectasias but larger. 

Two subtypes of HHT have been described and are referred to as HHT-1 and 

HHT-2. Mutations in the endoglin and ALK1 genes have been identified to result in 

HHT-1 and HHT-2 respectively (Johnson et al., 1996; McAllister et al., 1994). By 2006, 

136 mutations in endoglin had been identified in HHT-1 patients (Fernandez et al., 2005). 

These mutations include deletions, insertions, missense mutations, and splice site changes 

(Lux et al., 2000; McAllister et al., 1994). Mutations in the endoglin gene have been 

mapped to the extracellular domain and result in unstable mRNA or truncated protein 

products that are not expressed on the cell surface or fully glycosylated (Lux et al., 2000). 

By 2006, 105 ALK1 mutations leading to HHT-2 had been identified (Fernandez et al., 

2005). Mutations in the ALK1 gene have been mapped to the kinase domain and result in 

decreased ALK1 and endoglin on the cell surface (Berg et al., 1997). The resulting 

decrease in endoglin and ALK1 on the cell surface supports a model of 

haploinsufficiency in HHT (Sadick et al., 2005). Interestingly, HHT patients also exhibit 

a decrease in ALK5 expression, most likely as a compensatory mechanism in response to 

decreased ALK1 signaling (Fernandez et al., 2005). In addition, levels of TGF-β1 have 

been reported to be both increased and decreased in HHT patients (Letarte et al., 2005; 
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Sadick et al., 2005). However, haploinsufficiency may not be adequate to explain the 

HHT phenotype since co-expression of wild type endoglin can rescue cell surface 

expression of some of the mutated protein products (Lux et al., 2000; McAllister et al., 

1994). This suggests that it is important to study the effect of these mutants on 

endoglin/ALK-1 signaling in response to TGF-β as the truncated protein products can 

traffic to the cell surface.  

Studying vascular endothelial cells from HHT patients has been difficult since 

they are difficult to obtain from live patients, however blood outgrowth endothelial cells 

(BOECs) have recently been studied as a substitute. In these cells, both ALK1 and ALK5 

signaling are defective and ALK5 expression is decreased (Fernandez et al., 2005). In 

addition, BOECs from HHT-1 patients formed poorly defined cord like structures 

compared with wild type BOECs (Fernandez et al., 2005). BOECs from HHT patients 

were reported to exhibit disorganized depolymerized cytoskeleton (Fernandez et al., 

2005). In contrast, wild type BOECs possess a highly organized cytoskeleton (Fernandez 

et al., 2005). Interestingly, endoglin has been reported to have a role in the re-

organization of the cytoskeleton via its interactions with zyxin and ZRP-1 (Conley et al., 

2004; Sanz-Rodriguez et al., 2004). Taken together, these observations support BOECs 

as a promising model to study the pathogenesis of HHT.  

Recent experiments link endoglin to the vasodilator nitric oxide (NO), possibly 

providing insight into the pathogenesis of HHT. The reduction of endoglin demonstrated 

in HHT patients is thought to result in disregulated TGF-β signaling in the endothelium. 

Endoglin +/- mice exhibit decreased levels of eNOS expression in addition to decreased 
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NO synthesis due to loss of Smad 2 activation (Jerkic et al., 2004; Santibanez et al., 

2007). Since NO is a vasodilator, it is not surprising that endoglin +/- exhibit impaired 

vasodilation (Jerkic et al., 2004). These observations might help explain HHT. Decreased 

levels of the vasodilator NO due to the loss of endoglin in HHT-1 might prevent dilation 

of capillaries leading to the formation of arteriovenous shunts (Jerkic et al., 2004). Since 

unused vessels tend to regress over time, the unused capillaries regress leaving the 

characteristic arteriovenous malformations of HHT (Jerkic et al., 2004).  

46B1.7.2 Endoglin and Cancer 

64B1.7.2.1 Endoglin in Tumor Angiogenesis 

Cancer cells isolated from a blood supply will grow to about 1-2 mm in diameter; 

at this size the tumor is able to get nutrients via simple diffusion (Elliott and Blobe, 

2005). However, to grow larger, the cells must gain an active way of receiving nutrients 

and removing waste products (Elliott and Blobe, 2005). Tumors begin releasing pro-

angiogenic factors, including VEGF, that stimulates the endothelial cells of nearby blood 

vessels to produce matrix metalloproteases (MMPs) allowing endothelial cell migration 

into the tumor (Folkman and Shing, 1992). The endothelial cells then proliferate and 

begin forming the hollow tubes that will become mature blood vessels (Folkman and 

Shing, 1992).  

Endoglin has been reported to be overexpressed in the proliferating endothelium 

of gastric cancer, colorectal cancer, breast cancer, hepatocellular carcinoma, prostate 

cancer, and head and neck cancers but not in quiescent endothelium (Chien et al., 2006; 
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Chuang et al., 2006; Ding et al., 2006; Duff et al., 2003; El-Gohary et al., 2007; Gomez-

Esquer et al., 2004; Li et al., 2000a; Marioni et al., 2006; Nikiteas et al., 2007; Saad et al., 

2004; Yang et al., 2006). This overexpression has also been correlated with the presence 

of metastasis, tumor grade, and decreased survival (Akagi et al., 2002; Ding et al., 2006; 

El-Gohary et al., 2007; Li et al., 2000a; Nikiteas et al., 2007; Saad et al., 2004; Yang et 

al., 2006). While endoglin is clearly upregulated in the proliferating endothelium of 

tumors, since endoglin has been linked to both proliferation and growth arrest, it is 

unclear whether increased expression results in increased tumor induced angiogenesis, or 

is a counter-regulatory mechanism. However, due to its specific presence in the 

proliferating tumor endothelium, endoglin is an attractive target in diagnostic and anti-

angiogenic research. 

As mentioned above, as the function of endoglin in the endothelium has not been 

well defined, targeting endoglin as an  anti-angiogenic strategy has been limited to using 

monoclonal endoglin antibodies conjugated to a cytotoxic moiety to more specifically 

target  tumors (Matsuno et al., 1999; Tabata et al., 1999; Volkel et al., 2004). This 

method has been successful in multiple preclinical studies. Mice treated with antibodies 

conjugated to toxins had smaller tumors or exhibited tumor regression and increased 

survival rates (Matsuno et al., 1999; Tabata et al., 1999; Volkel et al., 2004). In addition, 

the presence of endoglin on the proliferating endothelium has been used to visualize 

tumor angiogenesis and thus tumors in vivo. In these studies radioactively labeled 

endoglin monoclonal antibodies were injected into dogs with mammary carcinoma or 

melanoma in mice (Bredow et al., 2000; Fonsatti et al., 2000). In both cases, the labeled 
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antibodies were taken up into the tumors and successfully visualized in vivo (Bredow et 

al., 2000; Fonsatti et al., 2000). 

65B1.7.2.2 Endoglin in Tumor Tissue 

In addition to being expressed in tumor endothelium, endoglin expression has also 

been studied in prostate, skin and breast cancer cells (Liu et al., 2002; Oxmann et al., 

2008; Perez-Gomez et al., 2007). In prostate cancer cells, over expression of endoglin is 

associated with increased cell adhesion, and decreased migration and invasion (Craft et 

al., 2007; Liu et al., 2002). In a skin cancer model, endoglin was reported to be shed 

during an EMT like transition between squamous cell carcinoma and spindle cell 

carcinoma, a highly anaplastic tumor (Perez-Gomez et al., 2007). Similar to prostate 

cancer cells, overexpression of endoglin in spindle cell carcinoma cells resulted in 

decreased tumorigenicity (Perez-Gomez et al., 2007). While, over expression of endoglin 

in prostate and skin cancer cells resulted in a less malignant phenotype, in breast cancer, 

increased endoglin expression has been reported to enhance invasiveness (Oxmann et al., 

2008). These studies suggest that in addition to its role in endothelial cells, endoglin 

might have a role as a tumor promoter or tumor suppressor in cancer cells. However, in 

the studies of prostate cancer lines, endoglin expression was detected at the mRNA level 

and could not be detected at the protein level. Whether or not endoglin was expressed at 

the protein in these cells is an important question, especially taking into consideration 

that high endoglin mRNA level do not necessarily correlate with protein levels 

(Postiglione et al., 2005). In addition, since endoglin is mainly observed in the 
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endothelium of tumors, there is a possibility that cell lines derived from tumors have 

contamination from those endothelial cells.  

47B 1.7.3 Endoglin and preeclampsia 

Preeclampsia is a disorder that occurs in pregnant women and is characterized by 

hypertension and protein in the urine (Maynard et al., 2008). Preeclampsia affects 

between 3 and 5 % of pregnancies, usually after 20 weeks of pregnancy, and causes 

between 50,000 and 75,000 deaths during childbirth each year (Maynard et al., 2008). 

Preeclampsia is thought to be due to the presence of circulating factors (from the 

placenta) that result in maternal endothelium dysfunction (Roberts et al., 1989). Recently, 

soluble endoglin (sEnd) and soluble fms-like tyrosine kinase-1 (sFlt1) have been 

implicated in preeclampsia (Levine et al., 2006; McKeeman et al., 2004; Venkatesha et 

al., 2006; Wathen et al., 2006). sEnd is a truncated version of endoglin that is shed from 

the cell surface and consists of the extracellular ligand binding domain of endoglin 

(Venkatesha et al., 2006). sFlt1 is a secreted splice variant of the VEGF type I receptor 

that is composed of the extracellular ligand binding domain of VEGFR1 without the 

transmembrane and cytoplasmic domains of VEGFR1 (Kendall and Thomas, 1993). sFlt1 

is thought to bind VEGF and PlGF, preventing association of these ligands with cell 

surface receptors (Kendall and Thomas, 1993). sEnd may interfere with TGF-β binding 

to cell surface receptors leading to an alteration in nitric oxide vasodilation (Venkatesha 

et al., 2006). sEnd is thought to sequester ligand away from the TGF-β signaling 

receptors resulting in impaired TGF-β signaling within the endothelium (Maynard et al., 
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2008). The extracellular domain of endoglin has previously been reported to be unable to 

bind TGF-β in the absence of a type II TGF-β receptor, suggesting that sEnd does not 

sequester TGF-β in pre-eclampsia. However, endoglin has been demonstrated to 

independently bind the ligand BMP-9 (Scharpfenecker et al., 2007). Thus, sEnd might 

sequester BMP-9 away from the TGF-β signaling receptors.    

Both sFlt1 and sEnd are elevated in the serum of pregnant women weeks before 

the first symptoms of preeclampsia are observed (Levine et al., 2006; Park et al., 2005). 

This observation makes sFlt1 and sEnd attractive candidates as predictive biomarkers for 

preeclampsia. Indeed, a recent study suggests that elevated levels of sEnd and the 

sFlt1:PlGF ratio are associated with high risk of preeclampsia (Levine et al., 2006; Park 

et al., 2005).  

 Recent evidence suggests that sFlt1 and sEnd are not only good predictive 

markers for preeclampsia but may have direct roles in the pathogenesis of pre-eclampsia. 

When administered to pregnant rats, sFlt resulted in symptoms similar to preeclampsia 

(Maynard et al., 2003), while sEnd has been reported to increase the damaging effects of 

sFlt1 on the vasculature of pregnant rats (Venkatesha et al., 2006). Thus, understanding 

the role of sFlt1 and sEnd and their relationship to preeclampsia might lead to new 

therapeutic treatments.  
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Figure 1. TGF-β ligand binding and downstream signaling 

In TGF-β superfamily signaling, there are 3 models of ligand binding to receptors: (1) 
ligand binds to the type III receptor, which presents the ligand to the type II receptor, 

which recruits the type I receptor, (2) ligand binds to the type II receptor and then recruits 
the type I receptor to the signaling complex, or (3) the type I and type II receptors bind 

ligand in a cooperative manner. Once bound to ligand, the type II receptor phosphorylates 
the GS domain of the type I, resulting in type I receptor activation. The newly activated 
type I receptor is now able to bind and phosphorylate the R-Smads. The phosphorylated 

R-Smads form a complex with the Smad4. This Smad complex accumulates in the 
nucleus where it regulates its target genes.
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Figure 2. ALK1 and ALK5 signaling pathways in endothelial cells 

In endothelial cells, there are two TGF-β superfamily signaling complexes expressed on 
the cell surface. The first is composed of TβRII, ALK5, and endoglin. Once TGF-β is 
bound to this complex TβRII activates ALK5 by phosphorylation of the ALK5. The 
newly activated ALK5 then phosphorylates Smads 2/3, which form a complex with 
Smad4, accumulate in the nucleus and regulate gene expression. The second receptor 
complex on the endothelial cell surface is composed of ALK1, TβRII, ALK5, and 
endoglin. This receptor complex binds TGF-β and BMP-9 and propagates its signal 
through Smads 1/5/8. 
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Figure 3. Endoglin structure 
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Table 1. The TGF-β superfamily transmembrane receptors, ligands, and 
Smads 

Adapted from de Caestecker and Gordon (de Caestecker, 2004; Gordon and Blobe, 2008). 

 

Type I Receptors Ligands Receptor Smads 

ALK1 TGF-β1, TGF-β3, BMP-9, Activin A Smads 1/5/8 
 

ALK2 
 

Activin A, MIS, BMP-7, BMP-6 Smads 1/5/8 
 

ALK3 
 

BMP-2, BMP-4, BMP-6, BMP-7 Smads 1/5/8 
 

ALK4 
 

Activin A, GDF-1, GDF-11, Nodal 
 

Smads 2/3 
 

ALK5 
 
TGF- β1, TGF- β2, TGF- β3 

 
Smads 2/3 

ALK6 
BMP-2, BMP-4, BMP-6, BMP-7, GDF-5, 
GDF-6, GDF-9b, MIS Smads 1/5/8 

 
ALK7 

 
Nodal 

 
Smads 2/3 

 
Type II Receptors Ligands 

 
TβRII 

 
TGF-β1, TGF-β2, TGF-β3 

Activin RII 
Activin A, BMP-2, BMP-6, BMP-7, GDF-1, GDF-5, GDF-8, 
GDF-9b, GDF-11, Inhibin A, Inhibin B 

 
 

Activin RIIb 
Activin A, BMP-2, BMP-6, BMP-7, GDF-5, GDF-8,   GDF-
11, Inhibin A, Inhibin B, Nodal 

 
BMPRII BMP-2, BMP-4, BMP-6, BMP-7, GDF-5, GDF-6, GDF-9b 

 
MISRII 

 
MIS 

 
Co-Receptors Ligands 
TβRIII 
(Betaglycan) TGF-β1, TGF-β2, TGF-β3, BMP-2, BMP-4, BMP-7, GDF-5 

 
Endoglin TGF-β1, TGF-β3, Activin A, BMP-2, BMP-7, BMP-9 
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Table 2. Vascular defects demonstrated in TGF-β superfamily knockout mice 

Adapted from Bertolino (Bertolino et al., 2005). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
Gene 

 
Observed Vascular Defects 

 
TGF-β1 

Decreased integrity of vessel walls; defective yolk-sac 
vasculogenesis. 

 
TβRII Capillary vessels are distended; defective yolk-sac vasculogenesis. 

 
ALK5 

Defective vessel formation; endothelial cell migration and 
proliferation are impaired; defective yolk sac and placental vascular 
development. 

 
ALK1 

Defective angiogenesis; arteriovenous malformation; dilated vessels 
of yolk sac, vessel fusion in the embryo; distinction between arteries 
and veins lost. 

 
Endoglin 

Defective maturation of the primary plexus; major vessels of the 
embryo are abnormally organized; loss of difference between 
arteries and veins. 

 
Smad5 

Yolk sac vasculature have enlarged blood vessels with decreased 
vascular smooth muscle cells; defective vessel branching. 
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6B2. Determining Sites of Phosphorylation on the Cytoplasmic 
Domain of Endoglin  

19B2.1 Introduction 

Transforming growth factor-β (TGF-β) has been reported to both inhibit and stimulate 

endothelial cell migration and proliferation, and to both inhibit and stimulate 

angiogenesis (Pepper, 1997). This dichotomous effect of TGF-β on endothelial cells is 

thought to be mediated by two TGF-β responsive signaling pathways (Attisano et al., 

1993; Lebrin et al., 2004; Lux et al., 1999). Similar to epithelial cells, endothelial cells 

express the type I TGF-β receptor (ALK5/TβRI) and the type II TGF-β receptor (TβRII). 

TβRII binds TGF-β, recruits and activates ALK5 by phosphorylation of the ALK5 on the 

glycine/serine (GS) domain. The newly activated ALK5 then phosphorylates Smads 2/3, 

which form a complex with Smad4, accumulate in the nucleus and regulate gene 

expression. In addition, endothelial cells express a second type I TGF-β superfamily 

receptor, ALK1, which forms a complex with TβRII and ALK5 (Goumans et al., 2003a). 

The receptor complex of TβRII, ALK5, and ALK1 also binds TGF-β, however it 

propagates its signal through Smads 1/5/8 (Chen and Massague, 1999; Goumans et al., 

2003a; Lebrin and Mummery, 2008). TGF-β function in the endothelium is thought to 

result from a regulated balance of these two pathways; however, mechanisms regulating 

this balance of signaling have not been clearly defined (Goumans et al., 2003b).  

In addition to type I and type II receptors, endothelial cells also express endoglin, an 

endothelial cell specific TGF-β superfamily co-receptor (Gougos and Letarte, 1988, 
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1990). Endoglin has been proposed to be a regulator of the balance between the 

ALK5/Smad2/3 and ALK1/Smad1/5/8 signaling pathways (Lebrin et al., 2004). In 

support of this model, endoglin expression has been reported to inhibit ALK5 signaling 

via Smad 3 (Guo et al., 2004) and to promote TGF-β induced activation of the ALK1 

pathway (Lebrin et al., 2004).  

While it is not understood how endoglin regulates TGF-β signaling, recent reports 

suggest that the cytoplasmic domain of endoglin has an important role. Endoglin, like its 

homolog, the type III TGF-β receptor (also known as betaglycan), has a short 47 amino 

acid cytoplasmic domain (Gougos and Letarte, 1990). While this domain does not have 

catalytic activity, it has been demonstrated to interact with the focal adhesion proteins 

zyxin (Conley et al., 2004) and zyxin related protein-1 (ZRP-1) (Sanz-Rodriguez et al., 

2004), and with the scaffolding protein β-arrestin 2 (Lee and Blobe, 2007). The 

interaction with zyxin and ZRP-1 regulates the composition of focal adhesions, while the 

interaction with β-arrestin 2 regulates TGF-β induced ERK activation and localization 

(Conley et al., 2004; Lee and Blobe, 2007; Sanz-Rodriguez et al., 2004). In all cases, the 

major functional effect for the cytoplasmic domain of endoglin in binding these 

interacting proteins is mediating endoglin dependent inhibition of endothelial cell 

migration (Conley et al., 2004; Lee and Blobe, 2007; Sanz-Rodriguez et al., 2004).  

In addition, the short cytoplasmic domain of endoglin is serine/threonine rich 

(Gougos and Letarte, 1990) and has been reported to be constitutively phosphorylated as 

well as phosphorylated by ALK1, ALK5, and TβRII (Blanco et al., 2005; Guerrero-Esteo 

et al., 2002; Koleva et al., 2006; Lastres et al., 1994). Recently, endoglin has been 
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reported to be phosphorylated by ALK1 primarily on threonine residues, and basally 

phosphorylated by TβRII on S634/S635 (Koleva et al., 2006). These sites of 

phosphorylation were determined using pThr and pSer antibodies, potentially making it 

difficult to discern whether these represent the major physiological sites of endoglin 

phosphorylation. To further investigate the role of the cytoplasmic domain in regulating 

TGF-β signaling in endothelial cells we investigated the sites of endoglin 

phosphorylation by TβRII, ALK5 and ALK1 and followed total phosphorylation status in 

32P-orthophosphate labeled cells.  

20B2.2 Materials and Methods 

Cells/Transfection: COS7 cells were grown in DMEM supplemented with 10% 

FBS. COS7 cells were transiently transfected using Fugene 6 or Lipofectamine 2000 

following the manufacturers’ protocol (Roche). MEECs were maintained in MCDB-131 

supplemented with 15% FBS, 2mM L-glutamine, 1mM sodium pyruvate, 100 ug/ml 

heparin and 15 ug/ml endothelial cell growth supplement (ECGS). MEECs were 

nucleofected using the Amaxa nucleofection system. Briefly, 1x106 cells were 

nucleofected with 1-2 ug of DNA using solution L following the manufacturer’s protocol.     

Orthophosphate labeling: COS7 cells expressing endoglin or endoglin 

phosphorylation mutants and ALK1, ALK5, or TβRII were labeled with orthophosphate, 

lysed with RadioImmunoPrecipitation Assay lysis buffer supplemented with protease and 

phosphatase inhibitors, and immuno-precipitated with an anti-HA antibody. The products 

were separated by 7.5% SDS-PAGE and transferred to PVDF. Membranes were exposed 
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to phosphorimager plates and later probed with anti-HA for expression of endoglin and 

the kinase receptors.  

21B2.3 Results 

48B2.3.1 Phosphorylation of endoglin requires the last 21 carboxy-
terminal amino acids of the cytoplasmic domain 

While there are 14 serine and 5 threonine residues within the short cytoplasmic 

domain of endoglin, endoglin is phosphorylated mainly on serines both before and after 

TGF-β treatment (Gougos and Letarte, 1990; Yamashita et al., 1994). While endoglin has 

been reported to be phosphorylated by ALK1, TβRII and ALK5, specific sites of 

phosphorylation have only been identified for TβRII and ALK1 (Guerrero-Esteo et al., 

2002; Koleva et al., 2006). In this study, endoglin was reported to be phosphorylated on 

serines by TβRII and on threonines by ALK1 (Koleva et al., 2006).  

To begin studying endoglin phosphorylation, we evaluated the phosphorylation 

state of endoglin in the presence of type II TGF-β superfamily receptors, TβRII and 

BMPRII, which have been previously reported to interact with endoglin (Barbara et al., 

1999). Wild type endoglin was orthophosphate labeled in the presence of empty vector, 

TβRII or BMPRII (Fig. 4). Consistent with previous reports we demonstrated 

phosphorylation of endoglin by TβRII (Fig. 4).  

We also evaluated endoglin phosphorylation in the presence of the type I TGF-β 

superfamily receptors, ALK1, ALK2, ALK3, ALK5 and ALK6, which have also been 

reported to interact with endoglin (Barbara et al., 1999). Consistent with previous studies, 
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we demonstrated that endoglin was phosphorylated in the presence of ALK1 and ALK5 

(Fig. 5). In addition, we demonstrated that endoglin was phosphorylated by ALK2. This 

was not surprising since ALK2 is an orphan receptor that is homologous to ALK1 and 

like ALK1, has been reported to signal via Smad 1/5/8 (Chen and Massague, 1999). 

While we identified ALK2 as a novel kinase for endoglin, we chose to focus on 

phosphorylation of endoglin by TβRII, ALK1, and ALK5 because endoglin has been 

reported to complex with TβRII, ALK1, and ALK5 in endothelial cells (Blanco et al., 

2005; Guerrero-Esteo et al., 2002).  

To define the sites of endoglin phosphorylation by TβRII, ALK1, and ALK5 we 

began by generating four cytoplasmic domain truncation mutants of endoglin: Δ3, Δ10, 

Δ21, and Δ34 (Fig. 6). Wild type and mutant endoglin constructs were orthophosphate 

labeled either in the presence of empty vector, TβRII (Fig. 7), caALK1 (Fig. 8), or 

caALK5 (Fig. 9) in COS-7 cells. Consistent with other reports, we demonstrated a basal 

phosphorylation of endoglin expressed in the presence of empty vector, most likely due 

to endogenous ALK5 or TβRII (Figs.7, 8, and 9) (Guerrero-Esteo et al., 2002; Koleva et 

al., 2006; Lastres et al., 1994; Yamashita et al., 1994). We reasoned that if TβRII or 

ALK5 were responsible for the basal phosphorylation of endoglin, there would not be a 

strong induction of endoglin phosphorylation upon the addition of exogenous TβRII or 

caALK5 because sites of phosphorylation would have already been phosphorylated by 

endogenous TβRII or AlK5. Co-expression of TβRII resulted in a strong induction of 

endoglin phosphorylation (Fig. 7), suggesting that TβRII was not responsible for the 
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basal phosphorylation observed. However, co-expression of caALK5 led to a modest 

induction of endoglin phosphorylation, suggesting that endogenous ALK5 is responsible 

for basal phosphorylation (Fig. 9). In addition, co-expression of caALK1 with endoglin 

resulted in a strong induction of endoglin phosphorylation (Figs. 8),  

While there were differences in the ability of TβRII, caALK1, and caALK5 to 

induce endoglin phosphorylation, we demonstrated similar patterns of induced 

phosphorylation. Compared to wild type endoglin, endoglin phosphorylation was 

decreased in endoglinΔ10 and nearly abrogated for endoglinΔ21 both basally and in the 

presence of TβRII, caALK1, and caALK5 (Figs. 7, 8, and 9). This suggests that 

phosphorylation of endoglin requires the last 21 amino acids of the cytoplasmic domain. 

49B2.3.2 Ser646 and Ser649 are major sites of endoglin phosphorylation 

66B2.3.2.1 Endoglin phosphorylation occurs in the region spanning S643-T650 

 The loss of endoglin phosphorylation as the cytoplasmic domain was 

progressively deleted may be due to the loss of phosphorylation sites, or due to the loss of 

a receptor kinase interaction with endoglin required for phosphorylation at other sites. To 

minimize structural changes that could disrupt a protein-protein interaction we made a 

series of mutations of the last 9 serines/threonines of the cytoplasmic domain of endoglin: 

M1 (S643A/S646A/T647A), M2 (S649A/T650A), M3 (S653A/T654A), and M4 

(S655A/S656A) (Fig. 10). Each construct was orthophosphate labeled in the presence of 

empty vector, TβRII (Fig. 11), caALK1 (Fig. 12), or caALK5 (Fig. 12). In comparison to 

wild type endoglin and controlling for protein expression, there was not a dramatic loss 
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of phosphorylation for either M3 or M4 in the presence of TβRII (Fig. 11), caALK1 (Fig. 

12), or caALK5 (Fig. 13). However, in comparison to wild type endoglin, there was a 

decrease in M1 and to a lesser extent M2 phosphorylation in the presence of TβRII (Fig. 

11), caALK1 (Fig. 12), and caALK5 (Fig. 13). Taken together, these data suggest that the 

majority of endoglin phosphorylation occurs within the region spanning S643-T650.  

67B2.3.2.2 Endoglin is phosphorylated on S646 and S649 

Since each of the constructs used to identify the region of S643-T650 as the site of 

phosphorylation contained mutations of multiple potential phosphorylation sites, to 

determine which discrete site(s) in M1 and M2 contribute to the loss of phosphorylation 

in endoglin, we made single point mutants in this region: S646A, T647A, S649A, and 

T650A (Fig. 14). These constructs were orthophosphate labeled in the presence of empty 

vector, TβRII (Fig. 15), caALK1 (Fig. 16) or caALK5 (Fig. 17). Compared with wild 

type endoglin in all cases, there was decreased basal phosphorylation on S646A, S649A, 

and T650A. However, there was no loss of TβRII induced phosphorylation with any of 

these mutants, suggesting the loss of phosphorylation in the presence of TβRII may be 

due to the loss of basal phosphorylation (Fig. 15). In contrast, compared with wild type 

endoglin there was a distinct decrease in caALK1-stimulated phosphorylation of S646A 

and a slight decrease in phosphorylation of S649A and T650A, a site previously 

characterized as a site of ALK1 phosphorylation (Fig. 16). While endoglin 

phosphorylation was not highly induced by co-expression of caALK5, compared with 

wild type endoglin there was a distinct decrease in caALK5 stimulated phosphorylation 
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of S646A and S649A (Fig. 17). Taken together, this data suggests that S646 and S649 are 

major sites of endoglin basal phosphorylation and mutation of these sites impairs 

phosphorylation of endoglin by ALK1 and ALK5 (Fig. 16 and 17). 

68B2.3.2.3 S646 and S649 are major sites of endoglin phosphorylation in COS7 

To further investigate the loss of the major phosphorylation sites S646 and S649 we 

made a double mutant: S646A/S649A (S6/9A). Endoglin and S6/9A were orthophosphate 

labeled in COS7 cells in the presence of empty vector, caALK1, caALK5, or TβRII. Loss 

of both serines 646 and 649 led to a loss of basal phosphorylation of endoglin (Fig. 18, 

compare lanes 2 and 6), loss of caALK5 stimulated phosphorylation of endoglin (Fig. 18, 

compare lanes 4 and 8) as well as an impairment of ALK1 phosphorylation (Fig. 18, 

compare lanes 3 and 7). However, there was no effect on TβRII phosphorylation (Fig. 18, 

compare lanes 5 and 9). These studies support S646 and S649 as the major sites of 

endoglin phosphorylation by ALK5 and that loss of phosphorylation at these sites impairs 

ALK1 phosphorylation of endoglin.  

69B2.3.2.4 S646 and S649 are major sites of endoglin phosphorylation in endothelial cells 

Having established S646 and S649 as major sites of endoglin phosphorylation in 

COS7 cells and that mutation of these sites results in loss of ALK5 induced 

phosphorylation and impairment of ALK1 phosphorylation. While COS7 cells are a 

useful system to study cell surface receptors, endoglin and ALK1 are not normally 

expressed in them, raising the possibility that S646 and S649 are not physiologically 

relevant sites of phosphorylation in endothelial cells. 
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To determine whether S646 and S649 are major sites of endoglin phosphorylation by 

endogenous kinases in endothelial cells, we orthophosphate labeled endoglin -/- mouse 

embryonic endothelial cells (KO-MEECs) expressing endoglin, S646A, S649A, or 

S6/9A. The use of KO-MEECs allowed the analysis of endoglin mutants without the 

confounding presence of wild type endoglin, while retaining the cell context in which 

endoglin is normally expressed. While wild type endoglin was robustly phosphorylated, 

S649A was less phosphorylated and S646A and S6/9A exhibited no phosphorylation 

(Fig. 19). These data suggest that S646 and S649 are also major sites of basal endoglin 

phosphorylation in MEECs.  

22B2.4 Discussion 

Here we demonstrate that the majority of endoglin phosphorylation occurs within 

the last 21 carboxy terminal amino acids in the presence and absence of exogenous 

TβRII, ALK1, and ALK5. By narrowing down the candidates for specific sites of 

phosphorylation in the presence of TβRII, ALK1, and ALK5, we demonstrate that 

endoglin phosphorylation occurred on one or more serines/threonines in the region 

spanning S646-T650. We then evaluated the phosphorylation of endoglin single point 

mutants: S646, T647, S649, and T650. While we saw no change in TβRII 

phosphorylation of endoglin when S646, T647, S649, or T650 were mutated to alanines, 

we demonstrated that endoglin phosphorylation by ALK1 and ALK5 was decreased 

when serines 646 and 649. In addition, when both S646 and S649 were mutated, there 
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was a near complete loss of both basal and ALK5 induced endoglin phosphorylation and 

an impairment of ALK1 phosphorylation.  

Basal phosphorylation of endoglin has been suggested to be due to endogenously 

expressed ALK5 and/or TβRII. Here we have demonstrated that basal phosphorylation of 

endoglin occurs mainly on S646 and S649. However, mutation of S646 and S649 had no 

effect on the ability of TβRII to induce endoglin phosphorylation. This suggests that 

basal phosphorylation of endoglin is due to endogenous ALK5 in COS7, which is 

consistent with the observation that overexpression of caALK5 does not strongly induce 

endoglin phosphorylation over the basal level.  

In addition to the loss of basal and ALK5 induced phosphorylation of endoglin, 

we also demonstrated impaired ALK1 phosphorylation in the presence of S646, S649, 

and S6/9A. This suggests that while these serines affect ALK1 phosphorylation of 

endoglin, they are not direct sites of phosphorylation. This is consistent with an earlier 

study that demonstrated that ALK1 phosphorylates endoglin on threonines. Taken 

together, this data suggests that the basal phosphorylation of endoglin is required for 

efficient ALK1 phosphorylation. Indeed, sequential phosphorylation of endoglin has been 

suggested by a previous study (Koleva et al., 2006). Koleva et al. reported that ALK1 

phosphorylation of endoglin requires a previous TβRII-mediated phosphorylation event. 

In the next chapter, the experiments undertaken to determine the kinase responsible for 

basal endoglin phosphorylation and whether that basal phosphorylation is required for 

ALK1 phosphorylation of endoglin will be discussed. 
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Figure 4 Endoglin is phosphorylated by TβRII and BMPRII 

COS7 cells transiently co-expressing either empty vector (EV) or HA-endoglin (End) 
with the type II TGF-β receptor (TβRII) or the type II BMP receptor (BMPRII). Endoglin 
phosphorylation was assessed by 32P-orthophosphate labeling of cells, 
immunoprecipitation of the HA-tagged receptors, and detection by phosphoimaging 
(top). Expression of endoglin and the kinases was detected by Western blot analysis 
(bottom). Data are representative of three independent experiments. 
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Figure 5. Endoglin is phosphorylated by ALK1, ALK2, and ALK5 

 

HA-endoglin was transiently co-expressed with wild type ALK1 (wtALK1), 
constitutively active ALK1 (caALK1), wild type ALK1 (wtALK2), constitutively active 
ALK2 (caALK2), wild type ALK3 (wtALK3), constitutively active ALK3 (caALK3), 
wild type ALK5 (wtALK5), constitutively active ALK5 (caALK5), wild type ALK6 
(wtALK6), or constitutively active ALK6 (caALK6) in COS7-cells. Endoglin 
phosphorylation was assessed by 32P-orthophosphate labeling of cells, 
immunoprecipitation of the HA-tagged receptors, and detection by phosphoimaging 
(top). β-actin load control (bottom).  
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Figure 6. Sequence of Endoglin Cytoplasmic Domain Truncation Mutants 
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Figure 7. Phosphorylation of endoglin by TβRII occurs in the last 21 carboxy-

terminal amino acids 
 
Empty vector (EV), HA-endoglin, HA-Δ3 (Δ3), HA-Δ10 (Δ10), HA-Δ21 (Δ21), or HA-
Δ34 (Δ34) were transiently co-expressed with HA-TβRII (TβRII) in COS7-cells. 
Endoglin phosphorylation was assessed by 32P-orthophosphate labeling of COS7 cells, 
immunoprecipitation of the HA-tagged receptors, and detection by phosphoimaging 
(top). Expression of TβRII was detected by autophosphorylation (top) and expression of 
endoglin was detected by Western blot analysis (bottom). Data are representative of three 
independent experiments. 
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Figure 8. Phosphorylation of endoglin by caALK1 occurs in the last 21 carboxy-

terminal amino acids 
 

Empty vector (EV), HA-endoglin, HA-Δ3 (Δ3), HA-Δ10 (Δ10), HA-Δ21 (Δ21), or HA-
Δ34 (Δ34) were transiently co-expressed with constitutively active ALK1 (caALK1) in 
COS7-cells. Endoglin phosphorylation was assessed by 32P-orthoposphate labeling of 
cells, immunoprecipitation of the HA-tagged receptors, and detection by phosphoimaging 
(top). Expression of the kinases was detected by their autophosphorylation (middle) and 
expression of endoglin was detected by Western blot analysis (bottom). Data are 
representative of three independent experiments. 
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Figure 9. Phosphorylation of endoglin by caALK5 occurs in the last 21 carboxy-
terminal amino acids 

 
Empty vector (EV), HA-endoglin, HA-Δ3 (Δ3), HA-Δ10 (Δ10), HA-Δ21 (Δ21), or HA-
Δ34 (Δ34) were transiently co-expressed with constitutively active ALK5 (caHA-ALK5) 
in COS7-cells. Endoglin phosphorylation was assessed by 32P-orthophosphate labeling of 
cells, immunoprecipitation of the HA-tagged receptors, and detection by phosphoimaging 
(top). Expression of the kinases was detected by their autophosphorylation (middle) and 
expression of endoglin was detected by Western blot analysis (bottom). Data are 
representative of three independent experiments. 
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Figure 10. Sequence of endoglin cytoplasmic domain 
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Figure 11. Endoglin is phosphorylated by TβRII within the region spanning S643-
T650 

Empty vector (EV), HA-endoglin, or mutants, HA-M1 (M1), HA-M2 (M2), HA-M3 
(M3), or HA-M4 (M4) were transiently co-expressed with HA-TβRII in COS7-cells. 
Endoglin phosphorylation was assessed by 32P-orthophosphate labeling of cells, 
immunoprecipitation of the HA-tagged receptors, and detection by phosphoimaging 
(top). Expression of the kinases was detected by their autophosphorylation (top) and 
expression of endoglin was detected by Western blot analysis (bottom). Data are 
representative of three independent experiments. 
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Figure 12. Endoglin is phosphorylated by caALK1 within the region 
spanning S643-T650 

Empty vector (EV), HA-endoglin, or mutants, HA-M1 (M1), HA-M2 (M2), HA-M3 
(M3), or HA-M4 (M4) were transiently co-expressed with HA-caALK1 in COS7-cells. 
Endoglin phosphorylation was assessed by 32P-orthophosphate labeling of cells, 
immunoprecipitation of the HA-tagged receptors, and detection by phosphoimaging 
(top). Expression of the kinases was detected by their autophosphorylation (middle) and 
expression of endoglin was detected by Western blot analysis (bottom). Data are 
representative of three independent experiments. 
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Figure 13. Endoglin is phosphorylated by caALK5 within the region 
spanning S643-T650 

Empty vector (EV), HA-endoglin, or mutants, HA-M1, HA-M2, HA-M3, or HA-M4 
were transiently co-expressed with HA-caALK5 in COS7-cells. Endoglin 
phosphorylation was assessed by 32P-orthophosphate labeling of cells, 
immunoprecipitation of the HA-tagged receptors, and detection by phosphoimaging 
(top). Expression of the kinases was detected by their autophosphorylation (middle) and 
expression of endoglin was detected by Western blot analysis (bottom). Data are 
representative of three independent experiments. 
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Figure 14. Sequence of endoglin cytoplasmic domain single point mutants 
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Figure 15. Endoglin is not phosphorylated by TbRII on S646, T647, S649, or T650 

Empty vector, wild type endoglin (End), HA-S646A (S646A), HA-T647A (T647A), HA-
S649A (S649A), or HA-T650A (T650A) were transiently co-expressed with HA-TβRII 
in COS7 cells. Endoglin phosphorylation was assessed by 32P-orthophosphate labeling of 
cells, immunoprecipitation of the HA-tagged receptors, and detection by phosphoimaging 
(top). Expression of the kinases was detected by their autophosphorylation (top) and 
expression of endoglin was detected by Western blot analysis (bottom). Data are 
representative of three independent experiments 
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Figure 16. ALK1 phosphorylation of endoglin is impaired when S646 and 
S649 are mutated to alanines 

Empty vector, HA-wild type endoglin (End), HA-S646A (S646A), HA-T647A (T647A), 
HA-S649A (S649A), or HA-T650A (T650A) were transiently co-expressed with caHA-
ALK1 in COS7 cells. Endoglin phosphorylation was assessed by 32P-orthophosphate 
labeling of cells, immunoprecipitation of the HA-tagged receptors, and detection by 
phosphoimaging (top). Expression of the kinases was detected by their 
autophosphorylation (middle) and expression of endoglin was detected by Western blot 
analysis (bottom). Data are representative of three independent experiments 
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Figure 17. Endoglin is phosphorylated by ALK5 on S646 and S649 HA-endoglin 

Empty vector, HA-wild type endoglin (End), HA-S646A (S646A), HA-T647A (T647A), 
HA-S649A (S649A), or HA-T650A (T650A) were transiently co-expressed with caHA-
ALK5 in COS7 cells. Endoglin phosphorylation was assessed by 32P-orthophosphate 
labeling of cells, immunoprecipitation of the HA-tagged receptors, and detection by 
phosphoimaging (top). Expression of the kinases was detected by their 
autophosphorylation (middle) and expression of endoglin was detected by Western blot 
analysis (bottom). Data are representative of three independent experiments 
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    1       2     3     4     5     6     7      8     9 

Figure 18. Loss of endoglin phosphorylation by ALK5 on serines 646 and 649 
impairs ALK1 phosphorylation but not TβRII phosphorylation  

HA-endoglin or HA-endoglin with either serine 646 mutated to alanine (S646A), serine 
649 mutated to alanine (S649A) or both serines 646 and 649 mutated to alanine (S6/9A) 
were transiently co-expressed with caHA-ALK1, caHA-ALK5 or HA-TβRII in COS7-
cells. Endoglin phosphorylation was assessed by 32P-orthophosphate labeling of cells, 
immunoprecipitation of the HA-tagged receptors, and detection by phosphoimager (top). 
Expression of the kinases was detected by their autophosphorylation (top) and expression 
of endoglin was detected by Western blot analysis (bottom). Data are representative of 
three independent experiments. 
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Figure 19. S646 and S649 are major sites of endoglin phosphorylation in MEECs 

HA-endoglin or HA-endoglin with serines 646, 649 or both mutated to alanine were 
expressed in endoglin knockout mouse embryonic endothelial cells (KO-MEECs). 
Endoglin phosphorylation was assessed by 32P-orthophosphate labeling of cells, 
immunoprecipitation of the HA-tagged receptors, and detection by phosphoimager 
(top).Expression of endoglin was detected by Western blot analysis (bottom). Data are 
representative of three independent experiments. 
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7B3. Sequential Model of Endoglin Phosphorylation by ALK-5 
and ALK-1  

23B3.1 Introduction  

In Chapter 2 we established that S646 and S649 are the major sites of endoglin 

phosphorylation in both COS7 and mouse embryonic endothelial cells. The loss of basal 

phosphorylation when both S646 and S649 are mutated to alanine suggested that basal 

phosphorylation occurs on these sites (Figure 18). Basal phosphorylation of endoglin has 

been reported in human umbilical vein endothelial cells, porcine aortic endothelial cells, 

the African green monkey kidney cell line (COS7), and human embryonic kidney 293 

(Hek293) cells (Guerrero-Esteo et al., 2002; Koleva et al., 2006; Lastres et al., 1994; 

Yamashita et al., 1994). Since all of these cell lines express ALK5 and TβRII and only 

the endothelial cell lines express ALK1, this phosphorylation has been suggested to be 

due to endogenous ALK5 and/or TβRII (Guerrero-Esteo et al., 2002). In the present 

studies we reasoned that if ALK5 or TβRII was responsible for basal phosphorylation of 

endoglin, then the addition of exogenous kinase would not strongly induce endoglin 

phosphorylation as the phosphorylation sites for that kinase would already be 

phosphorylated. In the previous chapter, we demonstrated that mutation of S646 and 

S649 had no effect on the ability of TβRII to induce endoglin phosphorylation. In 

addition, caALK5 did not strongly induce endoglin phosphorylation over the basal level, 

while caALK1 and TβRII did, and mutation of S646 and S649 resulted in the loss of both 

basal and caALK5 induced phosphorylation of endoglin. Taken together, this data 
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suggested that basal phosphorylation of endoglin might be due to endogenous ALK5 in 

COS7 cells. 

To determine whether endogenous ALK5 is responsible for basal endoglin 

phosphorylation, we evaluated endoglin phosphorylation in COS7 and mouse embryonic 

endothelial cells in the presence of the ALK5 inhibitor, SB431542. Since SB431542 can 

inhibit ALK4 and ALK7 in addition to ALK5, we also evaluated phosphorylation of 

endoglin in a wild type mink lung cell line and a mink lung cell line that acquired 

resistance to TGF-β through loss of ALK5 expression, Mv1Lu-R1B (Inman et al., 2002; 

Laiho et al., 1990). Use of the Mv1Lu-R1B cell line provides a more specific method for 

assessing loss of ALK5 function.  

In addition to the loss of basal and ALK5 induced endoglin phosphorylation, we 

demonstrated impaired ALK1 induced phosphorylation when either S646, S649 or both 

S646 and S649 were mutated to alanine. These data suggest that the basal 

phosphorylation of endoglin is required for efficient ALK1 phosphorylation. Sequential 

endoglin phosphorylation has been suggested previously for ALK1 phosphorylation of 

endoglin. In this study, when serines 634 and 635 were mutated to alanine preventing 

TβRII phosphorylation, ALK1 phosphorylation of threonines was not detected (Koleva et 

al., 2006).  

Accordingly, to determine whether basal phosphorylation of endoglin is required 

for efficient ALK1 phosphorylation we performed an in vitro kinase assay using an un-

phosphorylated cytoplasmic domain of endoglin purified from bacteria as the substrate. 

In addition, we evaluated the ALK1 induced phosphorylation of endoglin isolated from 
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COS7 cells, which has been basally phosphorylated, as compared with ALK1 induced 

phosphorylation of endoglin isolated from COS7 cells that have been pre-treated with the 

ALK5 inhibitor, SB431542. In these studies, we demonstrate that ALK5 is responsible 

for the basal phosphorylation of endoglin in COS7 and mouse embryonic endothelial 

cells and that basal ALK5-mediated phosphorylation is required for ALK1-mediated 

phosphorylation of endoglin.  

24B3.2 Materials and Methods  

Cells/Transfection: COS7, Mv1Lu, and R1B cells were grown in DMEM 

supplemented with 10% FBS. COS7, Mv1Lu, and R1B cells were transiently transfected 

using Fugene 6 or Lipofectamine 2000 following the manufacturers’ protocol (Roche). 

MEECs were maintained in MCDB-131 supplemented with 15% FBS, 2mM L-

glutamine, 1mM sodium pyruvate, 100 ug/ml heparin and 15 ug/ml endothelial cell 

growth supplement (ECGS). MEECs were nucleofected using the Amaxa nucleofection 

system. Briefly, 1x106 cells were nucleofected with 1-2 ug of DNA using solution L 

following the manufacturer’s protocol.     

Orthophosphate labeling: COS7 cells expressing the indicated endoglin or 

endoglin phosphorylation site mutants and ALK1, ALK5, or TβRII were labeled with 

orthophosphate, lysed with RadioImmunoPrecipitation Assay lysis buffer supplemented 

with protease and phosphatase inhibitors, and immuno-precipitated with an anti-HA 

antibody. Mv1Lu and R1B expressing the empty vector or wild type endoglin were 

labeled with orthophosphate, lysed with RadioImmunoPrecipitation Assay lysis buffer 
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supplemented with protease and phosphatase inhibitors, and immuno-precipitated with an 

anti-HA antibody. WT-MEECs were pre-treated with the indicated concentration ALK5 

inhibitor, SB431542 for 2 hours with or without 200 pM TGF-β or 10 ng/ml BMP-9, then 

treated with SB431542 in the presence or absence of 200 pM TGF-β or 10 ng/ml BMP-9 

while they were labeled with orthophosphate, lysed with RadioImmunoPrecipitation 

Assay lysis buffer supplemented with protease and phosphatase inhibitors, and immuno-

precipitated with an anti-HA antibody. The products were separated by 7.5% SDS-PAGE 

and transferred to PVDF. Membranes were exposed to phosphorimager plates and later 

probed with anti-HA for expression of endoglin and the kinase receptors.  

In vitro kinase assay: caALK1, caALK5, and TβRII were immunoprecipitated 

from transiently transfected COS7 cells. Immunoprecipitates were washed with lysis 

buffer (40 mM Tris-HCL(pH 8.0), 120 mM NaCl, 1% Triton X-100, 2 mM EDTA, 2mM 

EGTA, 25 mM β-glycerophosphate-Na, 10% glycerol, 25 mM NaF, 1 mM Na3Vo4, 1mM 

PMSF, 10 μg/mL leupeptin, and 1 μg/ml pepstatin) followed by 20 mM HEPES. The 

immunocomplexes were incubated with 2 ul Reaction buffer, 5 ul GST, GST-Endoglin-

cyto 0.5 ul (0.25mCi) gamma-32P-ATP and 12 ul 20mM HEPES. The reaction was 

incubated for 30 minutes at 37°C. The reaction was stopped with the addition of 2x 

sample buffer. The products were resolved by 12% SDS-PAGE and were transferred to 

PVDF and exposed to phosphorimager plates.  
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25B3.3 Results 

50B3.3.1 Basal phosphorylation of endoglin is due to ALK5 

Since caALK5 did not strongly induce endoglin phosphorylation over the basal 

level and both basal and caALK5 phosphorylation of endoglin was lost in the S6/9A 

endoglin mutant, we assessed whether endogenous ALK5 was responsible for basal 

phosphorylation of endoglin in COS7 and MEECs. We reasoned that if basal 

phosphorylation of endoglin was mediated by ALK5, we could inhibit this basal 

phosphorylation with the ALK5 inhibitor, SB431542. Indeed, SB431542 was able to 

inhibit the basal phosphorylation of exogenously expressed endoglin in COS7 cells in a 

dose dependent manner (Fig. 20). In addition, phosphorylation of endogenous endoglin in 

wild type mouse embryonic endothelial cells (WT-MEECs) was also inhibited by 

SB431542 in a dose dependent manner (Fig. 21).  

As SB431542 can inhibit other ALKs, specifically ALK4 and ALK7, to more 

specifically assess whether ALK5 was the kinase basally phosphorylating endoglin we 

examined the phosphorylation of endoglin in the Mv1Lu-R1B cell line that lacks ALK5 

expression, compared to parental Mv1Lu mink lung epithelial cells. Mv1Lu-R1B were 

selected from Mv1Lu cells for resistance to TGF-β1−mediated inhibition of proliferation 

(Laiho et al., 1990), acquiring their resistance solely through loss of ALK5 expression. 

Importantly, sensitivity of Mv1Lu-R1B cells to TGF-β1−mediated inhibition of 

proliferation can be restored by exogenous expression of ALK5. While endoglin was 
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phosphorylated in parental Mv1Lu cells, endoglin was not phosphorylated in R1B cells 

(Fig. 22). These studies support ALK5 as the kinase that basally phosphorylates endoglin.  

51B3.3.2 Ligand stimulated phosphorylation of endoglin is dependent on 
ALK5  

Endoglin has been reported to bind TGF-β1 and TGF-β3 and most of endoglin 

signaling and function has been studied in the presence of TGF-β1 (Cheifetz et al., 1992). 

In addition to interaction with TGF-β,  endoglin has recently been reported to directly 

bind BMP-9 and BMP-9 has been reported to inhibit endothelial cell proliferation and 

migration (David et al., 2008; Scharpfenecker et al., 2007). Accordingly, we investigated 

the effect of ALK5 inhibition on endoglin phosphorylation in endothelial cells stimulated 

with either TGF-β1 or BMP-9. Previously, we demonstrated that basal endoglin 

phosphorylation was inhibited in the presence of the ALK5 inhibitor, SB431542. When 

we treated endothelial cells with TGF-β1 or BMP-9 in the presence of SB431542, we 

demonstrated inhibition of both TGF-β1 and BMP-9 induced phosphorylation of 

endoglin (Fig. 23). This suggests that ALK5 is not only responsible for basal 

phosphorylation but is also an important mediator/regulator of ligand stimulated endoglin 

phosphorylation.  

52B3.3.3 Loss of ALK5 phosphorylation impairs the ability of ALK1 to 
phosphorylate endoglin 

Since ALK1 phosphorylation was impaired when sites of basal ALK5 

phosphorylation were mutated (Fig. 18), we hypothesized that endoglin might be 

regulated by sequential phosphorylation. To assess this model, we performed in vitro 
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kinase assays with a GST fusion protein of the endoglin cytoplasmic domain (GST-

endoglin cyto) purified from bacteria as the substrate and immunopurified caALK5 or 

caALK1 as the kinase. Use of bacterially expressed substrate minimized the potential for 

endogenous kinase phosphorylation of endoglin under basal conditions. While both 

caALK5 and caALK1 promote downstream signaling and phosphorylate endoglin in 

COS7 cells, only caALK5 was able to directly phosphorylate the cytoplasmic domain of 

endoglin (Fig. 24), suggesting that ALK1 cannot phosphorylate unmodified endoglin 

(Charng et al., 1998; Macias-Silva et al., 1998). In contrast, when basally phosphorylated 

endoglin purified from Hek293 cells was used as a substrate, endoglin was efficiently 

phosphorylated by caALK1 in an in vitro kinase assay (Koleva et al., 2006).   

To determine whether the difference between the two types of in vitro kinase 

assays was the presence of ALK5 phosphorylation on the endoglin substrate we again 

evaluated endoglin phosphorylation in COS7 cells. We reasoned that if basal ALK5-

mediated phosphorylation was required for subsequent ALK1 phosphorylation, inhibition 

of basal phosphorylation of endoglin by the ALK5 inhibitor, SB431542, which does not 

inhibit caALK1 activity (Inman et al., 2002), would not only inhibit basal ALK5 

phosphorylation, but also caALK1 mediated endoglin phosphorylation. To assess this, we 

orthophosphate labeled COS7 cells transiently expressing endoglin with either empty 

vector or caALK1 in the presence or absence of the ALK5 specific inhibitor, SB431542 

(Fig. 25). In the presence of SB431542, basal ALK5 phosphorylation of endoglin was 

inhibited (Fig. 25, compare lane 4 and 2), and there was only slight induction of endoglin 

phosphorylation with the addition of caALK1 (Fig. 25, compare lane 5 to 3). Taken 
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together, these data support a model of sequential endoglin phosphorylation, in which 

endoglin is first phosphorylated by ALK5 and then by ALK1.  

26B3.4 Discussion 

In these studies, we demonstrate that ALK5 is responsible for basal 

phosphorylation of endoglin in both COS7 and WT-MEECs. Data in support of ALK5 as 

the basal kinase includes (1) the ability of increasing concentrations of the ALK5 

inhibitor, SB431542, to progressively decrease endoglin phosphorylation in both COS7 

and WT-MEECs, (2) the presence of basal phosphorylation of endoglin in Mv1Lu cells 

but not in Mv1Lu-R1B cells not expressing ALK5 and (3) the ability of ALK5 to directly 

phosphorylate the cytoplasmic domain of endoglin expressed in bacteria. We also 

demonstrate that inhibition of the kinase activity of ALK5 blocks endoglin 

phosphorylation in the presence of both TGF-β1 and BMP-9. This suggests that ALK5 is 

either a direct mediator of ligand induced endoglin phosphorylation or ALK5 

phosphorylation of endoglin is required for subsequent phosphorylation of endoglin by 

other kinases.   

In terms of establishing a model of endoglin phosphorylation, we investigated 

whether sequential phosphorylation was occurring. Investigation of a sequential model 

was based on the observation that the loss of basal endoglin phosphorylation resulted in 

impaired ALK1 induced phosphorylation. This data suggested that the basal 

phosphorylation of endoglin was required for efficient ALK1 phosphorylation. Data in 

support of a sequential model of endoglin phosphorylation includes (1) the inability of 
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ALK1 to directly phosphorylate a bacterially expressed GST-endoglin cytoplasmic 

domain fusion protein, (2) the ability of ALK5 to directly phosphorylate bacterially 

expressed GST-endoglin cytoplasmic domain fusion protein and (3) the ability of the 

ALK5 inhibitor to inhibit both ALK5 and ALK1 mediated phosphorylation of endoglin. 

A sequential model was also supported by a previous study in which an in vitro kinase 

assay demonstrated that caALK1 was able to phosphorylate endoglin that had been 

purified from Hek293 cells (Koleva et al., 2006).  

While sequential phosphorylation has not been described for ALK5 and ALK1, 

sequential phosphorylation of endoglin by TβRII and ALK1 has been previously reported 

(Koleva et al., 2006). In these studies, TβRII was demonstrated to phosphorylate 

endoglin on serines 634 and 635. When these phosphorylation sites were mutated, ALK1 

phosphorylation of endoglin was lost. Taken together, this suggests that ALK1 

phosphorylation of endoglin might be regulated by a phosphorylation cascade. To further 

understand the regulation of ALK1 phosphorylation, the dependence of ALK5-mediated 

basal phosphorylation on TβRII-mediated phosphorylation needs to be explored. TβRII 

has been reported to be constitutively active, while ALK5 is only activated when receptor 

complex formation between TβRII and ALK5 is stimulated by ligand, resulting in 

transphosphorylation of ALK5 by TβRII. The dependence of ALK5 activity on TβRII 

suggests that ALK5-mediated phosphorylation of endoglin might be dependent on TβRII 

activity as well. These observations suggest that the basal phosphorylation demonstrated 

is due to the activation of endogenous TβRII/ALK5 by ligands contained in the serum 

present in the labeling media, resulting in the activation of ALK5, which then 
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phosphorylates endoglin. Studies to determine the precise cascade of endoglin 

phosphorylation would be facilitated by cell lines that do not express TβRII or ALK5. 

Having established that ALK1 phosphorylation of endoglin requires an earlier ALK5 

phosphorylation event it will be important to determine the effects of specific ALK5 

phosphorylation sites on endoglin-mediated signaling and function.  

In previous studies using the WT-MEEC/KO-MEEC cell model, the presence or 

absence of endoglin was demonstrated to not affect ALK5 signaling via Smads 2/3 (Lee 

and Blobe, 2007; Pece-Barbara et al., 2005). In addition, multiple studies have 

demonstrated that over expression of endoglin promotes Smad 1/5/8 phosphorylation 

downstream of ALK1 (Lebrin et al., 2004; Lee et al., 2008; Pece-Barbara et al., 2005). 

Taken together, with our observation that ALK5 phosphorylation was required for ALK1 

phosphorylation of endoglin, we focused on the Smad 1/5/8 pathway downstream of both 

TGF-β1 and BMP-9. In the next chapter, the experiments undertaken to determine 

whether endoglin phosphorylation of S646 and S649 affects signaling and function 

downstream of the type I receptor ALK1 in endothelial cells will be discussed. 
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Figure 20. ALK5 basally phosphorylates endoglin in COS7 

HA-endoglin expressed in COS7-cells was 32P-orthophosphate labeled in the presence of 
increasing concentrations of the ALK5 inhibitor, SB431542. Endoglin phosphorylation 
was assessed by immunoprecipitation of endoglin, and detection by phosphoimaging 
(top). Expression of endoglin was detected by Western blot (bottom). Data are 
representative of three independent experiments. 
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Figure 21. ALK5 basally phosphorylates endoglin in WT-MEECs 

Endogenous endoglin in WT-MEECs was 32P-orthophosphate labeled in the presence of 
increasing concentrations of the ALK5 inhibitor, SB431542. Endoglin phosphorylation 
was assessed by immunoprecipitation of endogenous endoglin by the endoglin antibody 
288, and detection by phosphoimaging (top). Expression of endoglin was detected by 
Western blot (bottom). Data are representative of three independent experiments. 
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Figure 22. Endoglin is not phosphorylated in cells that do not express ALK5 
 

Empty vector (EV) or HA-endoglin (End) was expressed in wild type mink lung cells 
(Mv1Lu) and mink lung cells that do not express ALK5 (R1B). Endoglin 
phosphorylation was assessed by 32P-orthophosphate labeling of cells, 
immunoprecipitation of the HA-tagged endoglin, and detection by phosphoimaging (top). 
Expression of endoglin was detected by Western blot analysis (bottom). Data are 
representative of three independent experiments. 
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Figure 23. Ligand induced phosphorylation of endoglin is dependent on 
ALK5 

Wild type mouse embryonic endothelial cells (WT-MEECs) were orthophosphate labeled 
in the presence of 200 pM TGF-β in the presence or absence of the ALK5 inhibitor 
SB431542 or 10 ng/ml BMP-9 in the presence or absence of the ALK5 inhibitor 
SB431542.  Endoglin phosphorylation was assessed by 32P-orthophosphate labeling of 
cells, immunoprecipitation of endoglin, and detection by phosphoimaging (top). 
Expression of endoglin was detected by Western blot analysis (bottom). Data are 
representative of three independent experiments. 
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Figure 24. ALK5 does not phosphorylated unmodified endoglin 
 

Kinase dead (kd) or constitutively active (ca) ALK1 and ALK5 were immunoprecipitated 
from COS7 transiently expressing these constructs. The immunocomplexes were 
incubated with a GST fusion protein of the cytoplasmic domain of endoglin (GST-
endoglin cyto) and 32P-ATP, the GST pulled down with glutathione beads and detected 
by phosphorimager (top). Expression of endoglin was detected by Western blot analysis 
(bottom). Data are representative of three independent experiments. 
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Figure 25. Loss of ALK5 phosphorylation of endoglin impairs ALK1 
phosphorylation of endoglin 

 
HA-endoglin was expressed in COS7 cells in the presence of empty vector or caALK1 
and treated with the ALK5 inhibitor, SB431542.   Endoglin phosphorylation was assessed 
by 32P-orthoposphate labeling of cells, immunoprecipitation of the HA-tagged endoglin, 
and detection by phosphoimager (top). Expression of endoglin was detected by Western 
blot analysis (bottom). Data are representative of three independent experiments. 
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8B4. Endoglin phosphorylation is required for TGF-β 
superfamily mediated Smad1/5 phosphorylation and endoglin-
mediated inhibition of endothelial cell migration 

27B4.1 Introduction 

The effects of endoglin on TGF-β superfamily signaling and biology have been 

investigated through both over-expression studies and loss of function studies (i.e. RNAi 

and endoglin knockout embryonic endothelial cells). In addition, these studies have been 

conducted both in endothelial and non-endothelial cell lines. Not surprisingly, these 

studies have yielded conflicting results. For example, in mouse embryonic endothelial 

cells, using a loss of function approach (i.e knockout versus wild type cells) endoglin 

knockout (ENG-/-) mouse embryonic endothelial cells (KO-MEECs) were demonstrated 

to have impaired Smad1/5/8 phosphorylation and increased migration compared to wild 

type mouse embryonic endothelial cells (WT-MEECs) in response to TGF-β1 (Lee and 

Blobe, 2007; Lee et al., 2008). In addition, wild type mouse embryonic endothelial cells 

treated with siRNA to endoglin resulted in the loss of Smad 1/5 phosphorylation, 

resulting in inhibition of proliferation in response to TGF-β (Lebrin et al., 2004). Taken 

together, these studies suggest that endoglin promotes Smad 1/5/8 signaling resulting in 

inhibition of migration and proliferation. While multiple studies suggest that endoglin 

promotes ALK1 signaling, the effect of endoglin on ALK5 signaling is less understood. 

Over expression of endoglin has been reported to inhibit TGF-β signaling 

downstream of ALK5 by inhibiting Smad3 phosphorylation and nuclear translocation in 

the L6E9 myoblast cell line that does not express endogenous endoglin (Guo et al., 
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2004). This study was recently supported by another study in which, siRNA mediated 

knockdown of endoglin in mouse embryonic endothelial cells resulted in increased ALK5 

signaling measured by Smad 2/3 responsive promoter activity, suggesting that endoglin 

expression inhibits ALK5 signaling in endothelial cells (Lebrin et al., 2004). However, 

TGF-β treatment of L6E9 myoblasts overexpressing endoglin induced Smad 2 

phosphorylation and induction of a Smad 2 responsive reporter (Guerrero-Esteo et al., 

2002). As mentioned previously, these studies suggest that the Smad 2 and Smad 3 

pathways should be considered as separate pathways downstream of TGF-β. Still other 

studies demonstrate that loss of endoglin expression in endoglin knockout mouse 

embryonic endothelial cells (KO-MEECs) had no effect on Smad2/3 phosphorylation 

downstream of ALK5 compared with WT-MEECs (Guo et al., 2004; Lebrin et al., 2004; 

Lee et al., 2008). The demonstrated differences in TGF-β signaling downstream of ALK5 

in endothelial cells might be due to the difference between short term loss of expression 

(siRNA) and long term loss of expression (KO-MEECs) that might lead to compensation 

as well as differences between endothelial cells and myoblasts. 

We have demonstrated that endoglin is phosphorylated on S646 and S649 by 

ALK5 and that phosphorylation of these sites are required for efficient ALK1 

phosphorylation of endoglin and since we are using the WT-MEEC and KO-MEEC cells, 

which in previous studies, exhibited no endoglin-dependent difference in Smad 2/3 

phosphorylation, we focused on Smad 1/5/8 signaling. To determine whether endoglin 

phosphorylation of S646 and S649 affects Smad 1/5/8 signaling downstream of 

ALK1/TGF-β1 and ALK1/BMP-9, we evaluated the induction of Smad 1/5/8 
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phosphorylation by TGF-β1 or BMP-9 in the presence of wild type endoglin and 

endoglin mutants which could not be phosphorylated on the identified sites of 

phosphorylation. Here we demonstrate that wild type endoglin is required for TGF-β1 

and BMP-9 induction of Smad 1/5/8 phosphorylation. In addition, we show that 

phosphorylation of S646 is required for TGF-β1 induced phosphorylation of Smad 1/5/8, 

while phosphorylation of both S646 and S649 are required for BMP-9 induction of Smad 

1/5/8 phosphorylation.  

Functionally endoglin has been implicated in many aspect of endothelial cell 

biology. For example, endothelial cells in which endoglin expression has been 

knockdown by siRNA, do not proliferate due to loss of ALK1 signaling, suggesting that 

endoglin promotes proliferation via ALK1/Smad1/5/8 (Lebrin et al., 2004). In addition, 

endoglin expression in endothelial cells has been reported to promote the formation of 

extensive tube like networks on Matrigel. (Jerkic et al., 2006). While these functions have 

been correlated with endoglin expression, there have been few reports into the 

mechanism of endoglin action. One consistent observation, obtained through multiple 

approaches, has been the ability of endoglin to inhibit endothelial cell migration. As 

discussed previously, endoglin interacts with the focal adhesion proteins zyxin, which 

regulates the composition of focal adhesions resulting in the inhibition of cell migration 

(Conley et al., 2004; Sanz-Rodriguez et al., 2004). In addition, endoglin has been 

reported to interact with the scaffolding protein GIPC (Lee and Blobe, 2007; Lee et al., 

2008). The interaction with GIPC promotes Smad 1/5/8 signaling, resulting in the 

inhibition of endothelial cell migration (Lee and Blobe, 2007; Lee et al., 2008). Since 
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endoglin has been reported to mediate inhibition of endothelial cell migration, we 

performed fibronectin coated transwell migration assays using WT-MEECs and KO-

MEECs overexpressing either wild type endoglin, S646A, or S649A. In these studies, we 

show that wild type endoglin inhibits migration of endothelial cells and that 

phosphorylation of S646 is required for endoglin-mediated inhibition of migration.  

28B4.2 Materials and Methods 

Cells/Transfection: WT-MEECs and KO-MEECs were maintained in MCDB-

131 supplemented with 15% FBS, 2mM L-glutamine, 1mM sodium pyruvate, 100 ug/ml 

heparin and 15 ug/ml endothelial cell growth supplement (ECGS). WT-MEECs and KO-

MEECs were nucleofected using the Amaxa nucleofection system. Briefly, 1x106 cells 

were nucleofected with 1-2 ug of DNA using solution L following the manufacturer’s 

protocol.     

Smad phosphorylation: Equal numbers of WT-MEECS or KO-MEECS were 

nucleofected with the indicated constructs were seeded in 6-well plates. 2 days post 

nucleofection cells were serum starved for 4 hours. Cells were then stimulated with 200 

or 500 pM TGF-β1 for 10 minutes or 0.5 nM BMP-9 for 5 minutes. Cells were then 

washed with PBS and lysed with Radioimmunoprecipitation assay lysis buffer 

supplemented with protease and phosphatase inhibitors. Lysates were analyzed on 10% 

SDS-PAGE and blotted with anti-smad1 or anti-phosphosmad1 antibodies.  

Fibronectin migration assay: Endoglin WT-MEECs were nucleofected with 

empty vector and KO-MEECs were nucleofected with either empty vector, endoglin, 
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S646A, S649A, or S646/649A, as indicated. 50,000 cells in serum free media were 

seeded onto the fibronectin coated upper chamber of transwells. Complete MEEC media 

was place in the lower chamber to act as a chemoattractant. Cells were then incubated at 

37°C for 6 hours. After incubation, cells left in the top chamber were scraped away using 

a cotton swab. The cells on the bottom of the filter were fixed and stained. Filters were 

mounted on slides and examined by microscope. Images of 3 random fields were taken 

and the cells in each image were counted. Cells numbers were normalized to the number 

of migrated WT-neo cells, then statistically analyzed using a two-tailed student’s t-test. 

29B4.3 Results 

53B4.3.1 Endoglin phosphorylation is required for induction of Smad 
1/5/8 phosphorylation in response to TGF-β1  

To determine whether endoglin phosphorylation affects TGF-β signaling, we 

compared the TGF-β induced phosphorylation of Smads in ENG +/+ mouse embryonic 

endothelial cells (WT-MEECs) and endoglin -/- mouse embryonic endothelial cells (KO-

MEECs) (Pece-Barbara et al., 2005) nucleofected with empty vector, wild type endoglin, 

or the endoglin mutants S646A, S649A or S6/9A (Fig. 26). In this WT-MEECs/KO-

MEECs model, endoglin has been reported to be required for efficient phosphorylation of 

Smad 1/5/8 downstream of ALK1, while having no effect on phosphorylation of Smad 

2/3 downstream of ALK5 (Lee and Blobe, 2007; Pece-Barbara et al., 2005). Therefore 

we focused on phosphorylation of Smads 1/5/8.  

When WT-MEECs were treated with TGF-β1, there was a robust induction of 

Smad 1/5/8 phosphorylation (Fig. 26, lanes 1 & 2). In contrast, there was basal Smad 
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1/5/8 phosphorylation in the KO-MEECs and little induction of phosphorylation in 

response to TGF-β1 treatment (Fig. 26, lanes 3 & 4). Smad1/5/8 phosphorylation 

induction in response to TGF-β1 was restored in KO-MEECs nucleofected with wild type 

endoglin or with endoglin-S649A, establishing that the difference in Smad 1/5/8 

phosphorylation between WT and KO MEECs was due to endoglin and that 

phosphorylation at serine 649 is not essential for this endoglin function (Fig. 26, lanes 5 

& 6, 9 & 10). However, expression of endoglin-S646A or endoglin-S6/9A did not restore 

induction of Smad1/5/8 phosphorylation in response to TGF-β1, suggesting that serine 

646 is essential for this endoglin function (Fig. 26, lanes 7 & 8). These results suggest 

that the phosphorylation of S646A of endoglin by ALK5 is required for promotion of 

TGF-β1/ALK1/Smad1/5/8 signaling, while phosphorylation of S649 does not affect this 

signaling pathway. 

54B4.3.2 Endoglin phosphorylation is required for induction of Smad 
1/5/8 phosphorylation in response to BMP-9 

Recently, BMP-9 has been reported to bind directly to both endoglin and ALK1 

(Scharpfenecker et al., 2007). To determine whether endoglin phosphorylation affects 

BMP-9 signaling downstream of ALK1, we compared BMP-9 induced phosphorylation 

of Smad 1/5/8 in WT-MEECs and KO-MEECs (Pece-Barbara et al., 2005) nucleofected 

with empty vector, wild type endoglin, or endoglin mutants S646A, S649A or S6/9A 

(Fig.27). When WT-MEECs were treated with BMP-9, there was a robust induction of 

Smad 1/5/8 phosphorylation (Fig. 27, lanes 1 & 2). However, in KO-MEECs there was a 

marked decrease in phosphorylation in response to BMP-9 treatment (Fig. 27, lanes 3 & 
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4). Smad1/5/8 phosphorylation induction in response to BMP-9 was restored in KO-

MEECs nucleofected with wild type endoglin, establishing that the difference in Smad1 

phosphorylation between WT and KO MEECs was due to endoglin (Fig. 27, lanes 5 & 6, 

9 & 10). However, expression of endoglin-S646A or endoglin-S649A did not restore 

induction of Smad1/5/8 phosphorylation in response to BMP-9. In addition, induction of 

Smad 1/5/8 phosphorylation was absent when endoglin-S6/9A was expressed, suggesting 

that both serines 646 and 649 are essential for this endoglin function (Fig. 27, lanes 7 & 

8). These results suggest that the phosphorylation of both S646 and S649 of endoglin by 

ALK5 is required for promotion of ALK1/Smad1/5/8 signaling in response to BMP-9. 

This is in contrast with TGF-β1 signaling via Smad1/5/8, in which S649 was not 

essential. 

55B4.3.3 Endoglin phosphorylation is required for endoglin-mediated 
inhibition of endothelial cell migration 

Activation of the ALK1/Smad1/5/8 pathway in endothelial cells has been 

associated with decreased migration (David et al., 2007b; Lamouille et al., 2002), while 

endoglin and the cytoplasmic domain of endoglin have functional roles in mediating 

inhibition of endothelial cell migration (Conley et al., 2004; Lee and Blobe, 2007; Sanz-

Rodriguez et al., 2004). To determine whether the loss of endoglin expression and ALK1 

induction by TGF-β in KO-MEECs would result in increased migration, we performed 

fibronectin transwell migration assays, comparing WT-MEECs and KO-MEECs 

nucleofected with empty vector (Fig. 28A). We demonstrated increased migration of KO-

MEECs compared with WT-MEECs (Fig. 28B), consistent with the decreased induction 
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of Smads 1/5/8 phosphorylation observed for KO-MEECs (Fig. 28B). To determine 

whether endoglin phosphorylation affects endothelial cell migration, we investigated the 

migration of KO-MEECs expressing either empty vector, wild type endoglin, or endoglin 

mutants S646A or S649A (Fig. 28A). While the KO-MEECs nucleofected with empty 

vector exhibited an increase in migration compared to WT-MEECs, expression of wild 

type endoglin or S649A in KO-MEECs led to a reduced rate of migration, rescuing the 

endoglin-mediated inhibition of migration observed in WT-MEECs (Fig. 28B). In 

contrast S646A was not able to inhibit the migration of KO-MEECs (Fig. 28B), despite 

being robustly expressed (Fig. 28B), supporting an essential role for phosphorylation of 

endoglin on S646 in endoglin-mediated inhibition of endothelial cell migration.  

30B4.4 Discussion 

In these studies, we demonstrate that S646 is required for Smad1/5/8 

phosphorylation in response to both TGF-β1 and BMP-9. However, in addition to 

phosphorylation of S646, phosphorylation of S649 is also required for efficient induction 

of Smad 1/5/8 induction in response to BMP-9. The requirement of an additional 

phosphorylation site may be responsible for effects specifically downstream of BMP-9. 

For example, phosphorylation of S649 might allow endoglin to interact with proteins that 

are specifically downstream of BMP-9. Some of these interactors may yet be 

unidentified. Identification of novel interactors and the mechanism of their function may 

clarify the dichotomous functions of endoglin in endothelial cells. 
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In addition, we demonstrate that phosphorylation of S646 is required for 

endoglin-mediated inhibition of endothelial cell migration. Consistent with this finding, 

previous studies have demonstrated that interactions between the cytoplasmic domain of 

endoglin and zyxin, ZRP-1, GIPC, and β-arrestin 2 have a role in regulating endothelial 

cell migration. Since endoglin does not have a catalytic domain, phosphorylation of 

endoglin most likely regulates interactions with cytosolic proteins. For example, 

phosphorylation of T650 has been shown to regulate the interaction between endoglin 

and β-arrestin2. However, there has not been any investigation into the regulation of the 

interactions between endoglin and GIPC, zyxin or ZRP-1, which have been reported to be 

necessary for endoglin-mediated inhibition of migration. Determining the site of 

interaction of these proteins and whether these interactions are regulated by 

phosphorylation might clarify how endoglin regulates ALK1 signaling and mediates 

inhibition of endothelial cell migration. 

Recent studies suggest that endoglin might regulate endothelial cell migration 

downstream of TGF-β and BMP-9. For example, in mouse embryonic endothelial cells 

endoglin expression has been reported to promote phosphorylation of Smads 1/5/8 and 

inhibit ERK 1/2 phosphorylation (Lee and Blobe, 2007; Lee et al., 2008). In both studies, 

endoglin expression in these cells was required for inhibition of cell migration (Lee and 

Blobe, 2007; Lee et al., 2008). BMP-9 treatment of HMVEC-d cells has been reported to 

result in the inhibition of cell migration. This study also reported that endoglin expression 

promoted BMP-9 responsive promoter activity (David et al., 2007a). While these studies 

suggest endoglin expression is required for regulation of signaling and inhibition of 
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migration, thus far there has been no direct evidence linking endoglin-mediated effects on 

signaling to endoglin-mediated inhibition of migration. 

Endoglin inhibition of migration might be an indirect effect due to changes in 

endothelial cell adhesion. Syndecan-4 a co-receptor, like endoglin, is a constituent of 

focal adhesions and has been reported to regulate the components of the focal adhesions 

(Conley et al., 2004; Couchman and Woods, 1999). Syndecan-4 has been reported to 

inhibit cell migration by increasing the number of focal adhesions per cell (Conley et al., 

2004; Couchman and Woods, 1999). In addition, syndecan-4 has been reported to interact 

with protein kinase C (PKC) at the membrane where it phosphorylates constituents of the 

focal adhesions (Couchman and Woods, 1999). Endoglin has a potential PKC 

phosphorylation site in the cytoplasmic domain that has not been studied, however, the 

role of PKC in syndecan-4 dependent focal adhesion organization might provide insight 

into the role of PKC in endoglin function. In addition, both Syndecan-4 and endoglin 

have PDZ binding domains that interact with GIPC (Gao et al., 2000; Lee et al., 2008). 

GIPC has not yet been described as a component of focal adhesions, but its association 

with two focal adhesion proteins suggests that it may be important in focal adhesions. 

The potential function of endoglin as an adhesion receptor as well as a regulator of focal 

complex formation relative to its function in inhibiting endothelial cell migration remain 

to be explored.   
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Figure 26. Phosphorylation of endoglin on S646 is required for induction of 
Smad1/5/8 phosphorylation in response to TGF-β1. 

 WT-MEECs and KO-MEECs expressing empty vector (neo), wild type endoglin or 
endoglin mutants S646A, S649A or S6/9A were treated with 200-500 pM TGF-β1. 
Smad1/5/8 phosphorylation and total Smad levels were assessed by Western blot 
analysis. Data are representative of three independent experiments. 
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Figure 27. Phosphorylation of endoglin on S646 and S649 is required for 
induction of Smad1/5/8 phosphorylation in response to BMP-9. 

 WT-MEECs and KO-MEECs expressing empty vector (neo), wild type endoglin or 
endoglin mutants S646A, S649A or S6/9A were treated with 0.5 nM BMP-9 Smad1/5/8 
phosphorylation and total Smad levels were assessed by Western blot analysis. Data are 
representative of three independent experiments. 
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Figure 28. Phosphorylation of Endoglin on Ser646 regulates endothelial cell 
migration. 

WT-MEECs and KO-MEECs expressing wild type endoglin or endoglin mutants S646A 
or S649A were plated on transwells coated with 50 mg/mL fibronectin and assessed for 
migration 6 h later (B). Cells were fixed, stained for their nuclei, and sample images were 
obtained. The number of migrated cells were counted and normalized to endo+/+ 
MEECs, and graphed (C). Expression of endoglin was assessed by cell surface 
biotinylation, immunoprecipitation, and detection by streptavidin-HRP (A) Data are 
representative of four independent transwell migration experiments. 
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9B5. Conclusions and Perspectives 

31B5.1 Impact of Endoglin Phosphorylation  

While there have been multiple reports that suggest endoglin regulates the balance 

between ALK5 and ALK1 signaling in endothelial cells, the association of endoglin with 

these dichotomous TGF-β pathways, as well as the diverse model systems used has made 

it difficult to ascertain how endoglin functions as a regulator of these pathways (Lebrin et 

al., 2004). Endoglin has a short serine/threonine rich cytoplasmic domain that is 

phosphorylated constitutively and by the TGF-β superfamily kinase receptors ALK1, 

ALK5, and TβRII (Blanco et al., 2005; Guerrero-Esteo et al., 2002; Koleva et al., 2006). 

While endoglin has been reported to be phosphorylated on serines by TβRII and on 

threonines by ALK1, specific sites of ALK5 phosphorylation have not been identified 

(Koleva et al., 2006). In addition, previous studies have used pSer and pThr antibodies, 

making it difficult to assess the significance of previously defined phosphorylation sites. 

Here we have demonstrated that endoglin is phosphorylated by ALK5 on serines 646 and 

649 by 32P-orthophosphate labeling of cells. Further, we demonstrate that 

phosphorylation of endoglin by ALK5 is required for efficient ALK1 phosphorylation of 

endoglin. Mutation of serine 646 to alanine nearly abrogates endoglin phosphorylation 

(Figs. 3, 5). Thus either serine 646 is a major site of phosphorylation, or phosphorylation 

at serine 646 is essential for subsequent ALK-5 and ALK-1 mediated phosphorylation to 

occur. Functionally, serine 646 phosphorylation by ALK5 was required for endoglin-

mediated induction of Smad 1/5/8 phosphorylation in endothelial cells in response to 
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TGF-β1 and endoglin-mediated inhibition of endothelial cell migration. We also showed 

that S649 is a target for ALK5 phosphorylation, however loss of S649 does not impair 

ALK1 phosphorylation as drastically as does loss of S646. Interestingly, while the loss of 

phosphorylation at serine 649 exhibited no loss of function in TGF-β induced signaling 

or endoglin-mediated inhibition of migration, phosphorylation of S649 was required for 

endoglin-mediated induction of Smad1/5/8 phosphorylation in endothelial cells 

stimulated by BMP-9. Taken together, this suggests that phosphorylation of S649 has 

functional consequences specifically downstream of BMP-9. The role of phosphorylation 

at serine 649 is currently being explored. 

Previous investigation of endoglin phosphorylation concluded that ALK1-mediated 

phosphorylation of endoglin required prior TβRII-mediated phosphorylation on serine 

residues (Koleva et al., 2006). We have demonstrated that, in addition, ALK1-mediated 

phosphorylation of endoglin and downstream phosphorylation of Smads 1/5/8 requires 

ALK5-mediated phosphorylation on serines 646 and 649. The dependence of ALK1 on 

ALK5 has been demonstrated previously by loss of ALK5 function studies, with loss of 

ALK5 expression resulting in decreased ALK1 signaling (Goumans et al., 2003b). While 

the small molecule ALK5 inhibitor, SB431542, has been demonstrated to not inhibit the 

ability of caALK1 to phosphorylate Smad1 (Inman et al., 2002), here we have 

demonstrated that SB431542 inhibits both basal ALK5 phosphorylation of endoglin and 

impairs the ability of caALK1 to phosphorylate endoglin (Figs. 20, 21, and 25). In 

addition, we demonstrated that loss of endoglin phosphorylation leads to loss of ALK1 

induction of Smad1/5/8 phosphorylation (Fig. 26 and 27). These observations support a 
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model in which ALK1, ALK5 and endoglin are in a single complex, with ALK1-

mediated phosphorylation of endoglin dependent on prior ALK5-mediated 

phosphorylation, and both of these phosphorylation events regulating subsequent 

phosphorylation of Smad1/5/8. 

In this study, we demonstrated that endoglin is constitutively phosphorylated and that 

the majority of endoglin phosphorylation is on serines, consistent with previous reports 

(Lastres et al., 1994; Yamashita et al., 1994). Also consistent with previous reports, we 

demonstrated that robust endoglin phosphorylation required the last 21 amino acids of the 

cytoplasmic domain (Koleva et al., 2006). However, while Koleva et al. reported 

increased endoglin phosphorylation on serine residues by ALK-1, ALK-5 and TβRII on a 

mutant with the last 3 amino acids truncated (Δ3, a previously defined Class I PDZ 

binding motif), we did not observe an increase in total phosphorylation of Δ3 with either 

ALK-1, ALK-5 or TβRII (Figs. 4, 5, and 6). This may be due to the use of different 

techniques to study endoglin phosphorylation, as these previous results were obtained 

with an anti-phosphoserine antibody (Koleva et al., 2006), capturing only 

phosphorylation on serine residues, while our results were obtained by orthophosphate 

labeling, capturing total phosphorylation status, but not distinguishing phosphorylation 

on serine or threonine residues or other potential sites of phosphorylation. Our results 

suggest that if there is increased serine phosphorylation in Δ3 there might be a 

compensatory decrease in phosphorylation at other sites. Alternatively, the phospho-

serine specific antibody may be detecting changes on specific serine residues. In any 
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case, these discrepant results suggest that care must be taken when interpreting results 

obtained through these distinct methods.  

Koleva et al., reported that serine phosphorylation occurs within the region spanning 

S646-S655 (Koleva et al., 2006). We also demonstrated that most serine phosphorylation 

occurs within this region, more specifically on serines 646 and 649. In this study we also 

report that a GST-endoglin cytoplasmic domain fusion protein expressed in bacteria was 

not phosphorylated by caALK1 in an in vitro kinase assay (Fig. 24). While this may 

appear to be at odds with results obtained previously (Koleva et al., 2006), as the 

endoglin substrate in this prior report was isolated from HEK293 cells (Koleva et al., 

2006), the endoglin substrate could have already been basally phosphorylated by ALK5 

in HEK293 cells, which we have demonstrated here is required for efficient ALK1-

mediated phosphorylation of endoglin.  

How might phosphorylation of endoglin regulate signaling and endothelial cell 

migration? Phosphorylation of proteins often leads to a conformational change that alters 

enzymatic activity or alters the ability to interact with other proteins. As the cytoplasmic 

domain of endoglin lacks catalytic activity, the phosphorylation of endoglin likely 

regulates the interaction of endoglin with other proteins. In addition to interacting with 

the cytoplasmic domains of ALK1, ALK5 and TβRII, the cytoplasmic domain of 

endoglin has also been reported to interact with zyxin, zyxin related protein-1(ZRP-1), 

GIPC, and β-arrestin 2 (Conley et al., 2004; Lee and Blobe, 2007; Lee et al., 2008; Sanz-

Rodriguez et al., 2004). As multiple studies have linked ALK1 activation to inhibition of 

endothelial cell migration (David et al., 2007b; Lamouille et al., 2002), the 
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phosphorylation of endoglin on serines 646 and 649 might facilitate ALK-1 activation, 

consistent with our observation that TGF-β stimulated Smad1/5/8 phosphorylation is 

decreased when serine 646 is mutated and BMP-9 stimulated Smad 1/5/8 

phosphorylation is decreased when serines 646 and 649 are mutated. These data suggest 

that endoglin may be differentially phosphorylated by the kinase receptors depending on 

the activating ligand. Those phosphorylation sites, in turn, might regulate the interaction 

between the receptors themselves as well as other protein-protein interactions.  

Phosphorylation of serine 646 might also alter the conformation of the cytoplasmic 

domain of endoglin promoting subsequent ALK1-mediated phosphorylation. Consistent 

with this hypothesis, the interaction between the cytoplasmic domain of endoglin and the 

type I TGF-β receptors, ALK1 and ALK5, has been reported to be dependent on the 

kinase activity of the type I receptor, suggesting that a phosphorylation event regulates 

endoglin’s interactions with these receptors (Blanco et al., 2005; Guerrero-Esteo et al., 

2002). Alternatively, as the interaction of endoglin with zyxin, ZRP-1 or β-arrestin 2 

have all been reported to be important for endoglin-mediated inhibition of endothelial cell 

migration (Conley et al., 2004; Lee and Blobe, 2007; Sanz-Rodriguez et al., 2004), the 

phosphorylation of serine 646 might be important in terms of mediating interactions of 

endoglin with these scaffolding proteins. Since mutation of serine 646 resulted in the loss 

of endoglin-mediated inhibition of migration, the effect of endoglin phosphorylation at 

serines 646 on the ability of endoglin to interact with these proteins is currently being 

explored.  
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Since endoglin and ALK1 both bind TGF-β1, TGF-β3, and BMP-9, 

understanding the relative roles of these TGF-β superfamily ligands will be essential to 

define the mechanism by which endoglin and ALK-1 regulate endothelial cell function 

(Barbara et al., 1999; Brown et al., 2005; Lux et al., 1999; Scharpfenecker et al., 2007). 

In terms of TGF-β-mediated signaling, endoglin overexpression has been reported to 

antagonize TGF-β signaling (Lastres et al., 1996; Letamendia et al., 1998) to enhance 

TGF-β signaling (Guerrero-Esteo et al., 2002) or to have no effect on TGF-β signaling 

(Barbara et al., 1999). In reciprocal studies, small interfering RNA-mediated knockdown 

of endoglin resulted in the reduction of TGF-β-induced Smad1 activation (Lebrin et al., 

2004) but increased ALK-5/Smad2/3 signaling (Blanco et al., 2005), suggesting a role of 

endoglin in enhancing ALK-1/Smad1 signaling (Lebrin et al., 2004) and inhibiting ALK-

5/Smad2/3 signaling (Blanco et al., 2005). In contrast, enhanced ALK-1/Smad1 signaling 

was observed in endoglin-null cell lines (Pece-Barbara et al., 2005) suggesting a role of 

endoglin in inhibiting ALK-1/Smad1 signaling. In addition, in terms of the effects of 

TGF-β on endothelial cell biology, the results have also been conflicting with TGF-β 

signaling through ALK-1/Smad1/5 stimulating endothelial cell proliferation and 

migration and favoring the activation phase of angiogenesis in one study (Goumans et al., 

2002) while inhibiting endothelial cell proliferation and migration and favoring the 

maturation phase in another study (Lamouille et al., 2002). In contrast, TGF-β signaling 

through ALK-5/Smad2/3 has been demonstrated to inhibit endothelial cell proliferation 

and migration, favoring the maturation phase in two studies (Goumans et al., 2002; Ota et 
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al., 2002), but has been proposed to favor the activation phase in another study (Oh et al., 

2000). Taken together, these studies have yielded a confusing picture in terms of 

endoglin mediated regulation of TGF-β signaling and endothelial cell biology. In 

contrast, in the initial reports BMP-9-induced activation of ALK-1 has been consistently 

reported to inhibit endothelial cell proliferation, migration, and angiogenesis, in line with 

results obtained with constitutively active ALK-1 and endoglin overexpression has been 

reported to promote BMP-9 responsiveness (David et al., 2008; David et al., 2007a; 

Lamouille et al., 2002; Scharpfenecker et al., 2007).  

While the function of endoglin in mediating or regulating TGF-β superfamily 

signaling remains unclear, the identification of BMP-9 as a physiologically relevant 

ligand for endoglin (and ALK-1) creates the exciting possibility that these TGF-β 

superfamily members coordinate signaling through endoglin and ALK-1 to regulate 

endothelial cell biology. While further study is required to explore this hypothesis, both 

TGF-β1 and BMP-9 stimulated phosphorylation of endoglin is inhibited by the ALK-5 

inhibitor (Fig. 23), suggesting that both ligands may function, in part, by regulating the 

phosphorylation of endoglin resulting in subsequent signaling and effects on endothelial 

cell biology. 

As discussed previously, the autosomal dominant disease hereditary hemorrhagic 

telangiectasia-1 (HHT-1) results from mutations in the endoglin gene (McAllister et al., 

1994). These mutations include deletions, insertions, missense mutations, and splice site 

changes, all of which result in proteins that are unstable, are not expressed on the cell 

surface, or are not fully glycosylated (Lux et al., 2000; McAllister et al., 1994). This 
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reduction of endoglin on the cell surface is thought to lead to disregulated TGF-β 

signaling in the endothelium due to a loss of endoglin function. In addition, endoglin has 

been reported to increase eNOS expression, ultimately leading to NO-dependent 

vasodilation (Jerkic et al., 2004). Thus, loss of endoglin in HHT-1 might result in the 

inability of capillary beds to dilate in response to increased blood flow due to 

inflammation or infection, leading to the formation of arteriovenous shunts (Jerkic et al., 

2004). Over time the unused capillaries will regress leaving the characteristic 

arteriovenous malformations of HHT (Jerkic et al., 2004). While endoglin has been 

suggested to regulate eNOS expression, the mechanism of that regulation has not been 

investigated. The studies described here demonstrate that endoglin phosphorylation on 

the cytoplasmic domain is important for both TGF-β and BMP-9-mediated Smad 1/5/8 

phosphorylation and endoglin-mediated inhibition of endothelial cell migration. Whether 

the endoglin-mediated regulation of TGF-β superfamily signaling and endothelial cell 

migration has a role in the pathogenesis of HHT-1, perhaps through regulation of eNOS 

expression, remains to be established.  

 Endoglin belongs to a class of integral membrane receptors referred to as co-

receptors. The integral membrane co-receptors all possess a large extracellular domain, a 

transmembrane domain, and a short cytoplasmic domain that lacks catalytic activity. As 

mentioned previously, there are co-receptors for many signaling families including: 

VEGF, Wnt, and TGF-β. Like endoglin, another TGF-β superfamily co-receptor, TβRIII, 

and the VEGF co-receptors, neuropilin-1/2, have serine/threonine rich cytoplasmic 

domains. These co-receptors are thought to regulate the signaling of the multiple ligands 
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and receptors they interact with via interactions with adaptor proteins through their 

cytoplasmic domains. These interactions might be regulated by phosphorylation of the 

cytoplasmic domain. Indeed, this has already been reported to be the case for the 

interaction of β-arrestin 2 and TβRIII and endoglin (Chen et al., 2003; Lee and Blobe, 

2007). In this study, we demonstrate that endoglin is phosphorylated on serines 646 and 

649 by ALK5 and that phosphorylation of these sites is required for Smad 1/5/8 

phosphorylation and endothelial cell migration. Whether, endoglin phosphorylation on 

these sites affects downstream signaling by regulating interaction with an adapter protein 

or with the signaling receptors remains to be established.  

56B5.1.1 Model of endoglin mediated TGF-β and BMP-9 signaling 

TGF-β most likely binds endoglin that is part of a preformed complex with 

ALK1, ALK5, and TβRII.  Ligand binding activates the complex, resulting in the 

phosphorylation of ALK5 by TβRII (Fig. 29). The newly phosphorylated ALK5 is active 

and can phosphorylate endoglin on serines 646.  While it is unknown how ALK1 activity 

is regulated in this complex, since ALK5 does not phosphorylate ALK1, we have 

demonstrated that phosphorylation of serine 646 is required for efficient induction of 

Smad 1/5/8 phosphorylation downstream of ALK1. However, it remains unclear how 

phosphorylation of serine 646 exerts this function.  Phosphorylation of serine 646 might 

be required for the recruitment of adapter proteins that are required for Smad 1/5/8 

activation or phosphorylation of S646 might result in the release of the cytoplasmic 

domain of ALK1 from endoglin, allowing it to phosphorylate its downstream substrates. 
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While TGF-β most likely only binds endoglin that is part of a preformed complex, 

BMP-9 is able to bind endoglin directly (Scharpfenecker et al., 2007). This might allow 

endoglin to function in a ligand presentation role similar to the type III TGF-β receptor 

(Fig. 29). In this scenario, endoglin binds BMP-9 and “presents” it to the type II receptor, 

in this case the type II BMP receptor (BMPRII) which also binds BMP-9 

(Scharpfenecker et al., 2007). The BMPRII might activate ALK5 resulting in 

phosphorylation of endoglin on serines 646 and 649. While it is unclear whether ALK5 is 

a constituent of this complex the importance of the phosphorylation sites of ALK5 in 

BMP-9 induced signaling suggests that it is.  It is also unknown how ALK1 activity is 

regulated in this complex, since neither BMPRII nor ALK5 have been reported to 

phosphorylate ALK1. In addition, we have demonstrated that phosphorylation of serines 

646 and 649 are required for efficient induction of Smad 1/5/8 phosphorylation 

downstream of BMP-9 and ALK1. We also demonstrated that loss of both 

phosphorylation sites resulted in a complete loss of Smad 1/5/8 phosphorylation, 

suggesting that S646/649A might act as a dominant negative. Since mutations in the 

cytoplasmic domain result in a loss of signaling and mutations in the transmembrane 

domain could result in a soluble endoglin that sequesters ligand from the signaling 

complex, these studies provide insight into why HHT-1 mutations of endoglin have only 

been demonstrated to occur in the extracellular domain.   

We have demonstrated that serine 646 is required for TGF-β induced Smad 1/5/8 

phosphorylation and that both serines 646 and 649 are required for BMP-9 induced Smad 

1/5/8 phosphorylation. In addition, we demonstrated that phosphorylation of serine 646 is 
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required for endoglin mediated inhibition of migration.  However, it remains unclear 

whether endoglin mediated inhibition of migration is directly downstream of Smad 1/5/8 

signaling or if it is due to an interaction that is regulated by the phosphorylation of serine 

646.      

32B5.2 Future Directions 

In these studies, we have identified ALK2 as a kinase of endoglin. While endoglin 

has been reported to interact with the ligands: TGF-β1, TGF-β3, Activin A, BMP-2, 

BMP-7, and BMP-9, and the receptors: ALK1, ALK2, ALK3, ALK5, ALK6, TβRII, 

ActRII, ActRIIB, and BMPRII most studies of endoglin signaling and function have 

focused on TGF-β, ALK1, ALK5, and more recently BMP-9. The ability of endoglin to 

form complexes with other ligands and receptors, suggests that endoglin has a broad role 

in TGF-β superfamily signaling. These interactions and phosphorylation of endoglin by 

ALK 2 may help clarify the dichotomous role of endoglin in endothelial cells.  

While we demonstrated decreased ALK1 and ALK5 induced phosphorylation on 

S646A and S649A, there was no effect on the ability of TβRII to induce phosphorylation 

of any of the endoglin single point mutants studied. This suggests that the loss of 

phosphorylation demonstrated for endoglin single point mutants in the presence of TβRII 

may be due to the loss of basal phosphorylation. However, we demonstrated loss of 

TβRII induced phosphorylation in the presence of the M2 mutant. M2 had three potential 

sites of phosphorylation. While we were able to make mutants of S646 and T647, we 

were not able to mutate S643. This site may be a key phosphorylation site of TβRII, 
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therefore we have recently made this mutant and the effect of its loss on TβRII 

phosphorylation will be studied.  

Similar to our finding that ALK5 phosphorylation is required for efficient ALK1 

phosphorylation, it has been reported that TβRII phosphorylation of endoglin is required 

for ALK1 phosphorylation (Koleva et al., 2006). Taken together, this suggests that ALK1 

signaling is highly regulated by TβRII, ALK5, and endoglin. In addition, we 

demonstrated differential requirement for S646 and S649 in Smad phosphorylation assays 

depending on the activating ligand. Determining the sequence of endoglin 

phosphorylation events, how those sites are chosen based on the activating ligand, and 

how they regulate interactions/recruitment of ALK1 might yield insight into how 

endoglin regulates signaling.  

As mentioned previously, endoglin mediates inhibition of endothelial cell 

migration via interactions with zyxin, ZRP-1, β-arrestin 2, and GIPC. The endoglin 

interaction with β-arrestin 2 has been shown to require threonine 650 of the cytoplasmic 

domain of endoglin. Mutation of this site to alanine, which cannot be phosphorylated, 

prevents the interaction between endoglin and β-arrestin 2, suggesting phosphorylation of 

this site is required for the interaction. It is likely that the interactions between endoglin 

and other cytosolic proteins are regulated in a similar manner. With the identification of 

S646 as a novel phosphorylation site that is required for endoglin-mediated inhibition of 

migration, the regulation of interactions with these cytosolic proteins and the effect on 

endothelial cell migration will be explored. The question of how endoglin 

phosphorylation regulates interactions and the mechanism of how those interactions 
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affect endothelial cell biology (migration, proliferation, tube formation) are important 

next steps in this research.  

In these studies, we also identified S649 as a site of endoglin phosphorylation. 

Interestingly, S649 phosphorylation was only required for endoglin-mediated induction 

of Smad1/5/8 phosphorylation in endothelial cells stimulated by BMP-9. This suggests 

that phosphorylation of S649 has functional consequences specifically downstream of 

BMP-9. The role of phosphorylation at serine 649 in regulating protein-protein 

interactions, and other aspects of endothelial cell biology such as cell proliferation and 

tube formation are currently under investigation. Together, these studies might clarify the 

dichotomous role of endoglin in endothelial cell biology. 
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Figure 29. Model of endoglin mediated TGF-β and BMP-9 signaling 
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