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Abstract 

The Transforming Growth Factor-β (TGF-β) superfamily of ligands and receptors 

play critical roles in angiogenesis, evidenced by their essential role in physiologic 

angiogenesis and their perturbation in pathologic angiogenesis. In development, loss or 

mutation of Activin receptor-Like Kinase 1 (ALK1), an endothelium- specific TGF-β 

superfamily receptor kinase, leads to disordered angiogenesis and results in the 

hereditary vascular disease, Hereditary Hemorrhagic Telangiectasia (HHT). A co-

receptor in the TGF-β superfamily, the type III Transforming Growth Factor-β Receptor 

(TβRIII), is known to be important for the vasculature, with genetic deletion of TβRIII 

resulting in embryonic lethality in mice characterized by severe defects in cardiac and 

hepatic vasculogenesis. Despite these observations, how TβRIII regulates the 

vasculature remains unknown. The aim of this study is to elucidate how TβRIII 

regulates ALK1 signaling and endothelial behavior.  

Here, we establish that vascular endothelial cells express relatively high levels of 

TβRIII, alongside the canonical endothelium-restricted co-receptor, endoglin. Moreover, 

using biophysical and biochemical techniques, we have established that TβRIII forms 

stable complexes with ALK1. Through genetic knockout approaches using CRISPR, we 

demonstrate that loss of TβRIII impairs ALK1-induced Smad phosphorylation as well as 

endothelial angiogenic potential, including the ability to form capillary tubes.  
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We have uncovered a novel TβRIII/ALK1 interaction, the role of TβRIII in ALK1-

mediated signaling and TβRIII’s role in functional endothelial biology. Understanding 

TβRIII’s function in the developing endothelium may lead to the development of 

innovative pharmacological treatments aimed at normalizing angiogenesis and improve 

our ability to anticipate the potential adverse effects of therapies targeting TGF-β 

superfamily receptors. 
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1. Introduction 

Portions of this chapter have been published as a review in Drugs of the Future. 

(Hector-Greene and Blobe, 2015). 

1.1 Angiogenesis 

Angiogenesis is the process of forming new blood vessels from existing 

vasculature, and is a critical component of normal development. In the fully developed 

adult, well-established blood vessels need to be stable to serve as a reliable conduit for 

fluids, nutrients, oxygen-carrying red blood cells and leukocytes. Thus, under 

physiological homeostatic conditions, angiogenesis is normally not occurring. However, 

under certain conditions, including during wound repair or pregnancy, active 

angiogenesis is induced by pro-angiogenic signals such as an increased local 

concentration of cytokines or relative hypoxia, which can stimulate the sprouting of new 

vessels.  

During development, angiogenesis usually proceeds in an orderly and 

predictable manner that balances two phases: activation and maturation. In activation, 

sprouting vessels degrade the basement membrane with matrix metalloproteases 

(MMPs), pericytes separate and endothelial cells lining the vessels project sprouts. The 

sprouts elongate toward the chemotactic gradient and anastomose with neighboring 

sprouts, to form a new capillary network. New vessels are initially leaky and inefficient 

at transporting blood. During maturation, vessels reinstate the basement membrane, 
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tight junctions are re-formed and pericyte coverage increases. In addition, some vessels 

are pruned back to provide for more efficient blood flow. Establishment of an efficient 

blood supply requires precise coordination of both the activation and maturation 

phases, and each phase has specific regulators. Activin receptor-like kinase 1 (ALK1) has 

been implicated in both phases (Cunha and Pietras, 2011; Oh et al., 2000), along with 

other members of the TGF-β superfamily. 

However, pathological angiogenesis, such as what is observed in macular 

degeneration or in cancer, often proceeds in a haphazard manner. 

 

1.2 Tumor Angiogenesis 

Neoangiogenesis is a hallmark of cancer and an important contributor to tumor 

progression, as it allows tumors to grow beyond 2 mm diameter and to metastasize 

(Hanahan and Weinberg, 2011; Ziyad and Iruela-Arispe, 2011). Uncontrolled tumor 

growth results in tumor hypoxia which activates hypoxia-inducible factor-α (HIF1α) 

signaling and secretion of pro-angiogenic cytokines, including vascular endothelial 

growth factor (VEGF), transforming growth factor-β (TGF-β) and bone morphogenetic 

proteins (BMPs)(Harris, 2002; Ziyad and Iruela-Arispe, 2011). Similar to developmental 

angiogenesis, tumor angiogenesis is stimulated by VEGF and BMP chemotactic 

gradients. However, unlike the tightly-controlled developmental angiogenesis program, 

tumor angiogenesis is chaotic, driven by higher levels of pro-angiogenic factors, and 
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results in leaky, inefficient vasculature due to less pericyte coverage and a less organized 

vascular bed (Eklund et al., 2013).  

Current anti-angiogenic therapies including bevacizumab (Avastin) target VEGF, 

which is markedly overexpressed in solid tumors, including melanoma and colon cancer 

(Adamcic et al., 2012; Carmeliet and Jain, 2011; Emmett et al., 2011). Relapse following 

anti-VEGF therapy occurs due to upregulation of VEGF-independent pro-angiogenic 

pathways, including fibroblast growth factor-2 (FGF2), platelet-derived growth factor 

(PDGF) and ALK1, a TGF-β superfamily receptor (Moreno Garcia et al., 2012) Therefore, 

targeting VEGF and VEGF-independent pathways simultaneously may circumvent 

resistance and improve the efficacy of anti-angiogenic therapy (Abdullah and Perez-

Soler, 2012; Bottos and Bardelli, 2013; Moreno Garcia et al., 2012) in several common 

cancer types, including breast cancer. 

Angiogenesis facilitates the growth and metastasis of human breast cancer 

(Hanahan and Weinberg, 2011; Ziyad and Iruela-Arispe, 2011). As breast cancer is the 

second leading cause of cancer death in women, and women presenting with distant 

metastatic disease have only a 25% 5-year survival rate, the need for more effective 

treatments is clear. Thus far, attempts to target angiogenesis in human patients, for 

example with the anti-VEGF antibody, bevacizumab, have borne mixed results; initially 

demonstrating increased response rates, but without effects on survival (Montero et al., 

2012). Failure of these agents could be due to acquired resistance, including the 
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upregulation of alternative pro-angiogenic pathways, such as the Transforming Growth 

Factor (TGF-β) pathway. Recent studies involving mouse mammary tumor models 

demonstrate that bevacizumab-resistant tumors upregulate alternative pro-angiogenic 

cytokines and receptors, including ALK1 (ALK1) (Hu-Lowe et al., 2011).  

 

1.3 TGF-β superfamily signaling 

The TGF-β superfamily is a large group of cytokines and receptors that regulates 

diverse physiologic and pathologic cellular processes through combinatorial ligand-

receptor interactions. Ligands include TGF-βs, bone morphogenetic proteins (BMPs), 

growth and differentiation factors (GDFs), activin, inhibin and nodal. Receptors fall into 

three classes: type I serine/threonine kinases (ALKs1-7), type II serine/threonine kinases 

(TβRII, BMPRII and ActRII) and co-receptors, type III TGF-β receptor (TβRIII) and 

endoglin (Derynck and Miyazono, 2007; Santibanez et al., 2011). TGF-β ligands bind 

either to constitutively active type II receptor (RII) directly or to a co-receptor (TβRIII or 

endoglin) that presents ligands to the type II receptor. The type II receptor then recruits 

and trans-phosphorylates a type I receptor (ALKs), which in turn phosphorylates 

receptor-regulated Smad transcription factors (R-Smads). R-Smads complex with the 

common Smad4, and the entire Smad complex translocates the nucleus to regulate gene 

transcription along with co-activators and co-repressors (Derynck and Miyazono, 2007). 
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Expression of ligands and receptors are tissue-specific and temporally-controlled, 

accounting for their context-dependent effects. 

 

1.4 TGF-β Superfamily in Angiogenesis 

Endothelial cells are known to express at least two type I receptors, ALK1 and 

ALK5, all three type II receptors and endoglin as the main co-receptor. Currently, there 

is no established role for TβRIII in endothelial cells. Signaling through TGF-β 

superfamily receptors occurs via oligomeric complexes of type I, II and co-receptors, 

with the co-receptor presenting ligands to the signaling receptors or serving to recruit 

other receptors. In endothelial cells, BMP9, the most potent specific ALK1 activator, 

binds ALK1, leading to Smads1/5/8 phosphorylation, induction of Id1 (inhibitor of 

differentiation/DNA-binding 1) and pro-angiogenic gene transcription (Volpert et al., 

2002).  

Other TGF-β superfamily ligands and receptors are also implicated in tumor 

angiogenesis, including pro-angiogenic roles for secreted TGF-β, BMP2, BMP4 and 

BMP9, and increased endothelium expression of ALK1 and endoglin (Hu-Lowe et al., 

2011; Pardali et al., 2010; Pardali and Ten Dijke, 2012). Pharmacologic agents targeting 

ALK1 and endoglin have shown promise as anti-angiogenic agents in Phase I and II 

clinical trials (van Meeteren et al., 2012). 
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1.5 ALK1 in Angiogenesis 

1.5.1 ALK1 Signaling 

ALK1 is a 56 kDa transmembrane type I TGF-β superfamily receptor expressed 

predominantly in vascular endothelial cells. The extracellular domain of ALK1 binds 

several ligands, including TGF-β1, bone morphogenetic proteins (BMP) 9 and BMP 10 

(David et al., 2007; Townson et al., 2012). The cytoplasmic domain of ALK1 has 

serine/threonine kinase activity, allowing ALK1 to phosphorylate Smad transcription 

factors. Upon ligand binding, ALK1 forms oligomeric complexes with other type I, II 

and co-receptors to form an active signaling complex that phosphorylates Smad1/5/8 

(Chen and Massague, 1999; Pardali et al., 2010). Activated receptor-regulated Smads, in 

complex with co-Smad4, translocate to and accumulate in the nucleus to induce 

transcription of angiogenesis-regulating genes (Townson et al., 2012), including Id1 

(Bertolino et al., 2005; David et al., 2007; Lebrin et al., 2004).  BMP9 activates only ALK1 

on endothelial cells.  TGF-β1 can also bind ALK1, but is a weak stimulator of Smad1/5/8 

phosphorylation. ALK1 activity is greatly enhanced by binding of the co-receptor, 

endoglin, which is expressed predominantly on endothelial cells (Lebrin et al., 2004; 

Young et al., 2012). 

 



 

7 

 

Figure 1: Overview of TGF-β signaling in endothelial cells. Adapted from (Cunha and 

Pietras, 2011) 

In canonical ALK1 signaling, BMP9 or TGF-β bind to a heteromeric complex of ALK1, 

type II receptor and endoglin to stimulate Smad 1/5/8 phosphorylation, leading to Id1 

activation and gene expression changes. In contrast, TGF-β binding to another type I 

receptor, ALK5, leads to Smad2/3 phosphorylation, stimulates different downstream 

targets. The Smad 2/3 and Smad1/5/8 pathways are antagonistic. 

 

1.5.2  ALK1 signaling in disease 

ALK1 is essential for vascular development, as ALK1 knockout mice exhibit 

embryonic lethality at D10.5 due to defective angiogenesis (Oh et al., 2000; Srinivasan et 

al., 2003). ALK1 is also mutated in a human vascular dysplasia syndrome, Hereditary 
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Hemorrhagic Telangiectasia (HHT), which is characterized by frequent epistaxis and 

widespread arterio-venous malformations that bleed and result in shunting 

phenomenon (Johnson et al., 1996). ALK1 heterozygote mice phenocopy this multi-

systemic vascular dysplasia syndrome (Oh et al., 2000; Urness et al., 2000).  

In addition, ALK1 is important for pathologic angiogenesis. 

Immunohistochemical studies of a number of human tumor tissues have shown that 

ALK1 is more highly expressed in the vasculature of malignant tumors than in the 

vessels of normal-appearing matched tissues (Hu-Lowe et al., 2011). ALK1’s ligand, 

BMP9 is also important in tumor angiogenesis, as 4T1 mouse models of breast cancer 

have demonstrated that BMP9 promotes tumor angiogenesis, and blocking the 

BMP9/ALK1 signaling axis decreases tumor growth and metastasis (Mitchell et al., 2010; 

Yoshimatsu et al., 2013).  

As the BMP9-ALK1-Smad1/5/8 signaling axis promotes angiogenesis, 

understanding the mechanisms regulating it will inform new strategies for developing 

more effective anti-angiogenic therapies to treat cancer and blocking the BMP9-ALK1-

Smad signaling axis may inhibit pathologic tumor-associated neo-angiogenesis (Bhatt 

and Atkins, 2014). 
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1.5.2.1 Pharmacologic targeting of ALK1 

The ALK1 pathway has been targeted by two different strategies, a monoclonal 

antibody to the extracellular domain of ALK1 (e.g. PF-03446962, Pfizer), and a receptor 

trap approach, whereby a soluble chimeric protein composed of the ALK1 extracellular 

domain is fused to the human Fc domain (e.g. Dalantercept). Dalantercept acts as a 

ligand trap, thus preventing the activation of endogenous ALK1 by BMP 9/10.   

 

Table 1: ALK1-ligand trap Dalantercept Clinical Trials. Adapted from (Hector-Greene 

& Blobe, 2015) 

Phase Study  
Number 

Title Status End Date 

          
I NCT00996957 Study of ACE-041 in Patients With 

Advanced Solid Tumors or 
Relapsed/Refractory Multiple 
Myeloma 

Completed 10/1/2012 

II NCT01642082 Dalantercept in Treating Patients 
With Recurrent or Persistent 
Endometrial Cancer 

Active, not 
recruiting  

II NCT01720173 Dalantercept in Treating Patients 
With Recurrent Ovarian Epithelial, 
Fallopian Tube, or Primary 
Peritoneal Cavity Cancer 

Active, not 
recruiting  

II NCT01458392 Study of Dalantercept in Patients 
With Squamous Cell Carcinoma of 
the Head and Neck 

Completed 10/1/2015 

II NCT01727336 Study of Dalantercept and Axitinib 
in Patients With Advanced Renal 
Cell Carcinoma 

Recruiting 12/1/2018 

I / II 
(Ib) 

NCT02024087 Study of Dalantercept and 
Sorafenib in Patients With 
Advanced Hepatocellular 
Carcinoma 

Active, not 
recruiting 

8/1/2016 
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1.5.2.2 Pre-clinical Pharmacology 

Dalantercept (ACE-041), and its murine version, RAP-041, bind BMP9 and 

BMP10 with high affinity and thereby inhibit ALK1 signaling by sequestering its cognate 

soluble ligands (Mitchell et al., 2010). In a surface plasmon resonance-based binding 

screen of 29 transforming growth factor-β–related ligands, only BMP9 and BMP10 

displayed high-affinity binding to ALK1-Fc. Furthermore, in vitro cell-based assays 

demonstrated that the ALK1-Fc ligand trap could inhibit BMP9-mediated Id-1 

expression in human umbilical vein endothelial cells (Hu-Lowe et al., 2011; Mitchell et 

al., 2010). In angiogenesis assays, ALK1-Fc also inhibited Matrigel-induced cord 

formation and reduced VEGF-, FGF-, and BMP10-mediated vessel formation (Mitchell et 

al., 2010). Monotherapy with ALK1-Fc significantly reduced tumor burden in orthotopic 

murine metastatic mammary tumor and melanoma models (Mitchell et al., 2010). ALK1-

Fc treated tumors had markedly reduced tumor vascularization compared to controls, 

highlighting the protein’s anti-angiogenic effects (Mitchell et al., 2010). 

 

1.5.2.3 Pre-clinical Tumor Models 

In pre-clinical models, Dalantercept inhibits tumor growth and enhances the 

efficacy of cytotoxic chemotherapy. RAP-041 (ALK1-Fc), the mouse equivalent of 

Dalantercept, showed potent anti-angiogenic and anti-neoplastic effects in several 

genetically-engineered and xenograft mouse tumor models (Cunha et al., 2015; Cunha et 
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al., 2010). In the highly angiogenic RIP1-Tag2 mouse model of pancreatic 

neuroendocrine tumorigenesis, mice were treated with 1-12 mg/kg RAP-041 twice 

weekly, and dose-dependent inhibition of tumor growth and vascularization was 

observed (Cunha et al., 2010). Similarly reduced tumor angiogenesis was observed in 

RIP1-Tag2 mice heterozygous for ALK1, suggesting inhibition of ALK1 signaling 

hampers tumor vascularization. Repeat studies of single-agent therapy with RAP-041 

(i.p. injection at 12 mg/kg twice weekly) agreed with earlier dose escalation 

monotherapy studies; RAP-041 treatment stabilized disease, while control mice rapidly 

progressed (Cunha et al., 2015). Interestingly, tumors from mice treated with RAP-041 

had markedly reduced vascularization but did not display widespread tissue hypoxia, 

rebound of tumor growth, increased local invasion or augmented seeding of distant 

organs typical of other anti-angiogenic agents (Cunha et al., 2015). 

 

1.5.2.4 Clinical Trials 

In early clinical development, Dalantercept as a single agent has shown modest 

effects, with partial responses in a subset of tumor types, while combination therapy 

with targeted agents appears more promising. A summary of the current clinical trials of 

Dalantercept in humans is presented in Table 1.  

Dalantercept has a favorable safety profile distinct from that observed with anti-

VEGF targeted therapies, with fluid retention and edema as the most common side 
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effects. As current anti-angiogenic therapies are limited by either primary or acquired 

resistance, potentially mediated by ALK1 signaling, current studies are investigating the 

efficacy of Dalantercept with other anti-angiogenic therapies, or with cytotoxic 

chemotherapy. 

 

1.6 TGF-β co-receptors in angiogenesis and endothelial 
biology 

Co-receptors or auxiliary receptors are unique in their ability to bind to either 

ligands, signaling receptors or both to facilitate oligomerization and signaling, but do 

not necessarily transduce the canonical signals themselves (Kirkbride et al., 2005). In 

most cases, some basal level of signaling transduction will occur without the co-receptor, 

but the presence of the co-receptor increases the signal strength or provides ligand-

specificity. For some co-receptors, their physical attributes, such as whether they are 

membrane bound versus soluble cleavage products, or whether they are themselves 

phosphorylated, can affect how they interact and regulate their targets. In other 

scenarios, co-receptors may signal through non-canonical pathways or participate in 

cross-talk with unrelated cytokine families. Therefore, co-receptors are important signal 

integrators and their study is essential for understanding the complexity of how cells 

respond to each other and the environment. The TGF-β superfamily has several co-

receptors, including TβRIII, endoglin and Dragon. They differ in their tissue 

distribution, ligand specificity, receptor specificity and intracellular binding partners. 
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1.6.1 TβRIII structure and signaling 

The type III Transforming Growth Factor β receptor (TβRIII) is an 851 amino acid 

transmembrane proteoglycan receptor that facilitates signaling by controlling receptor 

oligomerization, receptor trafficking and ligand presentation. It is composed of a large 

extracellular domain that is highly-modified, and binds several ligands, including TGF-

βs, inhibin and some BMPs. In addition, TβRIII’s short cytoplasmic tail interacts with 

scaffolding proteins, including β-arrestin2, facilitating endocytosis of interacting 

receptors into signaling vesicles, and enhancing downstream signaling (Gatza et al., 

2010; Kirkbride et al., 2005; Lee et al., 2009). Membrane-bound TβRIII generally 

promotes signaling, while its cleaved extracellular domain, soluble TβRIII, sequesters 

ligands in the tissue microenvironment, thereby inhibiting signaling. (Table 2) 

In non-endothelial cells, our lab has demonstrated that TβRIII functions as a co-

receptor by 1) presenting BMP ligands to type II and type I receptors, 2) facilitating 

internalization of type I receptors into clathrin-coated vesicles, leading to increased 

Smad signaling, 3) enabling receptor degradation through internalization, 4) generating 

soluble TβRIII by ectodomain cleavage and 5) mediating cross-talk with other signaling 

pathways (Elderbroom et al., 2014; Kirkbride et al., 2005; Lee et al., 2009). We 

hypothesize that TβRIII functions in one or more of these roles in endothelial cells as 

well. 
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Figure 2: Structural Features of TβRIII and endoglin. Adapted from (Bernabeu, Lopez-

Novoa, & Quintanilla, 2009) 

Endoglin and TβRIII (betaglycan) are two TGF-β co-receptors. They are similar in 

structure, as they both contain zona pellucida domains (ZPD) and orphan domains that 

are modified by N- and O- linked glycans in the extracellular domains and both contain 

PDZ domains (protein interaction modules) on their intracellular cytoplasmic tails. 

 

 

1.6.2 Endoglin structure and signaling 

Endoglin is a 658 amino acid transmembrane proteoglycan receptor that exists on 

the cell surface as a homo-dimer (Gougos and Letarte, 1988; Letamendia et al., 1998). 

Endoglin has a limited tissue distribution and is highly expressed in actively 

proliferating endothelial cells, chondrocytes, placenta and smooth muscle cells (Arthur 

et al., 2000; Lebrin et al., 2005; Parker et al., 2003) where it serves as the main TGF-β 

pathway co-receptor and regulates processes such as differentiation and angiogenesis 
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(Arthur et al., 2000; Li et al., 1999). On the cell surface, endoglin is capable of binding 

TGF-β 1/3, BMP9/10, and other BMPs to a lesser extent, as well as other signaling 

receptors typically found on vascular cells, including ALK1, ALK5, TβRII and BMPRII 

(Alt et al., 2012; Bernabeu et al., 2009). Through these interactions endoglin can either 

increase or decrease signaling. Like TβRIII, endoglin can also be cleaved in the 

juxtamembrane region to produce soluble endoglin (sEng), which is able to antagonize 

membrane bound endoglin-ligand binding and to affect other cells from a distance 

(Kumar et al., 2013). 

In the extracellular domain, TβRIII and endoglin both have similar core protein 

structures that are glycosylated (Elderbroom et al., 2014; Gatza et al., 2010). This 

similarity suggests there might be overlap in the types of ligands they can bind. 

However, TβRIII is modified by glycosaminoglycans, while endoglin is not. In addition, 

TβRIII and endoglin do differ in their receptor binding preferences and some 

downstream signaling functions (Bernabeu et al., 2009b; Lebrin et al., 2005). They share 

63% homology in the cytoplasmic domain and are both capable of binding β-arrestin2 

and GIPC to stimulate receptor internalization (Cheifetz et al., 1992; Lee and Blobe, 

2007a). This suggests that both co-receptors may facilitate canonical signaling, but they 

also each provide unique signaling potential. 
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1.6.3 TβRIII and endoglin in vascular biology 

Recently, TβRIII’s role in developmental angiogenesis was explored in a 

zebrafish model. Fish injected with anti-sense TβRIII morpholinos suffered severe 

defects in the development of intersegmental vessels, and endothelial cells were 

defective in migration and sprouting (Kamaid et al., 2015). However in mammals, 

TβRIII role has been described as important in vasculogenesis, the process by which 

blood vessels are formed de novo. TβRIII knockout mice exhibit embryonic lethality at 

D14.5 due to defective vasculogenesis (cardiac dysplasia and liver arterio-venous 

malformations), suggesting TβRIII’s involvement in vessel formation and identity 

(Compton et al., 2007).  However, how TβRIII might contribute to angiogenesis and 

vasculogenesis has not been established.  

As endoglin is the predominant co-receptor in endothelial cells, most 

investigators have focused on its role in vascular biology. Endoglin knockout mice 

exhibit embryonic lethality at D11.5 due cardiac defects (Li et al., 1999). In neonates, 

endothelium- specific knockout of endoglin (Eng-iKOe) leads to delayed vascularization 

of the retina (Mahmoud et al., 2010). This is an earlier developmental stage than with 

TβRIII, suggesting differential involvement in the developmental 

vasculogenesis/angiogenesis program. Similar results have been seen in studies utilizing 

Eng+/- heterozygous mice. In humans, mutations in endoglin result in development of 

HHT1, which is a sub-type of the vascular dysplasia syndrome caused by ALK1 
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mutation. Both are characterized by epistaxis, vessel dilation, and arteriovenous 

malformations. 

 

1.6.4 TβRIII and endoglin in cancer 

The levels of both TβRIII and endoglin are altered in tumor settings. Among 

breast cancer patients, serum sTβRIII concentration correlated with reduced disease 

burden and better prognosis. In murine breast cancer models, our lab has demonstrated 

TβRIII’s ability to decrease 4T1 mammary tumor vascularity. Here, TβRIII 

overexpression in cancer cells led to increased sTβRIII secretion, which inhibited TGF-β 

signaling in endothelial cells, resulting in impaired tumor angiogenesis (Dong et al., 

2007).  

Endoglin expression is increased in actively proliferating endothelial cells, and 

this includes tumor angiogenic vessels. Endoglin expression has been found increased in 

a variety of human cancers, including breast, colon and prostate (Kirkbride et al., 2005). 

Current endoglin-based anti-tumor strategies include use of an anti-endoglin 

monoclonal antibody, TRC105 (Apolo et al., 2017).  
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Table 2: TβRIII and endoglin interacting proteins. Adapted from (Bernabeu, Lopez-

Novoa, & Quintanilla, 2009)  
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2. Materials and Methods 

2.1 Cell Culture and Transfection 

COS7 cells (American Type Culture Collection, Manassas, VA) were grown in 

DMEM with 10% fetal calf serum. MEEC cells (Pece-Barbara et al., 2005); a gift from E. 

Dejana, University of Milan, Milan, Italy) were grown on 0.02% gelatin coated plates in 

MCDB-131 medium (Invitrogen) supplemented with 10% FCS, 2 mM l-glutamine, 1 mM 

sodium pyruvate, 100 μg/ml heparin (Sigma-Aldrich), and 50 μg/ml endothelial cell 

growth supplement (Sigma-Aldrich). HMEC-1s were grown were grown on 0.02% 

gelatin coated plates in MCDB-131 medium (Invitrogen), supplemented with 10% FBS, 

1ug/ml hydrocortisone (Sigma), 10ng/ml EGF (Sigma) and 2mM L-glutamine 

(Invitrogen).  Transfections were performed with Lipofectamine according to 

manufacturer instructions.  2000. 

 

2.2 Lentiviral CRISPR and shRNA 

CRISPR knockout cells were generated by stable transduction with lentivirus 

from puromycin expressing pLentiCRISPRV2 constructs (Addgene Plasmid 52961) or 

GFP expressing pL-CRISPR.EFS.GFP constructs (Addgene plasmid 57818) subcloned 

with gRNAs targeting the TβRIII, endoglin or non-targeting guide sequences from the 

GeCKov2 database (Heckl et al., 2014; Shalem et al., 2014). See Table 3 for sequences. 

Viral particles were made by co-transfecting the subcloned CRISPR vectors bearing Cas9 
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and the guide sequences with virus packaging plasmids psPAX2 and pMD2.G in 293FT 

cells. Media was changed after 24 hours and the viral supernatants were collected at 48h 

and 72h post transfection. Viral supernatant were filtered through 0.45 micron 

membranes and stored at -80C until later used or used immediately. Infection of target 

cells was achieved by incubation with 8ug/ml polybrene for 24-48h. Cells were allowed 

to recover in regular growth media for at least 24hours before selection in puromycin or 

GFP cell sorting and analysis for gene expression or other experimental procedures.  

 

2.3 Western blotting and co-immunoprecipitation 

Cells were serum-starved overnight in MCDB131 base media, followed by 

incubation with ligands (BMP9 or TGF-β1) for the indicated times and at the indicated 

doses. The cells were then lysed in 2x sample buffer and subjected to electrophoresis on 

10% SDS–PAGE, followed by immunoblotting. The blots were probed by rabbit anti-

pSmad1/5/8 (1:500), rabbit anti-total Smad1 (tSmad; 1:1000), or mouse anti-β-actin 

(1:10000), followed by Cell Signaling DαR 800 or DαM 680 (1:5000) infrared-tagged 

secondary antibodies. The bands were visualized by using the Odyssey infrared imaging 

system and quantified by LICOR Image Studio software.  

 For the studies conducted in Chapter 5: Endothelial cells were serum-starved for 

6 h, followed by a 30-min incubation with increasing doses of TGF-β1 as indicated in the 

legend. The cells were then lysed and subjected to electrophoresis on 10% SDS–PAGE, 
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followed by immunoblotting as described (Ray et al., 2010). The blots were probed by 

rabbit anti-pSmad1/5/8 (1:500), rabbit anti-total Smad1 (tSmad; 1:1000), rabbit anti-

pSmad2 (1:1000), rabbit anti-tSmad2 (1:1000), or mouse anti-β-actin (1:10000), followed 

by peroxidase DαR or SαM IgG (1:5000). The bands were visualized by ECL 

(Amersham) and quantified by densitometry (ImageJ; National Institutes of Health, 

Bethesda, MD). 

For co-immunoprecipitation experiments, COS7 cells co-expressing HA or myc-

tagged TβRIII or ALK1 were washed with PBS, then lysed on ice with lysis buffer 

(20Mm Tris-HCl pH8, 137mM NaCl, 10% glycerol, 1% NP-40, 2mM EDTA, 10 mM NaF, 

5ug/ml leupeptin, 1mM PMSF, 1mM Na3VO4). Lysates centrifuged for 20 min at 4C and 

the supernatants were incubated overnight with protein G sepharose beads and 

antibody as indicated. Beads were washed 3 times with lysis buffer and boiled in 2x 

sample buffer prior to Western blot analysis. 

 

2.4 Flow Cytometry 

Cells that had been transduced with GFP expressing CRISPR constructs were 

sorted to obtain pure populations of GFP-expressing knockout cells. Subconfluent cell 

culture in T75 flasks were trypsinized and counted using the Countess II cell counting 

system. Cells were pelleted by centrifugation, washed with PBS, resuspended at 10 

million/ml in MCDB131 supplemented with 1% FBS and pen-step antibiotics, passed 
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through a 70 micron cell strainer and kept on ice. Cells were sorted on the DiVA sorting 

machine by the Duke Cell Sorting Core Facility, using gates that took the top 25% of GFP 

expressers and excluded all non-GFP expressing cells and dead cells. GFP+ cells were 

transferred to complete growth medium and allowed to recover.  

 

2.5 Iodinated ligand binding and crosslinking 

Cells were seeded in six-well plates. The media were conditioned for 18–20 h and 

clarified by centrifugation. Both cells (cell surface labeling) and conditioned media were 

incubated with 100 pM [125I]TGF-β-1 in the presence of fatty acid–deficient bovine 

serum albumin and protease inhibitors (3 h, 4°C). The ligand was then chemically cross-

linked to the receptors using 0.5 mg/ml disuccinimidyl suberate (Thermo Scientific 

Pierce-Life Technologies, Grand Island, NY) and quenched with 20 mM glycine. Cells 

were lysed with RIPA buffer (150 mM NaCl, 1% Nonidet P40, 0.1% SDS, 50 mM 

Tris/HCl, pH 7.4, 0.5% sodium deoxycholate, 1 mM EDTA, and 10 mM sodium 

phosphate) supplemented with protease inhibitors. Ligand–receptor complexes were 

pulled down by immunoprecipitation overnight at 4°C using goat IgG directed against 

the extracellular domain of TβRIII. The resulting complexes were separated by SDS–

PAGE, and dried gels were exposed to an autoradiograph. Images were acquired with a 

phosphorimager and analyzed using ImageJ (National Institutes of Health, Bethesda, 

MD). 
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2.6 Biotinylation of Cell Surface Receptors 

Cells were washed three times with ice-cold phosphate-buffered saline (PBS) and 

incubated with ice cold HEPES biotinylation buffer containing 0.5 mg/ml of EZ-Link 

Sulfo-NHS-LC-Biotin for one hour with gentle rocking. Biotinylation solution was 

removed and cells were washed 3 times with PBS and lysed with RIPA supplemented 

with protease inhibitors. Lysates were centrifuged at 13,000 × g for 15min, and the 

resulting supernatant was incubated with target specific antibody and either protein G 

or Protein A sepharose (PGS/PAS) beads overnight at 4°C. The resin was washed three 

times before elution with elution buffer containing 50 mM dithiothreitol. Cell surface 

biotinylated endoglin was detected by Western blotting visualized by Streptavidin-HRP 

or Strepavidin-800 for Odyssey infrared imager. 

 

2.7 IgG-mediated patching/cross-linking 

At 24 h post transfection, COS7 or bEnd.3 cells transfected with various 

combinations of expression vectors for endoglin and TGF-β receptors were serum 

starved (30 min, 37°C), washed with cold HBSS supplemented with 20 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.4) and 2% BSA 

(HBSS/HEPES/BSA), and blocked with normal goat γ-globulin (200 μg/ml, 30 min, 4°C). 

They were then labeled successively at 4°C (to avoid internalization and enable 
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exclusive cell surface labeling) in HBSS/HEPES/BSA (45-min incubations) with 1) 

monovalent mouse Fab′ anti-myc (40 μg/ml) together with HA.11 rabbit IgG anti-HA (20 

μg/ml) and 2) Alexa Fluor 546–Fab′ GαM (40 μg/ml) together with Alexa Fluor 488–IgG 

GαR (20 μg/ml). This protocol results in the HA-tagged receptor cross-linked and 

immobilized by IgGs, whereas the myc-tagged receptor, whose lateral diffusion is then 

measured by FRAP (see later description), is labeled exclusively by monovalent Fab′. 

Alternatively, for immobilizing the myc-tagged receptor and measuring the lateral 

diffusion of Fab′-labeled HA-tagged receptor, the following labeling protocol was used: 

1) monovalent mouse Fab′ anti-HA (40 μg/ml) together with chicken IgY anti-myc (20 

μg/ml) and 2) Cy3-Fab′ GαM (40 μg/ml) together with FITC-IgG DαC (20 μg/ml). This 

protocol results in the myc-tagged receptor being immobilized and the HA-tagged 

receptor labeled by monovalent Fab′. In experiments with TGF-β1 or BMP-9, the ligand 

(250 pM TGF-β1 or 5 ng/ml BMP-9) was added after starvation along with the normal 

goat γ-globulin and maintained at this concentration during the following labeling steps 

and FRAP measurements. 

 

2.8 FRAP and patch/FRAP 

Cells coexpressing epitope-tagged receptors labeled fluorescently by anti-tag 

Fab′ fragments as described were subjected to FRAP and patch/FRAP studies as 

described previously (Marom et al., 2011; Rechtman et al., 2009). The FRAP 
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measurements were conducted at 15°C, replacing samples within 20 min to minimize 

internalization during the measurement. An argon-ion laser beam (Innova 70C; 

Coherent, Santa Clara, CA) was focused through a fluorescence microscope 

(Axioimager.D1; Carl Zeiss MicroImaging, Jena, Germany) to a Gaussian spot of 0.77 ± 

0.03 μm (Plan Apochromat 63×/1.4 numerical aperture oil-immersion objective). After a 

brief measurement at monitoring intensity (528.7 nm, 1 μW), a 5-mW pulse (20 ms) 

bleached 60–75% of the fluorescence in the illuminated region, and fluorescence 

recovery was followed by the monitoring beam. Values of D and Rf were extracted from 

the FRAP curves by nonlinear regression analysis, fitting to a lateral diffusion process 

(Petersen et al., 1986). Patch/FRAP studies were performed similarly, except that IgG-

mediated cross-linking/patching of an epitope-tagged TGF-β receptor or endoglin 

(described in the foregoing) preceded the measurement (Henis et al., 1990; Rechtman et 

al., 2009). This enabled us to determine the effects of immobilizing one receptor type on 

the lateral diffusion of the coexpressed receptor (labeled exclusively with non–cross-

linking Fab′), allowing identification of complex formation between them and 

distinction between transient and stable interactions (Henis et al., 1990; Rechtman et al., 

2009). (Figure 3) 
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Figure 3: Fluorescence recovery after photobleaching and Patch FRAP. Adapted from 

(Ehrlich et al., 2012; Roy et al., 2002) 

Upper panel: in FRAP, fluorescently-tagged cell surface molecules are photo-bleached 

with a laser. Reappearance of signal within the bleached region is measured over time, 

and serves as a readout of receptor mobility. Lower panel: In the Patch FRAP method, 

molecules of interest are crosslinked with primary antibodies and IgG secondary 

antibodies to create receptor patches. Fluorescently-tagged molecules are subjected to 

FRAP (as described above) to determine whether they interact with the crosslinked 

receptors. Increased time to recovery or reduction in the mobile fraction suggests 

complex formation. 
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2.9 Tubulogenesis Assay 

96 well plates were coated with 50ul/well of cold Matrigel basement membrane 

matrix (Corning), and allowed to solidify for 30 minutes in the 37C incubator. 

Endothelial cells were trypsinized and resuspended at 600,000 cells/ml in MCDB131 

base media. 50ul of cells were dispensed into Matrigel coated 96 well plates that 

contained 50ul of MCDB131 base media or media containing BMP9, for a final 

concentration of 30,000 cells/well. Plates were allowed to incubate undisturbed for 16 

hours, and 1-2 images were taken of wells seeded in triplicate. Tube formation was 

analyzed using the Angiogenesis Analyzer macro plugin of Image J. 

 

2.10 Duolink Proximity Ligation Assay  

The Duolink assay (Olink Bioscience) was performed according to the 

manufacturer’s protocol. Briefly, HMEC-1 cells treated with 50 pM TGF-β1, 5ng/ml 

BMP9 or vehicle for 30 min. Cells were washed with PBS, fixed with 4% 

paraformaldehyde for 20 mins and washed three more times. Coverslips were blocked 

with Duolink Blocking Buffer for 1 h. Coverslips were incubated at room temperature 

with anti-TβRIII and anti-ALK1 primary antibodies for 1h, and then incubated with 

species specific PLA MINUS and PLUS probes for 1h at 37oC. After ligation for 30min 

and amplification for 100min at 37oC, coverslips were mounted to glass slides with 

Duolink DAPI containing aqueous mounting media. Coverslips were imaged at 40x 
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magnification with a fluorescent microscope. Red dots corresponding to complexes were 

counted using a custom macro for NIH Image J analysis software.   

 

2.11 RT-PCR  

Total RNA was isolated from cells using the Zymo RNA Miniprep kit and cDNA 

synthesis was performed using the iScript cDNA Synthesis Kit (BioRad, 170-8891). Semi-

quantitative RT-PCR reactions were performed using the iQ SYBR Green SuperMix 

(BioRad, 170-882) and species specific primers (see supplement) on a BioRad iCycler. 

Relative mRNA levels were determined using the ddCT method. All data were 

normalized to GAPDH. 

 

2.12 Whole mount immunofluorescence 

TβRIII wild-type (+/+) and heterozygous (+/-) mice at postnatal day 5 were 

sacrificed and both eyes were enucleated and washed in sterile PBS. One eye was pre-

fixed for 1hr RT in 4% paraformaldehyde, washed three times with PBS and dissected 

using a microscope. The dissected retina was further fixed for 1 hour, washed again in 

PBS and blocked/permeabilized o/n at 4C in 1% BSA, 5% donkey serum and 0.5% triton. 

The next day retinas were incubated with biotinylated Isolectin B4 to label vessels, 

washed, incubated with Strepavidin-594, washed, incubated with DAPI, washed and 

mounted on slides with Prolong Anti-fade reagent. Images were taken with fluorescence 
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stereomicroscope and vessel density was determines using Angiotool (NCI; 

https://ccrod.cancer.gov/confluence/display/ROB2/Home). Images from 8 mice were 

analyzed and data were summarized using Graphpad Prizm statistical software.  

 

2.13 Smad2/3 nuclear translocation assay 

MDA-MB-231 cell lines were seeded in six-well plates. After 24 h, the cells were 

serum starved (for 16 h) and stimulated (or not) with 100 pM TGF-β1 (30 min). They 

were then fixed with 4% paraformaldehyde and permeabilized with Triton X-100 (0.2%, 

5 min). After blocking with goat γ-globulin (200 μg/ml, 30 min, 22°C) in 

HBSS/HEPES/BSA, they were labeled successively by 1) rabbit IgG reactive with 

Smad2/3 (5 μg/ml), 2) biotin-GαR IgG (5 μg/ml), and 3) Cy3-streptavidin (1.2 μg/ml). 

Cells were mounted with fluorescence mounting medium (Golden Bridge International, 

Bothell, WA), and fluorescence digital images were captured by a charge-coupled device 

camera (CoolSNAP HQ-M; Photometrics, Tucson, AZ) mounted on an AxioImager D.1 

microscope (Carl Zeiss MicroImaging) with a 63×/1.4 NA objective. 

 

2.14 Transcriptional activation assay 

MDA-MB-231–derived cell lines were seeded in six-well plates. After 24 h, they 

were co-transfected with 0.5 μg of DNA of the luciferase reporter construct (CAGA) 12-

Luc, and 0.1 μg of DNA of pRL-TK (Renilla luciferase). At 24 h post transfection, the 
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cells were serum starved (16 h), stimulated (or not) with 100 pM TGF-β1 for another 24 

h, lysed, and analyzed by the DLR assay system. The results were normalized for 

transfection efficiency using the Renilla luminescence as described by us earlier (Shapira 

et al., 2012). 

 

2.15 Receptor internalization assay 

COS7 cells were transfected with tagged receptors as indicated. After 24 h, the 

receptors at the cell surface were then labeled at 4°C (time 0) with an antibody directed 

at the receptor tag, followed by fluorescently-labeled Fab’, incubated for defined 

intervals at 37°C, and fixed at 4°C. In experiments conducted in the presence of ligand, 

BMP9 (was added together with the secondary Fab’ and retained throughout the 

experiment. The fluorescence intensity remaining at the cell surface was measured by 

the point-confocal method. Results are mean ± SEM of 200 cells/time point, taking for 

each sample the intensity at time 0 as 100%.  

  

2.16 Study approval 

All animal procedures were approved by the Duke University Institutional Animal Care 

and Use committee.  
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2.17 Statistical analysis  

All statistical analyses were conducted with GraphPad Prism software. For all studies, 

significance was set at p<0.05. All in vitro experiments were analyzed using parametric 

statistics (Student’s t-test or ANOVA with indicated post-hoc test,) and expressed as the 

mean ± SEM. 
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3. Engineering an in vitro model of dual TβRIII and 
endoglin co-receptor loss in vascular endothelial cells  

3.1  Introduction 

TβRIII and endoglin are co-receptors in the TGF-β superfamily, and share 

sequence homology, structural similarity, as well as some overlap in function. In 

epithelial and other non-endothelial cell types, TβRIII is highly expressed, and there is 

little to no significant expression of endoglin, thereby allowing TβRIII to be the 

predominant co-receptor responsible for facilitating TGF-β signaling. TβRIII was not 

thought to be expressed in endothelial cells or have to have to have a role in endothelial 

biology, with endoglin taking the place of TβRIII as the predominant TGF-β co-receptor. 

In a cell system where two such similar receptors are simultaneously expressed, it can be 

difficult to decipher what each receptor contributes independently. While there are 

several cell-based models of endoglin loss in endothelial cells, there are currently none 

for TβRIII. Accordingly, we generated a cell-based model for understanding the 

contribution of TβRIII to endothelial signaling and behavior, both with and without the 

presence of the related endoglin receptor. By doing so, we could definitive decipher 

what TβRIII does that is distinct from endoglin. This model offers some utility in several 

realms, including in vitro assays of ligand-stimulated signaling, functional assays of 

typical endothelial biology, including proliferation, migration, tubulogenesis and 

sprouting, and eventually in vivo angiogenesis studies. 
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Previously, our lab has used well-characterized immortalized mouse embryonic 

endothelial cells (MEEC Eng +/+) and matched endoglin-null (MEEC -/-) cells from 

genetically engineered mice. Currently TβRIII-null endothelial cells from genetic mouse 

models are not available. A powerful alternative approach to generating knockout cells 

is using CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) 

technology. In this process, cells are induced to express a Cas9 nuclease that, under 

guidance from co-expressed sgRNA sequences, creates double strand breaks at targeted 

genomic regions. Erroneous repair of the DSBs leads to gene disruption and eventual 

protein loss (Sander and Joung, 2014). 

 

3.2  Approach and Results 

We have created a system of sequential TGF-β receptor knockout to generate an 

endothelial cell panel that will allow us to determine the relative contribution of TβRIII 

and endoglin to endothelial signaling biology. To do this, each receptor was knocked out 

using CRISPR constructs containing a different selection modality; for endoglin, it was 

GFP and for TβRIII it was puromycin. (Figure 4) 
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Figure 4: Schematic for engineering of double TβRIII/Endoglin knockout endothelial 

cells 

Mouse embryonic endothelial cells (MEEC Eng +/+) cells were infected with lentiviral 

CRISPR (GFP) to knockout endoglin expression and selected by FACS. Endoglin 

knockout was verified by biotinylation/IP. GFP+ endoglin knockout cells were then 

infected with lentiviral CRISPR (puro) to knockout TβRIII. Cells were selected with 

puromycin for 5 days. Single cell clones were isolated and knockout was verified by I-

125 binding and crosslinking TβRIII.  

      



 

35 

3.2.1 Vector Design and Subcloning 

First, we created CRISPR constructs to target endoglin by subcloning mouse-

specific gRNA sequences obtained from the Gecko library into the pL-CRISPR.EFS.GFP 

vector (Addgene plasmid 57818) according to method adapted from previous reports. 

Briefly, we digested the vector backbone with BsmB1 restriction enzyme and 

dephosphorylated the gel-purified, linearized vector. We then annealed forward and 

reverse oligos bearing the targeting sequence. The duplex oligos and the vector were 

ligated at 16 degrees C for one hour, ligation products were transformed into Stbl3 

bacteria and transformants were plated onto LB-amp plates overnight. Four colonies 

were picked from each plate and expanded in LB-amp minipreps. Glycerol stocks were 

made from 0.5 ml of the bacterial culture and the remaining cells were used for DNA 

extraction. DNA from each of the four colonies were subjected to PCR verification to 

ensure the insertion of the guide sequence into the vector. The forward primer for the 

PCR reaction was the same forward primer used for generating the guide sequence 

duplex, and the reverse primer was a sequence complimentary to the human elongation 

factor-1a promoter, a component of the vector backbone. A successful insertion 

produced one band when visualized on ethidium bromide-containing agarose gels. 

Positive clones are sent for Sanger sequencing. 

 

Sample primer pair: 
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crRIII-1   5’ CACCGACGGAGGCTAAGCGTCGCAA 

EF1A-R 101 5’ CGCTCTAGAACCGGTCCTGTGTTCT 

 

3.2.2 Lentiviral delivery to knockout Gene #1 (Endoglin) 

To knockout endoglin in MEECs, GFP-expressing CRISPR constructs were co-

transfected with psPAX2 and pMD2.G packaging vectors into 293FTs using 

lipofectamine to produce lentivirus. 48h and 72h viral supernatants were pooled and 

supplemented with 8ug/ml of polybrene. MEEC Eng +/+ seeded at approximately 25% 

cell density were incubated with viral supernatant twice for 24 hours. Cells were washed 

in PBS and replenished with growth media. GFP expression was checked by fluorescent 

microscopy 24 hours later, and cells were passaged into larger vessels for expansion. 

 

3.2.3 Fluorescence-activated cell sorting (FACS) to obtain pure 
populations 

Using the method described above, most cells were GFP positive by 72 hours 

post- infection. Cells were sorted using the BD DiVa sorter at the Duke Flow Cytometry 

Facility with assistance from facility staff. Cells were analyzed for forward and side 

scatter characteristics and binned accordingly. The top 20% of GFP expressers for each 

group of cells were collected. Cells were allowed to recover for several days before 
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endoglin knockout verification and cryopreservation. (Figure 6). 

 

Figure 5: Fluorescence Assisted Cell Sorting (FACS) of GFP+ Endoglin KO MEECs 

MEECs transduced with GFP expressing CRISPR constructs were selected by FACS to 

obtain GFP+, endoglin KO populations. Non-GFP expressing cells were used as 

reference to establish cell size/shape and baseline auto-fluorescence. Forward and side 

scatter were analyzed and inappropriate cells were excluded. High GFP expressing cells 

were sorted (P3) and used for further experiments. 
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3.2.4 Endoglin knockout verification by Biotinylation/IP 

To determine whether the CRISPR knockout of endoglin was successful, we 

measured surface endoglin expression. Although endothelial cells are among the highest 

expressers of endoglin, detecting endoglin in these cells still remains difficult. Therefore, 

we used a biotinylation/IP approach to a) specifically label receptors that are present on 

the cell surface and available to participate in ligand binding and signaling, b) 

specifically isolate endoglin and not other related receptors and c) amplify the signal 

obtained. Briefly, confluent cells in 6-well plates were incubated with 0.5 mg/ml biotin in 

HEPES buffer for 1-2 hours at 4 degrees C with rocking. After extensive washing with 

PBS, cells were lysed with a non-denaturing lysis buffer (see Materials and Methods) 

and immunoprecipitated with rat anti-mouse endoglin antibody from Novus and PGS 

beads.  The beads were washed and target protein was eluted by boiling with 2x 

Laemmli sample buffer. Samples were resolved on a 10% SDS-PAGE gel and transferred 

to PVDF membrane using the Biorad TurboBlot system (20 min using the 1.5mm gel 

program). After blocking for 1 hour in 5% non-fat milk/TBS-Tween 0.1%, membranes 

were incubated with 1:5000 Streptavidin-800 secondary antibody from LICOR. Washed 

membranes were then visualized with the odyssey infrared scanner. Figure 6A shows 

the specificity of the antibody for mouse endoglin and not for human endoglin, and 

strong reactivity for the target at the correct molecular weight. Figure 6B shows that 
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each of the GFP CRISPR targeting sequences caused a loss in full length endoglin. 

(Figure 6)  

 

Figure 6: Verification of endoglin knockout in GFP+ MEECs 

A. To verify that the antibody used for subsequent analyses of endoglin expression was 

strongly reactive and specific for mouse endoglin, COS7 cells were transfected with 

plasmids encoding control DNA, mouse endoglin or human endoglin as indicated. 

Protein lysates were analyzed by Western blot using Novus rat anti-mouse endoglin 

antibody (MJ7/18). B. Bulk populations of sorted GFP+ MEEC cells with CRISPR 

mediated endoglin knockout were analyzed by surface biotinylation and IP with rat 

anti-mouse anti-endoglin antibody (above). Parental MEEC Eng+/+ and Eng-/- were 

included as positive and negative controls.  Data represent at least three independent 

experiments. 
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3.2.5 Lentiviral delivery to knockout Gene #2 (TβRIII) and puromycin 
selection 

  To knockout TβRIII in MEECs from the previous step, cells were transduced 

with lentivirus derived from puromycin-containing CRISPR constructs. Briefly, mouse 

specific non-targeting control or a TβRIII sequence was subcloned into pLentiCRISPRV2 

and PCR verified as previously described. The TβRIII targeting sequence we used had 

been extensively validated by us in the past and known to produce complete knockout. 

After viral transduction, cells were allowed to recover for 24 hours in growth media 

before beginning selection at 4.5ug/ml puromycin for 72 hours. At the end of selection 

(100% death of non-transduced control cells), cells were allowed to recover before 

cryopreservation.  

 

3.2.6 Single Cell Cloning of Endothelial cells 

  Initial screening of the bulk populations of the engineered MEEC cell panel 

showed only partial knockout of TβRIII in some conditions. Signaling experiments with 

these cells also confirmed residual expression. Within each bulk population existed 

individual cells that harbored the desired knockout phenotype. Therefore, we used the 

serial dilution method to seed cells into 96 well dishes while under constant selection. 

After one week, plates were examined for single clones and marked. Media was 

replenished every 2-3 days. Wells containing single clones were transferred to 
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successively larger vessels and expanded. After 6-8 weeks, each 96-well plate yielded 2-5 

useable single clones.   

 

 

Figure 7: Screening puromycin-selected single cell clones by [125I]-TGF-β binding 

and crosslinking for loss of surface TβRIII. 

Pure GFP+ MEEC Endoglin KO cells were transduced with a puromycin-expressing 

CRISPR vector and selected with 5ug/ml puromycin for 72 hours. Single cell clones were 

selected using the limiting dilution method. [125I]-TGF-β binding and crosslinking, 

followed by immunoprecipitation with anti-TβRIII-ECD antibody. Dried SDS-PAGE 

gels were examined after 4 days with a Phosphoimager. Data represent at least three 

independent experiments. 

 

3.2.7 Knockout verification by Binding and Crosslinking 

 Single cell clones were examined by [125I] TGF-β1 binding/cross-linking binding 

and crosslinking assay (see Materials and methods section) to determine cell surface 

level of TβRIII. Two to four clones were screened for each of the following groups: 

MEEC (1) crNTC/crNTC, (2) crEng-1/crNTC, (3) crEng-2/crNTC, (4) crNTC/crTβRIII-1, 
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(5) crEng-1/crTβRIII-1 and (6) crEng-2/crTβRIII-1. All of the knockout cell lines appeared 

to have complete loss of TβRIII. Incidentally, single clones from the (4) crNTC/crTβRIII-1 

group were particularly slow to expand and required three extra weeks before 

validation was possible. Therefore, those cells were analyzed in a separate experiment 

(right panel) than the other cell lines (left panel). (Figure 7) 
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Figure 8: Final panel of engineered endothelial single cell clones with verified TβRIII 

and endoglin knockout. 

Single cell clones of MEEC TβRIII/endoglin with verified TβRIII KO were examined for 

TβRIII expression by I-125 binding and crosslinking (A) and by biotinylation/IP for 

endoglin expression (B). Data represent at least three independent experiments. 

 

3.2.8 Final verification 

One single clone was chosen as representative for each of the knockout groups 

described above. TβRIII expression was verified again using [125I] TGF-β1 

binding/cross-linking binding and crosslinking assay. (Figure 8A).  Endoglin expression 



 

44 

was verified using surface biotinylation/IP. (Figure 8B). Cells were observed by 

fluorescent microscopy for continued GFP expression and morphology. (Figure 9)  

 

 

Figure 9: Brightfield and fluorescent microscopy of TβRIII and endoglin knockout 

endothelial cell panel to examine morphology and GFP positivity 

Single cell clones from MEEC CRISPR TβRIII/endoglin knockout panel were seeded in 6 

well dishes and imaged using phase contrast microscopy to examine cell morphology 

several weeks after selection. Using fluorescent microcopy, GFP expression from the 

CRISPR construct was confirmed, suggesting stable integration and successful cell 

sorting.  

 

3.3 Discussion 

These studies demonstrate the use of CRISPR technology for generating double 

knockout of TGF-β co-receptors.  The cells generated with this method were 

subsequently used for various signaling experiments and functional assays in Chapter 4. 
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In the process of making this panel of double knockout cells, we observed that one of the 

endoglin KO constructs led to very high levels of TβRIII expression. This actually 

mirrored what we had seen in previous in MEEC Eng -/- cells from the genetic mouse 

model, and suggest that there may be some cross-regulation of expression of these 

related co-receptors. 

 The CRISPR constructs we used in this project express a wild-type Cas9 

nuclease, which specifically cleaves double-stranded DNA, activating double-strand 

break repair machinery. Error-prone repair mechanisms lead to frameshift mutations 

that result in gene inactivation. At some low frequency, a truncated but still functional 

protein may be produced. In the case of our two endoglin knockouts, while neither one 

produced full length functional endoglin, we observed that the resulting protein 

products were different: one was non-detectable (crEng-2), the other was a detectable 

truncated form that was detected using and endoglin specific antibody (crEng-1).  

While using at least two knockout constructs per gene has become standard 

molecular biological practice, we have learned that knockouts of the same gene may 

behave differently. Furthermore, downstream assays of cell signaling and behavior may 

differ in unexpected ways. To combat that this issue, it is advisable to use even more 

knockout constructs per gene to reduce the probability than any observed phenotypes 

are artifacts. Second, one can use a nickase Cas9 variant that provide more controlled 

gene repair. Third, one can use a CRISPR strategy whereby the donor DNA repair 



 

46 

sequence is supplied. Fourth, one can choose CRISPR target sequences that appear at the 

proximal end of a gene to ensure no functional protein is made. 
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4.  TβRIII expression in vascular endothelial cells 
enhances ALK1 signaling and regulates angiogenic 
potential. 

 

A modified version of this chapter will be submitted for publication in a peer-reviewed 

scientific journal. 

 

4.1  Introduction 

TGF-β signaling has important roles in physiologic and pathogenic angiogenesis, 

with evidence supporting both vascular stimulation and stabilization (Goumans et al., 

2009). Our lab has recently observed that vascular endothelial cells express unexpectedly 

high levels of the TGF-β co-receptor, TβRIII. Moreover, we have established that TβRIII 

forms stable complexes with Activin receptor-Like Kinase 1 (ALK1), an endothelium-

specific TGF-β superfamily receptor kinase. ALK1-containing signaling complexes are 

stimulated by bone morphogenetic protein 9 (BMP9) strongly and TGF-β weakly, 

leading to the transcription of angiogenesis related genes (Cunha and Pietras, 2011)  . 

Fundamental knowledge gaps in the field are whether TβRIII promotes angiogenesis, 

whether TβRIII’s effects are ALK1-mediated and the mechanism by which TβRIII 

regulates ALK1 signaling. Furthermore, it is unknown whether TβRIII complements or 

antagonizes the action of a related co-receptor, endoglin, and whether the balance of the 

two accessory proteins affects endothelial cell function.  



 

48 

Based on TβRIII’s ability to bind ALK1, and the structural and functional 

similarities between TβRIII and endoglin, we hypothesize that TβRIII is also an ALK1 

co-receptor, with BMP9 stimulating TβRIII/ALK1 complex formation and 

internalization, leading to increased Smad1/5/8 signaling. TβRIII-mediated Smad 1/5/8 

phosphorylation may promote angiogenesis.   

 

 
 

Figure 10: TβRIII binds ALK1 at the cell surface 

A. COS7 cells were cotransfected by HA-ALK1 together with myc-TβRIII or empty 

vector. After 48h, cells were treated with ligands and labeled for patch/FRAP 

experiments by the IgG-mediated patching/cross-linking protocol. B. The lateral 

mobility of Fab'-labeled HA-ALK1 proteins was measured by FRAP with or without 

cross-linking of myc-TβRIII. C. COS7 cells were cotransfected by HA-ALK1 together 

with myc-Endoglin or empty vector. After 48h, cells were treated with ligands and 
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labeled for patch/FRAP experiments by the IgG-mediated patching/cross-linking 

protocol. D. The lateral mobility of Fab'-labeled HA-ALK1 proteins was measured by 

FRAP with or without cross-linking of myc-TβRIII. Bars are mean ± SEM; *, p<0.03; **, 

p<6x10-4; Student's t-test. Experiments were performed by Keren Tazat and Leslie 

Pomeraniec. 

 

 

4.2 Results 

4.2.1 TβRIII binds ALK1  

TβRIII is known to bind several type I receptors (ALKs), including ALK3 and 

ALK6 (Lee et al., 2009), but is not known to bind to ALK1. However, we have detected 

TβRIII/ALK1 interaction by several biophysical and biochemical means. First, we used 

fluorescence recovery after photobleaching, coupled with receptor immobilization with 

immunoglobulin (Patch FRAP) in transfected COS7 cells. When ALK1 is expressed on its 

own, there is baseline decrease in mobile fraction of cell surface fluorescently-tagged 

ALK1 that is around 60%. When ALK1 is co-expressed with TβRIII, there is initially no 

change in mobile fraction, however when IgG is used to immobilize the receptors, the 

mobile fraction drops to 37%, indicating that the receptors were in close proximity to 

each other and capable of being crosslinked, and therefore most likely in a stable 

complex. However, treatment with these cells with TGF-β1, which is a weak ligand of 

ALK1, did not further decrease the mobile fraction. Treatment with BMP9, a strongly 

binding ligand of ALK1, further decreased the mobile fraction in all conditions. In 

parallel, the rate of diffusion of the receptors was measured and there were no 
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significant changes. These data suggest that when co-expressed in a cell, TβRIII and 

ALK1 are capable of forming cell-surface complexes, and that BMP9 may increase the 

strength of that interaction. This is a novel and unexpected finding, and served as the 

initial basis of these studies (Figure 10). 

In general, a greater decrease in the mobile fraction of the receptor of interest, 

suggests stronger binding with the second receptor. Interestingly, the decrease in the 

mobile fraction of the TβRIII/ALK1 complex was of a similar level to a known 

interaction between ALK1 and endoglin, the canonical binding partner. Upon co-

expression of ALK1 and endoglin and crosslinking with IgG, the mobile fraction 

dropped from 70% to 35% (Figure 10). Surprisingly, treatment with either TGF-β1 or 

BMP9 ligand had a no significant effect on the interaction of ALK1 and endoglin.  

Some caveats of this experiment are that a) they were conducted in COS7 cells 

that do not normally express either TβRIII or ALK1, and possibly other proteins 

necessary for studying the ALK1 pathway and b) this was an overexpression system 

where relatively large number of receptors were expressed, thereby possibly artificially 

increasing the chances of otherwise unlikely interactions.  

All together, these data suggest that the interaction between TβRIII/ALK1 may 

be as strong as endoglin/ALK1 and may be of some significance in cells that express 

both TβRIII and ALK1. We demonstrate in later experiments that vascular endothelial 

cells do indeed express both of these receptors simultaneously. 
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4.2.2 Endothelial cells express TβRIII robustly. 

Endoglin is considered the de facto co-receptor for ALK1 signaling in endothelial 

cells. TβRIII is known to be expressed in several cell types, including epithelial cells. 

However, since TβRIII was not previously known to be a binding partner of ALK1 or 

having any role in endothelial cells, definitive evidence for the presence of TβRIII in 

endothelial cells has been lacking. This is in part due to the fact that early studies 

characterizing the TGF-β superfamily receptors lacked the technical ability to 

distinguish between endoglin and TβRIII, as they are closely related in structure and 

activity. To determine whether endothelial cells do express TβRIII, we employed several 

methods to examine expression both the mRNA and protein level. 

First, using I-125 labeled TGF-β, which has high affinity for the TβRIII receptor, 

we performed a binding and crosslinking experiment. Human and mouse endothelial 

cells were subjected to I-125 labeled TGF-β ligand binding at 4oC, which slows the rate of 

internalization and maximizes the number of the receptors on the surface, followed by 

crosslinking with an insoluble crosslinker disuccinimidyl suberate (DSS), which does not 

cross the cell membrane of intact cells. After quenching with glycine, cells were lysed in 

RIPA buffer, which efficiently disrupts cell membranes and the lysate was subjected to 

immunoprecipitation with TβRIII extracellular domain targeting antibody.  
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TβRIII expression was surveyed in endothelial cells representing the different 

localizations of endothelial cells of the vasculature, including arterial, venous and the 

microvasculature. All of these endothelial cells expressed detectable TβRIII (Figure 11). 

However, there were undetectable levels of TβRIII in the 24 hour cell supernatant 

growth media, suggesting soluble TβRIII generated by ectodomain shedding is not a 

prominent feature of endothelial TβRIII biology. While it is known that TβRIII runs as a 

high molecular weight smear due to a continuum of extracellular post-translation 

modifications including glycosaminoglycan attachments, there were some differences 

among the different endothelial cell lines in the location of peak TβRIII signal. This may 

be due to cell-type specific expression of these post-translational modification enzymes 

or differences in trafficking of these receptors through the endoplasmic reticulum and 

Golgi body.  

To demonstrate the specificity of the TβRIII pull-down, the panel included 

HMEC-1 cells that had been transduced with lentivirus expression short hairpins 

directed at TβRIII mRNA (shTβRIII). As seen, the signal is decreased by about 70% in 

this lane, corresponding the level of knockdown detected by qRT-PCR. To determine 

how the level of cell surface TβRIII compares to that in well-characterized and 

frequently used non-endothelial cells, we included a variety of primary or cancer cell 

lines derived from kidney, pancreatic, mammary, prostate and ovarian tissue. (Figure 

11) 



 

53 

In addition, using qRT-PCR, we analyzed the expression of TβRIII in human cell 

lines. RNA was extracted from the endothelial cells, converted to cDNA and subjected to 

qPCR in triplicate wells using human or mouse specific TβRIII and GAPDH primers. All 

cell lines expressed TβRIII mRNA to some degree, but this did not correlate with cell 

surface level, suggesting that there are multiple levels of cellular control of total and cell 

surface TβRIII expression. (Figure 11A) 

In mouse cells, we examined TβRIII expression by RT-PCR and found that all 

cells tested had detectable TβRIII mRNAs. Using binding and crosslinking, we detected 

TβRIII expression in MEECs. To demonstrate the specificity of the TβRIII pull-down, we 

examined MEECs transduced with non-targeting control or TβRIII-targeting CRISPR.  

(Figure 12) 

 

4.2.3 TβRIII binds ALK1 in a BMP9-dependent manner to promote 
TβRIII/ALK1 complex formation. 

To complement the initial evidence of TβRIII/ALK1intereactions uncovered in 

the Patch FRAP experiments, we focused our studies of TβRIII/ALK1 in cells that 

naturally express these two receptors, endothelial cells. To that end, we examined 

endogenous TβRIII/ALK1 interaction in endothelial cells using the proximity ligation 

assay and co-immunoprecipitation. 

In the proximity ligation assay, fixed cells are treated with antibodies specific to 

the two targets of interest that were generated in different host species. When labelled 
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species-specific secondary antibodies targeting the primary antibodies are within 40nM 

of each other, a signal amplification reaction occurs that labels sites where the proteins 

of interest were interacting. We found that at baseline, ALK1 and TβRIII appear to form 

a few complexes. However when treated with ligands of ALK1, either TGF-β or BMP9, 

the number of those complexes increased, suggesting that these ligands can promote 

complex formation. (Figure 13) 
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Figure 11: Human cells express cell surface TβRIII. 

A. RTPCR with human-specific primers for TβRIII was used to detect TβRIII expression 

in human (endothelial cells. Cells labeled green are non-endothelial human cells for 

comparison. B. Cell surface expression of TβRIII was detected by [125I]-TGF-β binding 

and crosslinking, followed by immunoprecipitation in human endothelial cells of 

arterial (HAEC), venous (HUVEC, ECRF) and microvascular (HMVEC-d, HMEC-1) 

origin. Representative of two independent experiments. 
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Figure 12: Mouse endothelial cells express cell surface TβRIII. 

A. RTPCR with mouse-specific primers for TβRIII was used to detect TβRIII expression 

in mouse endothelial cells of arterial (MAEC), microvascular (MsMVEC-d) and 

embryonal origin (MEECs). Cells labeled green are non-endothelial mouse cells for 

comparison. Data representative of 2 independent experiments B. [125I]-TGF-β binding 

and crosslinking was used to detect levels of TβRIII on cell surface (upper panel) or 

supernatant (lower panel) of mouse cells that express endoglin (MEEC Eng +/+) or lack 

endoglin (MEEC -/-). Representative of three representative experiments. 
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Figure 13: TβRIII binds ALK1 in a ligand-dependent manner to promote TβRIII/ALK1 

complex formation. 

A,B.  Serum-starved HMEC-1s were treated with TGF-β1 or BMP9 for 30 min. and 

subjected to Duolink proximity ligation assay. Coverslip were imaged at 40x 

magnification and the number of fluorescent dots were counted for at least 50 cells. Data 

are representative of three experiments.  Bars are mean ± SEM, *p<0.05. 
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4.2.4 TβRIII binds to ALK1 in different activation states. 

As ALK1 is a type I receptor in the TGF-β family and its main role is to transduce 

cell signals via phosphorylation of the SMADs, we sought to investigate whether ALK1 

activation status had a role in TβRIII/ALK1 binding. To determine whether TβRIII 

preferentially binds to active ALK1, we used co-immunoprecipitation to examine the 

interaction of TβRIII with WT ALK1 relative to a constitutively-active ALK1 mutant (Q-

>D mutant) and a kinase dead ALK1 mutant (K->R mutant). Interestingly, we found that 

all forms of ALK1 were able to interact with overexpressed TβRIII. (Figure 14) This 

result is similar to previous reports that endoglin is able to bind to ALK1 with different 

activation levels under similar conditions (Blanco et al., 2005). (Figure 14) 

 

4.2.5 TβRIII likely binds to multiple small regions in the extracellular 
domain 

We have demonstrated that ALK1 interacts with intact TβRIII. To gain additional 

insight into mechanisms regulating this interaction and to gain potential tools for 

investigating the significance of this interaction, we attempted to map the domains 

mediating the interaction. In co-immunoprecipitation experiments, compared to the 

interaction between ALK1 and WT TβRIII, the interaction with delta GAG mutant 

(lacking glycosaminoglycan modifications), with delta cyto mutant (lacking the small 

cytoplasmic tail but retaining the transmembrane domain and extracellular domain), 

and the Del mutant (lacking the C-terminal residues responsible for interaction with the 
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GIPC scaffolding protein) was normal. (Figure 14B) The lack of disruption of 

ALK1/TβRIII interaction with these intracellular domain mutants suggest that the 

interaction between ALK1 and TβRIII is likely in the extracellular domain. (Figure 14B) 

To further investigate this theory, we performed co-immunoprecipitation with 

ALK1 and TβRIII mutants lacking large blocks of amino acids in the extracellular 

domain, however due to issues with the expression of these receptors, we were not able 

to definitely delineate which TβRIII region was most important for binding.  

In sum, these co-immunoprecipitation studies demonstrate that TβRIII interacts 

directly with ALK1 and that this interaction likely occurs through the extracellular 

domain. 
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Figure 14: TβRIII and ALK1 interaction depends on extracellular domain 

A. COS7 cells were co-transfected with myc-TβRIII and HA-ALK1 WT and mutants that 

were constitutively active (Q-D), kinase dead (K-R). Protein lysates were 

immunoprecipitated with myc antibody for TβRIII and assayed for pull-down of ALK1 

with anti-HA antibody. B. COS7 cells were co-transfected with myc-ALK1 and HA-

TβRIII WT and mutants lacking glycosaminoglycan (delta GAG), missing the 

cytoplasmic tail (delta cyto) or missing the extracellular domain (delta ECD). Protein 

lysates were immunoprecipitated with myc antibody for ALK1 and assayed for pull-

down of TβRIII with anti-TβRIII antibody. Data represent two independent 

experiments. 

 

4.2.6 TβRIII binds directly to BMP9 

Several lines of evidence point to the possibility of TβRIII being a BMP9 co-

receptor. First, TβRIII has been demonstrated to directly other members of the BMP 

family, including BMP2 and BMP6 (Kirkbride et al., 2008). In the current study, we also 
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observed that TβRIII binding to ALK1 was enhanced in the presence of BMP9 (Figure 

13) suggesting that BMP9 could be part of a tripartite signaling complex involving 

TβRIII-ALK1-BMP9.  

To measure the strength and kinetics of direct binding between the extracellular 

domain of TβRIII and BMP9, we used a label free technique to study molecular 

interactions in real time called surface plasmon resonance. Briefly, BMP9 was 

immobilized to a dextran CM5 chip and the soluble extracellular domain of TβRIII 

(analyte) was flowed over the chip at varying concentrations. The resulting plots of 

response versus time produced sensorgrams that best fit a bivalent analyte model. Based 

on data from three independent experiments using the bivalent model, the calculated 

dissociation constant (KD) for the sTβRIII/BMP9 interaction was 43 µM. (Figure 15A) 

In parallel, we also analyzed the interaction between a related TGF-β 

superfamily ligand, BMP2 and sTβRIII, and calculated a KD of 5.39 µM. This result is 

similar to the previously reported value of 10uM +/- 3.66 for BMP2 in a previous report 

from our lab (Kirkbride et al., 2008). (Figure 15B). 
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Figure 15: Soluble TβRIII binds directly to ALK1 ligand, BMP9 

A Surface plasmon resonance (SPR) was used to measure the strength and kinetics of 

TβRIII/BMP9 binding. BMP9 (~3900 response units) was immobilized on a CM5 sensor 

chip using amine coupling (sodium acetate pH 4.5). Soluble TβRIII (R&D Systems) was 

diluted in HBS-EP running buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 

0.005% v/v Surfactant P20) and flowed at concentrations ranging from 10-100ug/ml for 5 

min at a flow rate of 50 µl/min. BSA control and buffer subtraction were performed. 

Figure represents one of three independent experiments. The resulting sensograms were 

then fit using nonlinear least squares analysis and numerical integration of differential 

rate equations and the fits were then analyzed by considering the distribution of the 

residuals. B. BMP2 (~1600 response units) was immobilized on a CM5 sensor chip using 

amine coupling (sodium acetate pH 4.5) and SPR performed as described above. Data 

represent three independent experiments. 
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Although molecular interactions with dissociation constants in the micromolar 

range are generally considered weak, our lab has demonstrated that TGF-β receptor-

ligand interactions in this range do translate into significant and qualitatively important 

binding events important for signaling. Furthermore, while there are strengths to using 

a simplified interaction scheme devoid of potentially confounding proteins for the 

purpose of quantitation, intact cells do require the proper milieu of accessory proteins to 

facilitate optimal binding and signaling. To further address the issue of the strength and 

significance of TβRIII/BMP9 binding, plans are underway to perform [I-125]-BMP9 

binding and crosslinking experiments with endogenous cell surface endothelial TβRIII.   
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Figure 16: TβRIII facilitates BMP9-induced Smad phosphorylation and Id1 activation  

A. Single or double knockout mouse embryonic endothelial cells were serum-starved 

overnight and treated with 1ng/ml BMP9 for 15 minutes. Protein lysates were resolved 

by SDSPAGE and Western blots for phospho-Smad 1/5/8 were done. B. Using MEECs 

derived from WT vs endoglin null animals that have CRISPR mediated knockout, we 

analyzed the impact of TβRIII loss on ID1 activation. Cells were serum starved 

overnight, then treated with 1ng/ml BMP9 for 4 hours. Protein lysates were resolved on 

15% SDS PAGE and Western blot of ID1 (Santa Cruz, rabbit antibody) was done. Data 

represent two independent experiments.   
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Figure 17: BMP9 dose course in TβRIII/Eng knockout cells 

Single or double knockout mouse embryonic endothelial cells were serum starved 

overnight and treated with increasing doses of BMP9 as indicated for 15 minutes. 

Phospho-Smad activation were detected by Western blot. Data represent four 

independent experiments. 

 

4.2.7 Generation of human TβRIII knockout endothelial cells using 
CRISPR 

In order to generate TβRIII-KO cells, we employed CRISPR gene editing 

technology. Non-targeting control guide sequences and guides specific to human TβRIII 

were subcloned into lentiviral CRISPR vectors coding for the CAS9 enzyme as well the 

puromycin selection marker. Multiple positive transformants were sequenced to verify 

proper site integration. HMEC-1 cells were transduced with virus carrying these 

constructs, and selected with 1ug/ml puromycin for two days. HMEC-1s expressing two 

different TβRIII KO CRISPR constructs (crTβRIII-1, crTβRIII-2) were subjected to 

binding and crosslinking and immunoprecipitation to detect TβRIII levels. Results 

showed greater than 90% KO using either constructs. Very low levels of soluble TβRIII 

were detected in the supernatant. Because of the stable and effective KO level, these cells 

were used as a bulk population and maintained in 0.5ug/ml puromycin. (Figure 18) 
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Figure 18: TβRIII loss reduces BMP9-induced Id1 expression and ALK1 expression. 

A. Binding and crosslinking in HMEC-1 cells to detect TβRIII and knockout efficiency. B. 

HMEC-1s were seeded in 12 well dishes and serum-starved for 6 hours. Cells were then 

treated with 1ng/ml BMP9 or blank medium for the indicated times. RNA was harvested 

and RTPCR was performed to detect expression of ID1 and ALK1. Data represent two 

independent experiments in triplicate wells (panel B) 
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4.2.8 TβRIII loss reduces BMP9 induced Smad signaling 

As TβRIII can bind ALK1 and BMP9 directly, and ALK1’s main function in 

endothelial cells is to transduce signals initiated by BMP9 leading to Smad 

phosphorylation and gene transcription changes, we wondered whether TβRIII also 

regulated ALK1 function.  

In TβRIII KO mouse endothelial cells, we saw a decrease in BMP9-induced 

phospho-Smad 1/5/8 signal of about 50%, which was similar to the endoglin knockout. 

(Figure 16A). In the canonical model of ALK1 signaling, the complex of receptor-

regulated Smads (phospho-Smad1/5/8) and the co-Smad (Smad4) are able to translocate 

to nucleus and activate transcription of master regulator genes such as Id1. Therefore, 

we also examined the level of Id1 activation 2hours after BMP9 stimulation and found 

that cells that lacked TβRIII demonstrated reduced Id1 activation, with similar effects to 

loss of endoglin (Figure 16B). In addition, we examined the impact of TβRIII on BMP9 

responsiveness by performing a BMP9 dose course experiment. When serum-starved 

MEECs were treated with doses of BMP9 ranging from 0.1-1.0 ng/ml, 

phosphoSmad1/5/8 was reduced in endoglin knockout cells, as expected, but also in 

TβRIII knockout cells. (Figure 17) In all cases, the effect of loss of TβRIII was comparable 

to the loss of endoglin. (Figure 16, 17) However, loss of both endoglin and TβRIII did not 

results in a consistent further decrease in BMP9 mediated phospho-Smad 1/5/8 or Id1 

induction. (Figure 16, 17) 
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In TβRIII KO human cells endothelial cells, we assessed the expression of Id1 

with 1 ng/ml BMP9 treatment. We found that Id1 expression peaked at 2 hours in 

HMEC-1 cells, but the signal remained stable in TβRIII KO cells. (Figure 18)    

These data suggest that TβRIII may facilitate ALK1-mediated signaling and downstream 

functions to a similar extent as endoglin.  

 

4.2.9 ALK1 expression accelerates TβRIII internalization 

 Based on TβRIII’s ability to interact with ALK1 on the cell surface, and TβRIII’s 

known role in receptor internalization, we investigated how TβRIII/ALK1 coexpression 

affected internalization. When TβRIII is expressed singly, it is internalized relatively 

slowly. However, upon co-expression with ALK1, TβRIII is internalized more quickly, 

suggesting that interaction with ALK1 may target both receptors for endocytosis. 

Interestingly, the rate of internalization of ALK1 with TβRIII was similar to the rate of 

internalization of ALK1 with endoglin, and addition of BMP9 did not further increase 

the rate. (Figure 19) 
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Figure 19: ALK1 expression accelerates TβRIII internalization. 

COS-7 cells were transfected with TGF-β superfamily receptors as indicated, and treated 

with vehicle or ligands. Cell surface receptors were fluorescently tagged and tracked 

over time using microscopy to determine the rate of internalization. A. Co-expression of 

TβRIII and ALK1 increased the rate of internalization of TβRIII. B. ALK1 and co-

receptors were co-expressed as indicated and internalization for ALK1 internalization 

were analyzed. TβRIII and endoglin had similar effects on ALK1 internalization.   

Experiments were performed by Leslie Pomeraniec. 
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4.2.10 Model of TβRIII regulation of ALK1 signaling 

Together, our results from signaling experiments suggest that TβRIII may 

regulate ALK1 signaling through its ability to bind ALK1 and BMP9 at the cell surface. 

Because of its ability to bind to BMP9, it is possible that the cleaved form of TβRIII can 

interact with extracellular BMP9 and sequester it from ALK1. Finally, based on RT-PCR 

data in WT vs TβRIII KO cells, loss of TβRIII may cause decreased ALK1 expression, 

which in turn leads to decreased ALK1 signaling.  (Figure 4.11)   
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Figure 20: Model of TβRIII regulation of ALK1 Signaling  

TβRIII may regulate ALK1 signaling in several ways. (1) We have demonstrated 

that ALK1 can bind directly to TβRIII in vitro, using co-immunoprecipitation assays, 

and in situ, using proximity ligation assay. Furthermore, presence of BMP appears to 

increase the probability of TβRIII/ALK1 binding. Therefore a BMP-responsive tri-partite 

signaling complex is formed containing ALK1, the type I receptor, a type II receptor and 

TβRIII as the co-receptor. This complex is capable of participating in canonical BMP-

induced Smad1/5/8 phosphorylation. It is currently unknown whether this complex 

facilitates non-canonical signaling. (2) We have demonstrated that soluble TβRIII is 

capable of binding BMP9, using surface plasmon resonance (SPR). Binding and 

crosslinking experiments suggest low levels of ectodomain shedding, therefore, 

sequestration of BMP9 by endothelial cell-derived soluble TβRIII is not a major 

mechanism of signal modulation. (3) We have demonstrated that when human 

endothelial cells lack TβRIII, there is a corresponding decrease in ALK1 gene expression. 

This represents an indirect means of ALK1 signaling regulation. 
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4.2.11 Dual TβRIII/endoglin loss reduces angiogenic potential 

Our lab has previously demonstrated that the TβRIII status of cancer cells can 

affect tumor growth, in part by regulating tumor angiogenesis (Dong et al., 2007; Hanks 

et al., 2013). However, those models have focused on indirect effects, particularly the 

inhibitory action of soluble TβRIII, and not on the role of TβRIII in the actual 

vasculature. Therefore, it is currently unknown whether the TβRIII status of vascular 

endothelial cells impacts their angiogenic potential.  

The complex process of angiogenesis can be broken down into several more basic 

cell behaviors. In our mouse CRISPR TβRIII/endoglin mouse panel, we assessed the 

effect of single or dual co-receptor loss on proliferation and migration. First, cells were 

subjected to a transwell migration assay for 20 hours. We found that neither loss of 

TβRIII nor loss of endoglin expression affected the cells’ chemotaxis toward serum, 

which is a potent chemoattractant.  The double knockout did not further affect cell 

migration. Treatment with BMP9 had no effect.  (Figure 21) 

Next, we investigated the co-receptors’ roles in proliferation. Using the 

luminescent Cell Titer Glo assay, we saw that TβRIII loss or complete endoglin loss 

(crEng-2) led to a two-fold increase in cell proliferation. (Figure 21B) Both TβRIII and 

endoglin have been implicated cell growth inhibition, therefore these effects follow 

typical patterns. Interestingly, dual TβRIII/endoglin knockout restored proliferation to 
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basal levels, (Figure 21) suggesting that loss of both TβRIII and endoglin may have 

complex effects on regulation of cell proliferation.  

 

 

Figure 21: Effect of TβRIII and endoglin loss on migration and proliferation. 

A. Mouse CRISPR TβRIII/endoglin knockout cell panel was subjected to a transwell 

migration assay. 30,000 cells were seeded in upper chambers of 24-well Boyden 

chambers in MCDB131 serum-free media with vehicle or 5ng/ml BMP9, and allowed to 

migrate toward the lower chamber containing growth media for 18 hours. After 
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staining, 3 fields of view were imaged at 10x magnification, and cells were counted by 

automated macro program on NIH ImageJ software. B. Cell proliferation was assessed 

in mouse CRISPR TβRIII/endoglin knockout cell panel using Cell Titer Glo Luminescent 

Cell Viability at 3,000 cells/well for 18 hours. Data represent four independent 

experiments performed in duplicate wells. Bars are mean +/- SEM, *p<0.05. 

 

To determine whether TβRIII enhances angiogenic potential in vitro, we 

subjected endothelial cells to tube formation assays on Matrigel. This assay simulates 

several complex steps in the angiogenic process. Cells must attach to the surface and 

degrade the basement membrane in order to move and to extend cell-to-cell processes 

resembling capillaries. In this experiment, we found intergroup differences among 

TβRIII and endoglin knockout cells and controls, and intra-group differences between 

the two related endoglin CRISPR KO cell lines. The control group, MEEC crNTC/NTC 

had thin well-established tubes connected by distinct nodes at a regular intervals. In 

contrast, both endoglin KO cell lines had increased cell density with indistinct plaque-

like nodes. MEEC crEng-2 cells generated thin tubes connected by thick nodes, whereas 

MEEC crEng-1 had thick, rope-like tubes connected by thick nodes, giving an overall 

sheet-like appearance. Compared to the control group, the TβRIII KO cell line had twice 

as many thin tubes connected by small distinct nodes (capillary-like extensions). 

However upon loss of endoglin, TβRIII/Eng-1 KO cells appeared unable to sustain 

connections. These cells had thick, rope like bodies that failed to maintain anastomoses 

with other nodes, to give an overall appearance of disjointed plaques. The other double 

knockout cell line, TβRIII/Eng-2 KO differed significantly from the crEng-2 line from 
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which it was derived- it had thick cords connected to thick nodes—but looked strikingly 

similar to the crEng-1 line. (Figure 22).  

While we encountered a complex array of phenotypes, the clearest outcome was 

that cells lacking both TβRIII and endoglin (MEEC crTβRIII/crEng-1) were impaired in 

their ability to form tubes. As we have taken tube formation ability as a surrogate for 

angiogenic potential, we hypothesize that simultaneous loss of TβRIII and endoglin 

reduces angiogenic potential. 

To quantify these results, we used the Angiogenesis Analyzer plug-in for NIH 

ImageJ, a program we have used successfully in the past for automated, unbiased batch 

image processing. However, this tool was programmed to analyze primarily linear 

structures connected at distinct nodes (such as the organized web formed by the control 

cells), and it struggled to capture the complexity of shapes formed by the KO cell lines.  

Therefore, for a more complete and accurate analysis, manual measurements of 

morphometric parameters will be taken, including number of nodes and unique features 

such as width of tubes, in a double-blind fashion. (Figure 22) 

Although current in vitro models of angiogenesis focus on the activation phase of 

angiogenesis, which features growth-factor stimulated proliferation, migration and 

capillary sprouting (Pardali et al., 2010), of equal importance is the maturation phase, 

where endothelial cells stop proliferating to optimize nascent capillary networks for 

efficient blood flow (Lamouille et al., 2002). Therefore, negative results for migration, 
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proliferation and capillary sprouting assays may suggest a role for TβRIII/ALK1 

signaling in maturation.  

 

 

Figure 22: Dual TβRIII/endoglin knockout impairs endothelial in vitro angiogenesis. 

A. Mouse CRISPR TβRIII/endoglin knockout cell panel was subjected to a tube 

formation assay on Matrigel basement membrane matrix, a marker for angiogenic 

potential. 30,0000 cells were seeded in MCDB131 serum-free media unto 50ul of 

solidified Matrigel in 96 well plates. Cells were treated with 5ng/ml BMP9 or vehicle, 
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and incubated undisturbed for 18 hours.  Tubes were imaged at 4x magnification to 

capture the center of each well. B. Images from were quantified using ImageJ 

Angiogenesis Analyzer. Data represent four independent experiments. Bars are mean +/- 

SEM. 

 

4.2.12 TβRIII promotes neonatal retinal angiogenesis 

To investigate the role of TβRIII in angiogenesis in vivo, we examined retinal 

angiogenesis in mice in the early postnatal period of TβRIII heterozygous mice. We used 

these mice because global TβRIII knockout is embryonic lethal in mice and conditional 

knockout models are not currently available. At birth, mouse retinas are avascular, and 

vascularization occurs in a predictable temporal and special pattern over the course of 

10 days. The large vessels, including arteries and veins emerge from the optic nerve and 

elaborate radially toward the periphery of the optic cup. At the same time, smaller 

vessels branch from larger ones to form hierarchical vascular networks that end in a 

dense web of capillaries.  At postnatal day five, retinas were harvested from TβRIII 

heterozygous pups and their wild-type litter mates. Retinas were stained with 

IsolectinB4, a glycoprotein that specifically targets non-primate endothelial cells. TβRIII 

heterozygous mice exhibited delayed extension of the vascular network toward the 

retinal edge as compared with wild-type mice. (Figure 23) By postnatal day 8, these 

differences were lost. These data suggested that 1) TβRIII may be involved in only the 

early stages of angiogenesis 2) that TβRIII aids in, but is not necessary for successful 

retinal vascularization. (Figure 23) 
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Figure 23: TβRIII promotes neonatal retinal angiogenesis. 

A. Retinas from TβRIII wild-type (+/+) and heterozygous (+/-) mice were harvested at 

postnatal day 5, incubated with biotinylated Isolectin B4 (IB4) to stain blood vessels and 

visualized with fluorescent streptavidin. B. Stereoscopic images of wholemount retinas 

were captured and vessel length was quantified using ImageJ software. p=0.0164 using 

Kruskal-Wallis non-parametric test. C. RNA from the contralateral retina was used to 

determine TβRIII and ALK1 retinal expression during active angiogenesis. Data are 

representative of 9 animals per group. 

 

 

In addition to fluorescent staining for morphometric analysis, the contralateral 

retina of each mouse was harvested and RNA was extracted. Using mouse specific 

primers, we performed quantitative RTPCR for TβRIII and found that the level of TβRIII 
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expression in the retina was indeed half of the wild-type level. Interestingly, we also 

found that the level of ALK1 expression was also decreased in the TβRIII heterozygotes, 

suggesting that loss of TβRIII correlated with decreased ALK1 expression. Thus, TβRIII 

may regulate ALK1 expression and signaling at multiple levels. (Figure 23) 
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5. TβRIII and endoglin oligomerization in the regulation 
of TGF-β signaling. 

 

5.1 Relevance 

The complexity of the TGF-β superfamily signaling is largely mediated by the 

context-specific interactions among different receptors on the cell surface (hetero 

oligomerization, as well by different molecules of the same receptor type (homo-

oligomerization). We have come to understand that these two complementary and 

sometimes opposing processes can affect receptor availability for signaling, as well as 

other cellular processes, including internalization, which can be either activating or 

dampening depending on the receptor in question. In our studies, we have 

demonstrated that although endoglin and TβRIII are both considered co-receptors, the 

order and manner in which they interact with other receptors are distinct. 

 

5.2 Regulation of TGF-β receptor hetero-oligomerization and 
signaling by endoglin. 

This chapter section was co-authored by Keren Tazat and Melissa Hector-Greene. 

A modified version of this chapter was published in the journal Molecular Biology of the 

Cell (Tazat et al., 2015). Copyrighted material is used with permission from the journal. 
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5.2.1 Introduction  

Transforming growth factor-β (TGF-β) ligands play critical roles in a variety of 

physiological and pathological processes (Clarke and Liu, 2008; Deheuninck and Luo, 

2009; Elliott and Blobe, 2005; Gordon and Blobe, 2008; Heldin et al., 2009; Massague, 

1998, 2012). They signal via the receptor Ser/Thr kinases type I (TβRI, or ALK5) and II 

(TβRII), assisted and/or regulated by distinct co-receptors, the best-characterized of 

which is the type III TGF-β receptor (TβRIII, or betaglycan) (Bernabeu et al., 2009; 

Franzen et al., 1993; Gatza et al., 2010; Lin et al., 1992; Shi and Massague, 2003; Zhang, 

2009). TGF-β signaling is initiated by ligand binding to TβRII, which recruits and 

phosphorylates TβRI, inducing signaling via the canonical Smad pathway and/or 

(depending on the cellular context) several non-Smad pathways (Ehrlich et al., 2012; 

Moustakas and Heldin, 2009; Shi and Massague, 2003; Zhang, 2009). In the Smad 

pathway, the activated TβRI phosphorylates R-Smads, followed by their hetero-

oligomerization with Smad4. The resulting Smad complex accumulates in the nucleus 

where it regulates gene transcription (Feng and Derynck, 2005; Schmierer and Hill, 2007; 

Shi and Massague, 2003).  

TβRIII is the most abundant and characterized TGF-β co-receptor. It is a 

proteoglycan comprised of 851 amino acids, which binds to several TGF-β-family 

ligands and presents them to the signaling receptors (Lopez Casillas et al., 1994). TβRIII 

also regulates TGF-β signaling to the p38 pathway (You et al., 2007), inhibits nuclear 
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factor κB signaling (You et al., 2009), and activates Cdc42 to regulate cell proliferation 

and migration (Mythreye and Blobe, 2009). Moreover, TβRIII was shown to inhibit TGF-

β superfamily signaling through ectodomain shedding-mediated generation of soluble 

TβRIII, which can bind and sequester TGF-β away from its receptors (Elderbroom et al., 

2014; Lopez Casillas et al., 1994). TβRIII was found to interact with the scaffolding 

proteins, β-arrestin2 and GAIP interacting protein C-terminus (GIPC). Binding to GIPC 

stabilized TβRIII at the cell surface and increased TGF-β signaling (Blobe et al., 2001a), 

while interaction with β-arrestin2 mediated co-internalization of TβRIII and TβRII, 

downregulation of these receptors and a decrease in TGF-β signaling (Chen et al., 2003; 

Finger et al., 2008). 

TβRIII expression is lost or reduced in most cancer cell line models (Chen et al., 

1997; Segarini, 1990; Sun and Chen, 1997) and human cancers of the breast, prostate, 

ovary, kidney, lung and pancreas (Copland et al., 2003; Dong et al., 2007; Hempel et al., 

2007; Turley et al., 2007), as well as in myelomas (Lambert et al., 2011), in line with an 

inhibitory role for TβRIII in cancer progression. Accordingly, increasing or restoring 

TβRIII expression in such cancer cells was reported to decrease cell motility/invasion in 

vitro, and to reduce angiogenesis, invasion and metastasis in vivo (Dong et al., 2007; 

Hempel et al., 2007; Lambert et al., 2011; Lee et al., 2010; Turley et al., 2007). 

Reciprocally, decreasing TβRIII expression by shRNA was found to increase migration 

and invasion of such cancer cells (Gordon et al., 2008; Mythreye and Blobe, 2009). On the 
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other hand, TβRIII was reported to have cancer-promoting effects in colon cancer cells, 

enhancing their migration, growth and colony formation in soft agar (Gatza et al., 2011). 

Complex formation among TGF-β receptors has important roles in signaling. 

This was investigated mainly for type I and type II TGF-β receptors, both by 

crystallographic studies on their extracellular domains (Groppe et al., 2008; Radaev et 

al., 2010) and by fluorescence-based quantitative methods measuring interactions of the 

full-length receptors situated in the plasma membrane (reviewed in Ehrlich et al., 2012). 

In previous studies, we combined IgG-mediated patching of epitope-tagged cell surface 

receptors with fluorescence recovery after photobleaching (FRAP) to investigate 

homomeric and heteromeric complex formation among type I and type II TGF-β 

receptors, and among BMP receptors (Marom et al., 2011; Rechtman et al., 2009). Here, 

we employed patch/FRAP to study quantitatively the interactions of TβRIII with TβRII 

and TβRI at the surface of live cells, their dependence on association with the scaffold 

proteins GIPC and β-arrestin2, and their relation to Smad signaling. Our studies 

demonstrate that TβRIII homo-oligomerization depends on its cytoplasmic domain and 

on binding to GIPC scaffolds. Interestingly, we find that TβRII and TβRI bind to TβRIII 

independently and in a ligand-independent manner, suggesting binding to non-

overlapping sites rather than as a TβRII/TβRI complex. Signaling studies in MDA-MB-

231 cell lines that do or do not express wild-type (WT) or mutant TβRIII showed that 

TβRIII inhibits TGF-β-mediated Smad2/3 nuclear translocation and transcriptional 



 

84 

activation. This inhibitory effect required the TβRIII cytoplasmic domain and could be 

exerted also by an ectodomain shedding-defective TβRIII mutant. We propose a model 

where binding of TβRII and TβRI to TβRIII competes with formation of the TβRII/TβRI 

complex, inhibiting signaling to the Smad pathway. 

 

5.2.2 Results 

  

5.2.2.1 TβRIII homomeric complex formation depends on its cytoplasmic domain and 

on binding to GIPC 

Using immunofluorescence co-patching and immunoprecipitation, we have 

previously demonstrated that TβRIII forms homomeric complexes at the cell surface 

already in the absence of ligand (Henis et al., 1994). However, these experiments were 

semi-quantitative, and are incapable of detecting transient complexes, which may 

dissociate during the patching or immunoprecipitation steps (Rechtman et al., 2009). 

Moreover, it remained unknown whether the oligomerization of TβRIII is direct or 

depends on association with scaffold proteins. 

The mode of interactions (stable vs. transient interactions) among cell-surface 

proteins can be determined by patch/FRAP (Eisenberg et al., 2006; Henis et al., 1994; 

Rechtman et al., 2009). In this method, one receptor is patched and immobilized by 

cross-linking with a double layer of IgGs, and the effect on the lateral diffusion of a 

coexpressed extracellularly-tagged receptor, labeled exclusively by monovalent Fab' 
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fragments, is measured by FRAP (see Materials and Methods). Complex formation 

between the receptors can reduce either the mobile fraction (Rf) or lateral diffusion 

coefficient (D) of the Fab'-labeled receptor, depending on the FRAP timescale relative to 

the dissociation/association rates of the complex. Complex lifetimes longer than the 

characteristic FRAP times lead to a reduction in Rf, since bleached Fab'-labeled receptors 

would not undergo appreciable dissociation from the immobile clusters during the 

FRAP measurements. Conversely, short complex lifetimes result in several 

association/dissociation cycles for each fluorescent-labeled molecule during the FRAP 

measurement, thus reducing D (Eisenberg et al., 2006; Henis et al., 1990; Rechtman et al., 

2009).  

We first employed patch/FRAP to investigate the interaction mode of homomeric 

TβRIII complexes at the surface of COS7 cells. To this end, differently-tagged HA-TβRIII 

and myc-TβRIII were coexpressed, and the cells were subjected to patch/FRAP studies. 

As shown in Figure 24(A and B), Fab'-labeled (uncrosslinked) myc-TβRIII was laterally 

mobile in the plasma membrane of COS7 cells, whereas HA-TβRIII subjected to IgG-

mediated patching became lateral immobile. The average results of patch/FRAP 

experiments testing the effects of immobilization of HA-TβRIII on the lateral diffusion of 

coexpressed myc-TβRIII are summarized in Figure 24 (C and D). Immobilization of HA-

TβRIII mediated a significant reduction (45%) in Rf of the coexpressed myc-TβRIII 

without affecting the D value (Figure 24D). Such an effect characterizes stable 
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interactions between the HA- and myc-tagged TβRIII pairs (Henis et al., 1990; Rechtman 

et al., 2009), suggesting the formation of homomeric TβRIII complexes which are stable 

on the time scale of the FRAP measurements (minutes). These complexes were 

unaffected by TGF-β1 or -β2, in line with the high homo-oligomerization level of TβRIII 

reported earlier based on immunofluorescence co-patching (Henis et al., 1994). A 

statistical correction is required to convert the % reduction in Rf to % homo-dimerization 

(Ehrlich et al., 2011; Marom et al., 2011), since the probabilities of homodimer formation 

are 1:2:1 for HA/HA, myc/HA+HA/myc, and myc/myc containing dimers. Upon 

immobilization of cross-linked HA-TβRIII and FRAP measurement of the lateral 

diffusion of myc-TβRIII, only myc-TβRIII in mutual complexes with HA-TβRIII would 

undergo immobilization, whereas the mobility of myc/myc-containing homodimers 

would not be affected, and HA/HA homodimers do not contribute the measurement. In 

addition, myc-TβRIII/myc-TβRIII complexes contain two myc tags and are therefore 

labeled at twice the intensity of myc/HA containing homodimers. Thus, for 

homodimers, the % reduction in Rf  in patch/FRAP studies should be multiplied by 2 to 

obtain the percentage of homodimeric receptors (Ehrlich et al., 2011). Therefore, the 45% 

reduction in Rf of myc-TβRIII upon immobilization of HA-TβRIII suggests a very high 

level of homo-dimerization (45x2=90%).  
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Figure 24: Patch/FRAP studies demonstrate stable TβRIII homomeric complexes. 

COS7 cells were cotransfected with pairs of expression vectors encoding myc- and HA-

tagged TβRIII. (A) A representative FRAP curve of the lateral diffusion of myc-TβRIII in 

a cell coexpressing HA-TβRIII (no IgG cross-linking). (B) A representative FRAP curve 

of HA-TβRIII immobilized by IgG cross-linking. (C, D) Average Rf and D values derived 

from multiple patch/FRAP measurements. Bars are mean ± SEM of 30–50 measurements 

in each case. Asterisks indicate significant differences between the Rf values of the pair 

indicated by brackets (**p < 3 × 10−5; Student’s t test). No significant differences were 

found between D values as a result of IgG- mediated cross-linking. Neither the D nor 

the Rf values were significantly affected by ligand. Keren Tazat generated the data in 

this figure. 

 

Since TβRIII was demonstrated  to interact with the scaffolding proteins β-

arrestin2 (Chen et al., 2003; Finger et al., 2008) and GIPC (Blobe et al., 2001a), it is 

possible that these interactions mediate its homo-oligomerization. To test this 

hypothesis, we employed patch/FRAP to measure the interactions of several HA-TβRIII 

cytoplasmic domain mutants with WT myc-TβRIII (Figure 25). Truncation of TβRIII 
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right after the IYSDRR cytoplasmic sequence (TβRIII-Cyto) (Blobe et al., 2001a), led to a 

loss of the effect of its immobilization on Rf of coexpressed myc-TβRIII-WT, resulting 

instead in reduced D (Figure 2, A and B). Similar results were obtained upon cross-

linking of HA-TβRIII-Cyto-1, a TβRIII mutant truncated after the IYSHTGETAGRQ 

cytoplasmic sequence (Blobe et al., 2001b). The shift from an effect on Rf  to an effect on 

D is characteristic of a transfer from stable to transient interactions (Ehrlich et al., 2011; 

Rechtman et al., 2009), suggesting an important role for the cytoplasmic domain of 

TβRIII in the homomeric interactions. Interestingly, analogous effects on myc-TβRIII-

WT diffusion were observed upon cross-linking of HA-TβRIII-Del, a TβRIII mutant 

lacking the last three C-terminal amino acids comprising a class I PDZ binding domain 

(Blobe et al., 2001a) (Figure 25, C and D). Interactions with β-arrestin2 appear to have a 

lower contribution, since cross-linking of HA-TβRIII-T841A, a TβRIII mutant that does 

not bind β-arrestin2 (Chen et al., 2003), compromised but did not abolish the reduction 

in Rf of myc-TβRIII-WT (Figure 25, E and F). We conclude that TβRIII homo-

oligomerization is indirect, and occurs due to binding of the cytoplasmic domain of 

TβRIII to intracellular scaffolds (mainly containing GIPC, and also β-arrestin2 to a lower 

degree).  
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Figure 25: TβRIII homo-oligomerization depends on its cytoplasmic domain and 

GIPC binding. 

COS7 cells were cotransfected by myc-TβRIII-WT together with HA-TβRIII-Cyto, HA-

TβRIII-Del, or HA-TβRIII-T841A (or empty vector). After 44–48 h, the cells were labeled 

for patch/FRAP experiments by the IgG-mediated patching/cross-linking protocol using 

rabbit IgG αHA and mouse Fab′ αmyc, leading to immobilization of HA-tagged TβRIII 

(see Materials and Methods). The lateral mobility of Fab′-labeled myc-TβRIII-WT 

proteins was measured by FRAP at 15°C with or without cross-linking of the HA-TβRIII 

mutant. (A, C, E) Average Rf values. (B, D, F) Average D values. Bars are mean ± SEM of 

30–70 measurements in each case. Asterisks indicate significant differences between 

the Rf values of the pairs indicated by brackets (*p < 0.03; **p < 6 × 10−4; Student’s t test). 

Keren Tazat generated the data in this figure. 

 



 

90 

 
Figure 26: TβRIII forms stable heteromeric complexes with TβRII. 

Patch/FRAP studies were carried out on COS7 cells expressing myc-TβRII together with 

HA-TβRIII (or empty vector). In some cases, excess untagged TβRII was coexpressed 

along with myc-TβRII and HA-TβRIII. The cells were subjected to the IgG cross-linking 

protocol, leading to immobilization of HA-TβRIII (see Materials and Methods and 

Figure 25). The lateral mobility of the Fab′-labeled myc-TβRII proteins was measured by 

FRAP at 15°C with or without IgG cross-linking of HA-TβRIII. (A) Average Rf values. 

(B) Average D values. Bars are mean ± SEM of 30–70 measurements in each case. 

Asterisks indicate significant differences between the Rf values of the pairs indicated by 

brackets (*p < 0.05; **p < 7 × 10−3; Student’s t test). No significant differences were found 

between D values as a result of IgG cross-linking of TβRIII or after addition of ligand 

(250 pM) under similar experimental conditions. A subpopulation of myc-TβRII was 

immobilized upon coexpression with TβRIII, and a further reduction in Rf occurred after 

IgG cross-linking of HA-TβRIII. Of note, coexpression with excess untagged TβRII 

canceled the latter effect, indicating both specificity and saturability in the binding of 

TβRII to TβRIII. Keren Tazat generated the data in this figure. 
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Figure 27: TβRIII homo-oligomerization depends on its cytoplasmic domain and 

GIPC binding. 

The immobile subpopulation of TβRII coexpressed with TβRIII depends on the TβRIII 

cytoplasmic domain. Experimental conditions were as in Figure 5.2.2, except that myc-

TβRIII was replaced by myc-TβRII. (A, C, E) Average Rf values. (B, D, F) 

Average D values. Bars are mean ± SEM of 30–40 measurements in each case. Asterisks 

indicate significant differences between the Rf or D values of the pairs indicated by 

brackets (**p < 0.005; ***p < 10−4; Student’s t test). The reduction in Rf of myc-TβRII 

coexpressed with HA-TβRIII without cross-linking disappeared in the TβRIII 

cytoplasmic domain mutants. Instead, the D values of myc-TβRII were decreased upon 

coexpression with these TβRIII mutants. Keren Tazat generated the data in this figure. 
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5.2.2.2 TβRIII forms stable heteromeric complexes with TβRI and TβRII 

To explore the dynamics of the interactions between TβRIII and TβRII, we 

conducted patch/FRAP studies on cells expressing HA-TβRIII and myc-TβRII in the 

presence or absence of ligand (TGF-β1 or -β2), measuring the effects of patching HA-

TβRIII on the lateral diffusion of the Fab'-labeled myc-TβRII (Figure 26). Surprisingly, 

some reduction in Rf (17%) of TβRII occurred already upon coexpression with TβRIII 

(without cross-linking), suggesting that a sub-population of TβRII interacts 

preferentially with slow-diffusing or immobile TβRIII molecules/clusters. This mild 

reduction in Rf was markedly increased upon TβRIII cross-linking (from 17 to 33%; no 

effect on D), indicating that a second population of TβRII interacts with an initially 

mobile subclass of TβRIII, which is immobilized following IgG cross-linking. The above 

results demonstrate that TβRIII/TβRII complexes exist prior to ligand binding. TGF-β1 

or -β2 had no significant effect on these interactions. Note that for hetero-complexes 

(e.g., TβRII/TβRIII), no statistical correction is needed, and the % reduction in Rf of myc-

TβRII upon cross-linking of HA-TβRIII is a direct measure of their hetero-

oligomerization (Ehrlich et al., 2012; Rechtman et al., 2009).  

Next, we studied whether interactions mediated by the cytoplasmic domain of TβRIII 

are involved in its hetero-oligomerization with TβRII. To that end, we conducted 

patch/FRAP measurements of myc-TβRII with HA-TβRIII cytoplasmic domain mutants 

(Cyto, Del and T841). As shown in Figure 27, all the TβRIII cytoplasmic domain 
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mutations abolished the reduction in Rf of TβRII upon coexpression with TβRIII prior to 

cross-linking. Instead, the D values of TβRII were decreased upon coexpression with 

these TβRIII mutants. Together with the observation that the cytoplasmic mutations of 

TβRIII interfere with its homo-oligomerization via binding to intracellular scaffolds 

(Figure 25), the current data indicate that the immobile sub-population of TβRIII with 

which TβRII preferentially interacts arises due to association of TβRIII with GIPC and/or 

β-arrestin2-containing scaffolds.    

Analogous studies on TβRIII/TβRI interactions yielded a different pattern 

suggesting weaker interactions (Figure 5), as Rf of myc-TβRI was not reduced merely by 

coexpression with HA-TβRIII, and the % reduction in its Rf upon cross-linking of 

coexpressed HA-TβRIII was lower (17%). These heteromeric complexes were slightly 

enhanced by TGF-β1 (to 25%) or -β2 (to 24%), but this enhancement was not statistically 

significant. Moreover, analogous measurements of the interactions of TβRI with TβRIII 

cytoplasmic domain mutants (Cyto, Del and T841A) yielded results identical to those 

obtained with TβRIII-WT, suggesting that TβRI/TβRIII interactions are independent of 

GIPC or β-arrestin2 binding (Figure 29). 
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Figure 28: Patch/FRAP studies demonstrate mild stable TβRIII/TβRI interactions. 

Experimental conditions were as in Figure 26, except that myc-TβRII and untagged 

TβRII were replaced by myc-TβRI and untagged TβRI, respectively. (A) 

Average Rf values. (B) Average D values. Bars are mean ± SEM of 30–40 measurements 

in each case. Asterisks indicate significant differences between the Rf values of the pairs 

indicated by brackets (*p < 0.03; **p < 0.002; ***p < 10−5; Student’s t test). No significant 

differences were found between the D values as a result of IgG-mediated cross-linking. 

Neither the D nor the Rf values were significantly affected by ligand (250 pM). Keren 

Tazat generated the data in this figure. 
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Figure 29: Stable TβRIII/TβRI heteromeric complexes form independently of the 

TβRIII cytoplasmic domain 

Experimental conditions were as in Figure 5.2.2, except that myc-TβRIII was replaced by 

myc-TβRI. (A, C, E) Rf values. (B, D, F) D values. Bars are mean ± SEM of 30–50 

measurements in each case. Asterisks indicate significant differences between 

the Rf values of the pairs indicated by brackets (*p < 10−3; Student’s t test). Cross-linking 

of TβRIII cytoplasmic domain mutants reduced Rf of myc-TβRI, whereas its D values 

were not affected, similar to the observations after IgG cross-linking of HA-TβRIII-WT. 

Keren Tazat generated the data in this figure. 
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Figure 30: Expression of TβRII does not affect TβRI/TβRIII interactions. 

COS7 cells were cotransfected with myc-TβRI together with HA-TβRIII (or empty 

vector) and excess untagged TβRII. The diffusion of myc-TβRI was measured by FRAP 

with or without cross-linking of HA-TβRIII, as described in Figure 26 (A) 

Average Rf values. (B) Average D values. Bars are mean ± SEM of 30–50 measurements 

in each case. Asterisks indicate significant differences between the Rf values of the pairs 

indicated by brackets (*p < 10−5; Student’s t test). Cross-linking of HA-TβRIII 

reduced Rf of myc-TβRI without affecting the D values. Neither the D nor the Rf values 

were significantly affected by ligand (250 pM). Thus coexpression of untagged TβRII 

together with HA-TβRIII/myc-TβRI has no effect on TβRI binding to TβRIII, as the 

reduction in Rf of myc-TβRI upon cross-linking HA-TβRIII remains exactly as in the 

absence of untagged TβRII (Figure 28). This suggests that TβRI binds to TβRIII 

independently and not through TβRII. Keren Tazat generated the data in this figure. 
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5.2.2.3 TβRI and TβRII bind to TβRIII independently of each other 

We have previously employed patch/FRAP to demonstrate that TβRI and TβRII 

form stable heteromeric complexes (Ehrlich et al., 2011; Rechtman et al., 2009). In the 

current work, we demonstrate that TβRIII interacts with TβRII and TβRI (Figure 26 and 

Figure 28). Therefore, it was of interest to explore the effects of TβRII expression on 

TβRIII/TβRI interactions. As shown in Figure 30, the reduction in Rf of myc-TβRI 

following HA-TβRIII cross-linking was not affected by overexpression of untagged 

TβRII. Moreover, mere coexpression of untagged TβRII did not confer reduction in Rf of 

myc-TβRI coexpressed with TβRIII (unlike the reduced Rf of myc-TβRII upon 

coexpression with TβRIII; see Figure 26), as would be expected if TβRI binding to TβRIII 

would have been enhanced by TβRI/TβRII complex formation.  

The lack of effect of TβRII on TβRIII/TβRI interactions indicates that TβRII and 

TβRI binding to TβRIII is independent of each other. To further investigate this issue, we 

coexpressed an excess of untagged TβRIII with HA-TβRII and myc-TβRI, cross-linked 

(or not) HA-TβRII, and employed FRAP to measure the lateral diffusion of myc-TβRI 

(Figure 31). In accord with our earlier studies on TβRI/TβRII interactions (Rechtman et 

al., 2009), when myc-TβRI and HA-TβRII were coexpressed without TβRIII, Rf  of myc-

TβRI was significantly reduced (by 26%) upon cross-linking of HA-TβRII, while its D 

value was unaffected, demonstrating stable heterocomplex formation (Figure 31). These 

interactions were augmented by ligand, as ligand addition increased the reduction in Rf 
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(to 35-38%). Overexpression of untagged TβRIII had only a weak effect on HA-

TβRII/myc-TβRI interactions, and did not reduce Rf of the latter beyond the level 

achieved in the presence of ligand. Taken together, the results in this section indicate 

that TβRI and TβRII bind to TβRIII nearly independently rather than as a TβRI/TβRII 

complex.  
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Figure 31: Patch/FRAP studies demonstrate that TβRII/TβRI interactions are enhanced 

by expression of untagged TβRIII. 

COS7 cells were cotransfected with myc-TβRI together with HA-TβRII and excess 

untagged TβRIII (both replaced by empty vector in control experiments). The diffusion 

of myc-TβRI was measured by FRAP with or without cross-linking of HA-TβRII, as 

described in Figure 26. (A) Average Rf values. (B) Average D values. Bars are mean ± 

SEM of 30–60 measurements in each case. Asterisks indicate significant differences 

between the Rf values of the pairs indicated by brackets (*p < 10−3; Student’s t test). IgG 

cross-linking of HA-TβRII significantly reduced Rf of myc-TβRI. This effect was 

augmented by TGF-β1 (250 pM). Expression of untagged TβRIII was sufficient to induce 

further reduction in the Rf values of myc-TβRI when HA-TβRII was cross-linked, 

reaching the level of enhancement mediated by ligand in the absence of TβRIII. In all 

cases, the D values were not significantly altered. Keren Tazat generated the data in this 

figure. 
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5.2.2.4 TβRIII-mediated inhibition of Smad2/3 signaling depends on its cytoplasmic 

domain 

TβRIII interactions with TβRI and TβRII can modulate TGF-β-induced signaling. 

Since TβRIII undergoes ectodomain shedding that can inhibit TGF-β signaling by ligand 

sequestration (Elderbroom et al., 2014; Lopez Casillas et al., 1994), we studied the effects 

of TβRIII-WT, its shedding-defective mutant TβRIII-ΔShed, and the TβRIII-Cyto mutant 

(lacking most of the cytoplasmic domain) on TGF-β-mediated Smad signaling. To this 

end, we employed MDA-MB-231 cell lines stably expressing one of these receptors 

(Elderbroom et al., 2014; Mythreye and Blobe, 2009), with MDA-MB-231-Neo (stably 

transfected with empty vector) as control. Except for MDA-MB-231-Neo, these cell lines 

expressed comparable levels of the respective TβRIII mutants at the cell surface, as 

determined by [125I]TGF-β1 binding/cross-linking assays (Figure 9A), and only the 

TβRIII-ΔShed mutant failed to accumulate as the soluble shed form in conditioned 

media (Elderbroom et al., 2014). Figure 9B and C depict Smad2/3 nuclear translocation in 

these cell lines in response to TGF-β1. Interestingly, expression of TβRIII-WT markedly 

inhibited Smad2/3 nuclear translocation, with a weaker but significant inhibition by 

TβRIII-ΔShed expression. This implies that although shedding of soluble TβRIII can 

inhibit TGF-β signaling in these cells (Elderbroom et al., 2014), TβRIII can inhibit 

Smad2/3 signaling by an alternative, shedding-independent mechanism. This notion is 

strongly supported by the observation that expression of TβRIII-Cyto, which is not 
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shedding-defective, does not inhibit TGF-β-induced Smad2/3 nuclear translocation 

(Figure 32B and C). The latter finding suggests that the shedding-independent inhibition 

depends on the cytoplasmic domain of TβRIII. These conclusions are further supported 

by transcriptional activation assays conducted on the same cell lines (Figure 32D), using 

the TGF-β-responsive luciferase reporter construct CAGA-Luc (Dennler et al., 1998). 

These experiments, which measure the transcriptional response downstream the 

Smad2/3 signaling pathway, demonstrated marked inhibition of Smad2/3 transcriptional 

response following expression of TβRIII-WT and TβRIII-ΔShed, with no inhibition by 

TβRIII-Cyto. The stronger inhibition by TβRIII-ΔShed in this assay relative to the 

Smad2/3 nuclear translocation assay most likely reflects the fact that transcriptional 

activation is downstream of Smad nuclear translocation and measures cumulative 

response over several hours. 
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Figure 32: TβRIII expression inhibits Smad2/3 signaling, depending on its 

cytoplasmic domain. 

A) Affinity labeling of TβRIII in stably expressing MDA-MB-231 cell lines. Cells were 

incubated with [125I]TGF-β1 (100 pM), and bound ligand was cross-linked to the cell 

surface receptors. Cell lysates and conditioned media were immunoprecipitated with 

antibody against the extracellular domain of TβRIII. β-actin was used as a loading 

control. Representative data from three independent experiments. (B, C) MDA-MB-231 

cell lines were serum starved for 16 h, followed by incubation with or without TGF-β1 

(100 pM, 30 min, 37°C), fixed/permeabilized, and processed for immunofluorescent 

labeling of Smad2/3 (see Materials and Methods). (B) Typical images of Smad2/3 

localization. Bar, 20 μm. (C) Quantification of Smad 2/3 localization. The percentages of 

cells with predominantly nuclear Smad2/3 localization (mean ± SEM) were determined 
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by scoring 100 cells/sample in three independent experiments. (D) MDA-MB-231 cell 

lines were cotransfected with the TGF-β–responsive luciferase reporter plasmid 

(CAGA)12-Luc together with pRL-TK. At 24 h posttransfection, cells were serum starved 

(16 h), stimulated (or not) with TGF-β1 (100 pM, 24 h, 37°C), lysed, and analyzed for 

luciferase activity by the DLR assay. The results were normalized for transfection 

efficiency using Renilla luminescence. Data are presented as relative activation, taking 

the Neo cell line stimulated with TGF-β as 1. Bars are mean ± SEM of four independent 

experiments, each measured in triplicate. Asterisks indicate significant differences 

between the pairs of cell lines indicated by the brackets after stimulation with TGF-

β1(*p < 0.003; **p < 10−4; Student’s t test). Melissa Hector-Greene and Keren Tazat 

generated the data in this figure. 

 

5.2.3 Discussion 

TβRIII, or betaglycan, is a TGF-β co-receptor known to be involved in ligand 

presentation to the signaling TGF-β receptors and to regulate numerous TGF-β signaling 

pathways (Elderbroom et al., 2014; Lopez Casillas et al., 1994; You et al., 2007; You et al., 

2009). These roles are expected to depend on complex formation between the above 

receptors. While complex formation between TβRI and TβRII, as well as their homo-

oligomerization, were extensively studied (Ehrlich et al., 2012; Gilboa et al., 1998; Henis 

et al., 1994; Rechtman et al., 2009), no such data were available for TβRIII complex 

formation with TβRI and TβRII, their potential dependence on TβRIII cytoplasmic 

domain interactions and their effects on the signaling TβRI/TβRII complex. In the 

current work, we investigated these issues using patch/FRAP and Smad signaling 

assays. We found that TβRIII homo-oligomeric interactions are essentially indirect and 

reflect its association with scaffold proteins, mainly GIPC-containing scaffolds. We 

demonstrate that TβRI and TβRII heterocomplex formation is hardly affected by TβRIII, 
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and that these receptors bind independently to TβRIII, suggesting that they do not bind 

to TβRIII as a complex. Interestingly, TβRIII inhibited TGF-β Smad2/3 signaling in 

MDA-MB-231 cells, an effect that required the TβRIII cytoplasmic domain and persisted 

when TβRIII ectodomain shedding was abrogated. We propose that the independent 

binding of TβRI and TβRII to TβRIII competes with TβRI/TβRII signaling complex 

formation, thus inhibiting TGF-β-mediated Smad signaling (see Figure 33).  

Our earlier semi-quantitative immunofluorescence co-patching studies already 

indicated a high level of TβRIII homomeric complex formation. In the current 

manuscript, the patch/FRAP studies (Figure 24) demonstrate that HA-TβRIII/myc-

TβRIII complexes are not only formed, but are also stable on the FRAP timescale 

(minutes), and are independent of ligand binding. Of note, analogous experiments with 

TβRIII mutants that lack binding to GIPC or β-arrestin2 (Figure 25) demonstrate that 

TβRIII homo-oligomerization strictly depends on its binding to GIPC, and to a lesser 

degree to β-arrestin2. Thus, TβRIII homomeric complexes are indirect and reflect mutual 

binding of several TβRIII molecules to GIPC-containing scaffolds.  

To assess hetero-complex formation between TβRIII and the signaling TGF-β 

receptors, we investigated TβRIII interactions with TβRII and TβRI. Complex formation 

between TβRIII and TβRII (Figure 26) was characterized by two distinct populations of 

TβRII. One sub-population was immobilized (reduction in Rf) as a direct result of 

coexpression with TβRIII (without the need to immobilize the latter by IgG-mediated 
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cross-linking), most likely reflecting binding to TβRIII clusters that form due to binding 

of TβRIII to intracellular scaffolds. This view is reinforced by the demonstration (Figure 

27) that TβRIII mutants with defective cytoplasmic interactions (Cyto, Del, T841A) lose 

the "direct immobilization" effect on the TβRII sub-population, and the reduction in Rf 

of TβRII shifts to an effect on D of TβRII, suggestive of weaker, transient interactions. 

The notion of a laterally immobile TβRIII sub-population which arises due to binding to 

scaffold proteins is in line with the parallel loss of TβRIII homo-oligomerization in 

TβRIII cytoplasmic domain and GIPC mutants (Figure 25), and suggests that the 

oligomerization of TβRIII via binding to the scaffold proteins may play a role in 

enhancing its interactions with TβRII. Another sub-population of TβRII interacts with 

TβRIII molecules that are initially mobile, as demonstrated by the further reduction in Rf 

of TβRII following IgG cross-linking of TβRIII (Figure 26). It should be noted that all 

TβRII/TβRIII interactions, including the "directly immobilized" sub-population, did not 

depend on ligand binding, in line with the dependence of these complexes on the 

cytoplasmic domain of TβRIII. 

Interestingly, complex formation between TβRI and TβRIII was distinctively 

different from TβRII/TβRIII interactions. Thus, no "directly immobilized" sub-

population of TβRI upon expression with TβRIII was detected, and the interactions of 

TβRI with TβRIII were completely independent of the TβRIII cytoplasmic domain 

(Figure 28 and Figure 29). The very different characteristics of TβRI vs. TβRII binding to 
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TβRIII raise the possibility that they bind to non-overlapping sites on TβRIII. This view 

is strongly supported by the finding that overexpression of untagged TβRII has no effect 

under any condition on myc-TβRI/HA-TβRIII complex formation (compare Figure 30A 

with Figure 28A). Since TβRI and TβRII are known to form a ligand-dependent 

heteromeric complex (Ehrlich et al., 2011; Rechtman et al., 2009) ; (Figure 31), the 

insensitivity of the TβRI/TβRIII interactions to TβRII coexpression implies that TβRI and 

TβRII do not bind to TβRIII as a TβRI/TβRII complex. Of note, coexpression of untagged 

TβRIII mildly enhanced TβRI/TβRII interactions, similar to the effect of ligand on 

TβRI/TβRII interactions (Figure 31). Yet, the TβRIII-mediated enhancement of 

TβRI/TβRII association is independent of ligand binding. This implies that TβRIII may 

serve here as a scaffold by itself, bridging indirectly between TβRI and TβRII that bind 

to it independent of each other (not as the regular TβRI/TβRII signaling complex; see 

model in Figure 33).  

Formation of an alternative TβRI/TβRII/TβRIII complex that competes with the 

TβRI/TβRII signaling complex formed without TβRIII may alter TGF-β-mediated 

signaling.  The testing of this hypothesis is complicated by TβRIII ectodomain shedding, 

which by itself can inhibit TGF-β signaling (Elderbroom et al., 2014; Lopez Casillas et al., 

1994). To circumvent this complication we studied TGF-β-mediated Smad signaling in 

MDA-MB-231 cell lines stably expressing TβRIII-WT, TβRIII-Δshed (incapable in 

shedding), and TβRIII-Cyto (Figure 32). The persistence of the marked inhibition of 
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Smad signaling (Smad2/3 nuclear translocation, and Smad-dependent transcriptional 

activation) by TβRIII in the TβRIII-Δshed expressing cells demonstrates that the 

inhibition does not require TβRIII shedding. This does not mean that there is no 

inhibition by TβRIII shedding, as the former results on such inhibition were derived 

under conditions optimized to detect shedding effects (e.g., incubation of the cells for 24 

h with conditioned media derived from the same cell lines) (Elderbroom et al., 2014). Of 

note, the TβRIII-dependent inhibition measured here (Figure 32) disappeared in cells 

expressing TβRIII-Cyto. This most likely reflects scaffold-dependent interactions of the 

cytoplasmic domain of TβRIII, which are responsible both for TβRIII homomeric 

interactions (Figure 25) and for the directly-immobilized sub-population of TβRII upon 

mere coexpression with TβRIII (Figure 26). The latter sub-population, which represents 

scaffold-associated clusters and disappears in the TβRIII-Cyto mutant, may have an 

enhanced-avidity effect for binding most of the TβRII molecules. The ability of TβRIII to 

bind independently TβRII and TβRI, competing with the signaling TβRI/TβRII complex 

(Figure 33), can provide an alternative novel mechanism for the inhibition of TGF-β-

mediated signaling.  
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Figure 33: Model of TβRIII regulation of Smad2/3 signaling via interactions with 

TβRII and TβRI. 

 (A) In the absence of TβRIII, ligand binding to TβRII enhances the formation of a 

heterotetrameric complex with TβRI, leading to activation of TβRI, which stimulates 

TGF-β–mediated Smad2/3 signaling. (B) When TβRIII is expressed, TβRII and TβRI bind 

independently to nonoverlapping sites on TβRIII. This competes with formation of the 

normal signaling TβRII/TβRI complex, resulting in inhibition of TGF-β–mediated 

Smad2/3 signaling. The binding of TβRII by TβRIII in the inhibitory complex depends 

on the cytoplasmic domain of TβRIII, most likely involving interactions with the 

scaffolding proteins GIPC and β-arrestin2. For simplicity, bound ligand is not shown in 

this panel. (C) Deletion of the TβRIII cytoplasmic domain removes the GIPC and β-

arrestin2 scaffolding domains, resulting in loss of TβRIII homomeric clustering, leading 

to a parallel loss of avidity toward binding TβRII and ineffective competition with the 

formation of TβRII/TβRI signaling complexes. (D) Ectodomain shedding of TβRIII 

results in soluble TβRIII, which provides an alternative mechanism of inhibition by 

competing for TGF-β binding.  
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5.3 Regulation of TGF-β receptor hetero-oligomerization and 
signaling by endoglin. 

 

This chapter section was co-authored by Leslie Pomeraniec and Melissa Hector-Greene. 

A modified version of this chapter was published in the journal Molecular Biology of the 

Cell (Pomeraniec et al., 2015) Copyrighted material is used with permission from the 

journal. 

 

5.3.1 Introduction 

Ligands from the transforming growth factor-β (TGF-β) superfamily regulate 

endothelial cell migration and angiogenesis (Goumans et al., 2009; Lee et al., 2012; 

Pinidiyaarachchi et al., 2009). They signal via a network of receptors, which in 

endothelial cells includes the endothelial cell co-receptor endoglin, the type II TGF-β 

receptor (TβRII), and the type I receptors ALK5 (TβRI) and ALK1 (expressed 

predominantly in endothelial cells) (Bernabeu et al., 2009; Goumans et al., 2003a; 

Massague, 1998). Both ALK1 and endoglin, as well as ALK5 and TβRII, have essential 

roles in endothelial cell biology and angiogenesis, as demonstrated by germline 

mutations in endoglin and ALK1, resulting in the human vascular disease, hereditary 

hemorrhagic telangiectasia (Bourdeau et al., 1999; Johnson et al., 1996; McAllister et al., 

1994a). In addition, mice lacking ALK1 (Oh et al., 2000; Urness et al., 2000), endoglin 

(Arthur et al., 2000; Bourdeau et al., 1999; Li et al., 1999), ALK5 (Larsson et al., 2001), or 
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TβRII (Oshima et al., 1996), all exhibit embryonic lethal phenotypes due to vascular 

defects. Specifically, endoglin is critically important in developmental settings in the 

cardiovascular system, as endoglin-null mouse embryos have defects in vessel and heart 

development, resulting in a lethal phenotype (Arthur et al., 2000; Li et al., 1999). 

Moreover, in the adult vasculature, hereditary hemorrhagic telangiectasia was shown to 

occur following endoglin haploinsufficiency (McAllister et al., 1994b; Pece et al., 1997). 

The minimal TGF-β signaling complex, capable of signaling via the canonical 

Smad pathway and via several non-Smad pathways, consists of a TβRII dimer, the 

dimeric TGF-β ligand, and a pair of type I receptors (Derynck and Miyazono, 2008; 

Ehrlich et al., 2011; Shi and Massague, 2003)).  TGF-β binding triggers phosphorylation 

and activation of the type I receptor, which induces Smad signaling by phosphorylating 

R-Smads, followed by their hetero-oligomerization with Smad4 and translocation to the 

nucleus where they regulate transcription (Feng and Derynck, 2005; Heldin et al., 2009; 

Schmierer and Hill, 2007; Shi and Massague, 2003).  TGF-β stimulus in endothelial cells 

activates Smad2/3 and Smad1/5/8 pathways via ALK5 and ALK1, respectively (Chen 

and Massague, 1999; Goumans et al., 2003a; Moustakas and Heldin, 2009; Shi and 

Massague, 2003).  In endothelial cells, ALK1 and ALK5 form a mutual complex with 

TβRII (Goumans et al., 2003a), and it was proposed that ALK1/ALK5 crosstalk leads to a 

role for ALK5 in TGF-β-induced ALK1 signaling, and for ALK1 in inhibiting ALK5 
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signaling (Goumans et al., 2003b).  ALK1 can also be activated by BMP-9 or BMP-10 to 

signal via Smad1/5/8 (Lebrin et al., 2004) 

TGF-β signaling can be modulated by structurally diverse co-receptors. The most 

abundant TGF-β superfamily co-receptor in endothelial cells is endoglin (Gatza et al., 

2010; Goumans et al., 2003a).  Endoglin is a 95 KDa glycoprotein that binds TGF-β1 and -

β3 in conjunction with TβRII (Barbara et al., 1999), and can also bind directly BMP-9 or -

10 (David et al., 2009; David et al., 2007). Endoglin has been reported to increase TGF-β1 

binding to TβRII (Barbara et al., 1999; Letamendia et al., 1998), with controversial effects 

on TGF-β signaling (Barbara et al., 1999; Guerrero-Esteo et al., 2002; Lastres et al., 1996; 

Letamendia et al., 1998). Endoglin-mediated regulation of ALK1 signaling to Smad1/5/8 

is contentious; loss of function studies with either siRNA-mediated knockdown or in 

endoglin-null endothelial cells suggest either positive or negative regulation (Lebrin et 

al., 2004; Pece-Barbara et al., 2005). BMP-9 was also reported to promote Akt activation 

and endothelial cell tube stability via endoglin/GIPC mediated scaffolding to PI3K/Akt 

(Lee et al., 2012). While endoglin is regulated by phosphorylation of its short 

cytoplasmic domain by TβRII, ALK5 and ALK1 (Guerrero-Esteo et al., 2002; Koleva et 

al., 2006; Ray et al., 2010), the role of the interactions between endoglin and the signaling 

TGF-β receptors in the regulation of TGF-β responses remains to be defined. 

Multiple experimental approaches have been employed to study the mode, extent and 

function of TGF-β receptor oligomerization (reviewed in (Ehrlich et al., 2011)).  
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Crystallographic studies have demonstrated that the extracellular domains of TβRII, 

ALK5 and dimeric ligand (TGF-β1 or -β3) form ternary complexes where each receptor 

appears as a dimer (Groppe et al., 2008; Radaev et al., 2010).  However, such studies 

yield only a static view of the endpoint of complex formation, and do not necessarily 

reflect interaction between the full-length receptors situated in their native milieu, the 

plasma membrane.  To address these issues, we have developed the method of 

patch/FRAP (fluorescence recovery after photobleaching) (Henis et al., 1990), and 

applied it to study homomeric and heteromeric interactions among type II and type I 

TGF-β superfamily receptors (Marom et al., 2011; Rechtman et al., 2009). The emerging 

picture is that the cell surface population of these receptors is comprised of a 

heterogeneous and dynamic mixture of monomeric, homodimeric and heteromeric 

complexes, modulated by ligand binding (Ehrlich et al., 2011).  However, the 

interactions of ALK1 with itself, with TβRII and/or with endoglin have not been 

investigated quantitatively in the cell membrane. Moreover, such data is lacking for the 

interactions of endoglin with itself, with TβRII and with ALK5.  Here, we studied these 

questions in live cells using epitope-tagged TGF-β receptor and endoglin constructs.  
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5.3.2 Results 

5.3.2.1 Endoglin forms stable homomeric complexes at the cell surface 

The TGF-β co-receptor endoglin regulates TGF-β signaling and interacts with 

scaffolding proteins such as GIPC (GAIP interacting protein C-terminal) and β-arrestin2.  

(Lee and Blobe, 2007a; Lee et al., 2008). However, the molecular composition and 

dynamics of endoglin complexes with the full-length signaling TGF-β receptors situated 

at the cell plasma membrane have not been characterized.  As the first step, we explored 

the homo-oligomeric interactions of endoglin and their potential dependence on GIPC 

and β-arrestin2 binding. The extent and dynamics of homomeric or heteromeric receptor 

complexes can be studied by the patch/FRAP method (Henis et al., 1990) that we have 

recently employed to investigate TGF-β and bone morphogenetic protein receptor 

complexes (Iruela-Arispe and Beitel, 2013; Marom et al., 2011; Rechtman et al., 2009).  In 

patch/FRAP, one receptor is patched and laterally immobilized by crosslinking at the 

surface of live cells with a double layer of bivalent IgGs; the effect on the lateral 

diffusion of a co-expressed receptor bearing a different extracellular epitope tag, labeled 

by monovalent fluorescent Fab' fragments, is then measured by FRAP (see Materials and 

Methods).  Depending on the FRAP timescale relative to the association-dissociation 

kinetics between the immobilized and the Fab'-labeled (uncrosslinked) receptors, one 

may observe a reduction in the mobile fraction (Rf) or in the lateral diffusion coefficient 

(D) of the latter. Reduction in Rf is obtained when the complex lifetimes are long relative 

to the characteristic FRAP recovery time, since bleached Fab'-labeled receptor molecules 
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would not undergo measurable dissociation from the crosslinked patches during the 

FRAP measurement. Conversely, a short complex lifetime would lead to multiple 

association-dissociation cycles during the FRAP recovery phase, resulting in a slower 

diffusion rate (Henis et al., 1990; Rechtman et al., 2009). 

To study endoglin homo-oligomerization, we co-expressed HA- or myc-tagged 

endoglin at the surface of COS7 cells, and conducted patch/FRAP studies on the tagged 

receptors. IgG-mediated crosslinking and immobilization of HA-endoglin significantly 

reduced (41%) the Rf of myc-endoglin, with no effect on D (Figure 34). Such an effect 

characterizes stable interactions between the differently-tagged endoglin pairs (Henis et 

al., 1990; Rechtman et al., 2009), suggesting the formation of homomeric endoglin 

complexes which are stable on the time scale of the FRAP measurements (minutes). 

These complexes are detected already in the absence of exogenous ligand, and are not 

affected by incubation with TGF-β1 or BMP9. Of note, a statistical correction has to be 

applied to obtain the percentage of endoglin in homodimers (Ehrlich et al., 2011; Marom 

et al., 2011), since the probabilities of homodimer formation are 1:2:1 for myc/myc, 

myc/HA + HA/myc, and HA/HA-containing dimers. Since only myc-endoglin in mixed 

complexes with HA-endoglin would undergo immobilization, and since myc/myc 

endoglin complexes are labeled at twice the intensity of myc/HA endoglin complexes, 

the % reduction in the Rf (ΔRf) in patch/FRAP studies on homomeric complexes should 

be multiplied by 2 to derive the percentage of homodimerization (82%). Because 
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endoglin is endogenously expressed in endothelial cells, we have repeated the above 

patch/FRAP studies in bEnd.3 endothelial cells transfected with myc-endoglin and HA-

endoglin. These cells were chosen since they respond to TGF-β in both the Smad2/3 and 

Smad1/5/8 pathways (Figure 34G). The results of the patch/FRAP studies in these cells 

(Figure 34E, F) were very similar to those obtained in COS7 cells, except that the initial 

Rf and D values of endoglin were somewhat lower in the bEnd.3 cells, reflecting the 

different cellular context. As in the COS7 cells, the reduction in the Rf value of myc-

endoglin upon crosslinking HA-endoglin was high (47%), suggesting a high level in 

homodimers (47 x 2 = 94%), with no change in D, as expected for stable interactions. In 

line with the studies on COS7 cells, there were no significant effects of either TGF-β1 or 

BMP9 on the patch/FRAP results.   

To explore whether interactions involving the cytoplasmic domain of endoglin, 

such as with GIPC or β-arrestin2, are involved in the observed endoglin homo-

oligomerization, we co-expressed wild-type (WT) myc-endoglin-WT with HA-endoglin-

WT or with HA-endoglin mutants lacking interaction motifs with either GIPC (endoglin-

Del) or β-arrestin2 (endoglin-T650A), crosslinked myc-endoglin-WT, and measured the 

effects on the lateral diffusion of the HA-endoglin mutants (Figure 35). The Rf and D 

values measured for the two HA-endoglin mutants without crosslinking were 

indistinguishable from that of HA-endoglin-WT (or myc-endoglin-WT; Figure 34), 

indicating that interactions of endoglin with GIPC or β-arrestin2 have a negligible effect 
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on its lateral mobility. Importantly, the ΔRf values of each HA-endoglin mutant upon 

crosslinking myc-endoglin were similar to the ΔRf measured for HA-endoglin-WT, 

demonstrating that the homomeric interactions of endoglin do not depend on either 

GIPC or β-arrestin2 binding.  The results in Figure 34 and Figure 35 are in line with the 

reported disulfide-bond homo-dimerization of endoglin via its extracellular domain 

(Gougos and Letarte, 1988). However, it may well be that the endoglin subunits in the 

dimer interact with each other also without such an S-S bond, since reduction of the cells 

with 2 mM dithiothreitol for 5-15 min at 37°C (as described in (Gilboa et al., 1998)) did 

not affect the homomeric interactions in the cell membrane.  
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Figure 34: Patch/FRAP studies demonstrate stable endoglin homomeric complexes. 

Patch/FRAP studies demonstrate stable endoglin homomeric complexes. COS7 or 

bEnd.3 cells were cotransfected with pairs of expression vectors encoding myc-endoglin 

and HA-endoglin. In control experiments with singly expressed myc-endoglin, HA-

endoglin was replaced by empty vector. At 24 h post-transfection, live cells were 

subjected to the IgG-mediated patching/cross-linking protocol (Materials and Methods), 

resulting in HA-endoglin patched and labeled by Alexa 488 IgG GαR, whereas myc-

endoglin is labeled by exclusively by monovalent Fab′ (with Fab′ Alexa 546–GαM as a 

secondary antibody). In control experiments without HA-endoglin cross-linking, the IgG 

labeling of HA-endoglin was replaced by exclusive Fab′ labeling (replacing the cross-

linking IgGs by their respective Fab′ fragments). FRAP studies were conducted at 15°C 
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to minimize internalization. Solid lines are the best fit of a nonlinear regression analysis 

to the lateral diffusion equation (Petersen et al., 1986).  

(A, B) Representative FRAP curves in COS7 cells of the lateral diffusion of myc-endoglin 

in a cell coexpressing HA-endoglin without (A) or with (B) IgG cross-linking of HA-

endoglin. IgG–cross-linked HA-endoglin was laterally immobile (not shown). (C, D) 

Average Rf and D values derived from multiple patch/FRAP measurements in COS7 

cells. (E, F) Average Rf and D values in bEnd.3 cells. Bars are mean ± SEM of 70 

measurements in each case. Asterisks indicate significant differences between 

the Rf values of the pair indicated by brackets (**p < 10–6; ***p < 10–7; Student's t test). 

No significant differences were found between D values as a result of IgG-mediated 

cross-linking. Neither the D nor the Rf values were significantly affected by TGF-β1 or 

BMP-9. (G) TGF-β1 stimulates the Smad1/5/8 and the Smad2/3 pathways in bEnd.3 cells. 

bEnd.3 cells were serum starved (6 h), stimulated (30 min) with the indicated TGF-β1 

concentrations, and analyzed (see Materials and Methods) by immunoblotting for 

pSmad1/5/8, pSmad2, tSmad1, tSmad2, and β-actin. Data are of a representative 

experiment (n = 3). Melissa Hector-Greene and Leslie Pomeraniec generated the data in 

this figure. 

 

5.3.2.2 TβRII augments the association of ALK5 with endoglin 

Next, we employed patch/FRAP to investigate heterocomplex formation between 

endoglin and TβRII. The studies were conducted on cells expressing HA-endoglin and 

myc-TβRII in the presence or absence of ligand (TGF-β1 or BMP-9), immobilizing (or 

not) HA-endoglin by IgG crosslinking, and measuring the lateral diffusion of Fab'-

labeled myc-TβRII. In COS7 cells, crosslinking of HA-endoglin resulted in a 35% 

reduction in Rf (ΔRf) of myc-TβRII, while D was unaffected (Figure 36A-D).  Similar 

results were obtained in the presence or absence of ligands. Analogous experiments on 

bEnd.3 cells (Figure 36G, H) yielded comparable results, with a slightly higher ΔRf 

(42%). Note that heterocomplex formation is directly proportional to the ΔRf value, and 

does not require the statistical correction needed for homo-dimerization (Ehrlich et al., 
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2011).  We conclude that a significant portion (0.3 – 0.4) of TβRII is in stable complexes 

with endoglin at the cell surface, independent of ligand stimuli. Moreover, analogous 

measurements on the interactions of TβRII with endoglin cytoplasmic-domain mutants 

(endoglin-Del or endoglin-T650A), yielded identical results to those obtained with 

endoglin-WT, suggesting that TβRII-endoglin interactions are also independent of GIPC 

or β-arrestin2 binding (Figure 36E, F). 

ALK5 was reported to phosphorylate endoglin (Goumans et al., 2003a; Ray et al., 

2010), suggesting that the two proteins should interact. To explore such interactions, we 

conducted patch/FRAP studies analogous to those described in Figure 36, except that 

myc-ALK5 replaced myc-TβRII. A small yet significant portion of ALK5 exhibited stable 

association with crosslinked endoglin (ΔRf = 15-17%, with no effect on D) (Figure 37), 

indicating a weaker association with endoglin relative to TβRII. These interactions were 

unaffected by ligand (TGF-β1 or BMP-9; only the first is shown since both had no effect) 

or by mutations that disrupt endoglin interactions with GIPC or β-arrestin2 (Figure 37C, 

D).  The independence of the weak endoglin-ALK5 interactions from ligand supports the 

notion that these interactions do not require TβRII (which, unlike ALK5 and endoglin, is 

not exogenously expressed in these experiments). 
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Figure 35: Endoglin homodimerization does not depend on interactions with GIPC or 

β-arrestin2. 

Patch/FRAP studies were carried out on COS7 cells expressing myc-endoglin-WT (or 

empty vector) together with HA-tagged endoglin-WT, endoglin-Del, or endoglin-T650A. 

The cells were labeled for the patch/FRAP experiments by the IgG-mediated 

patching/cross-linking protocol, leading to cross-linking/immobilization of myc-tagged 

endoglin (see Materials and Methods). The lateral mobility of Fab′-labeled HA-endoglin 

proteins was measured by FRAP at 15°C in the presence or absence of cross-linked myc-

endoglin-WT. (A) Rf values; (B) D values. Bars are mean ± SEM of 30–50 measurements 

in each case. Asterisks indicate significant differences between the Rf values of the pairs 

indicated by brackets (**p < 10–5; Student's t test). No significant differences were 

observed between HA-endoglin-WT and the mutants (HA-endoglin-Del or HA-

endoglin-T650A). Leslie Pomeraniec generated the data in this figure. 

 

Since TβRII and ALK5 form heteromeric complexes without endoglin (Ehrlich et al., 

2011; Gilboa et al., 1998; Rechtman et al., 2009), and strong interactions were found 

between endoglin and TβRII (Figure 36), we assessed the effects of TβRII expression on 

endoglin-ALK5 interactions. To this end, we co-expressed HA-endoglin and myc-ALK5 

together with an excess of TβRII (replaced by empty vector in some experiments).  

Under these conditions, we crosslinked/immobilized HA-endoglin, and measured the 
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lateral diffusion of ALK5. The presence of TβRII confers a much more pronounced 

reduction in Rf of myc-ALK5 upon crosslinking of HA-endoglin, without affecting D 

(Figure 38A, B). Ligand (TGF-β1 or BMP-9) had no effect. The ΔRf value of myc-ALK5 in 

the presence of TβRII increases to 45-50%. These values are even higher than the ΔRf of 

TβRII upon crosslinking endoglin (Figure 36).  

To further explore the interactions within this ternary complex, we ran a 

variation of the above experiment, designed to assess the effect of expression of 

untagged endoglin on HA-TβRII/myc-ALK5 interactions, measured by crosslinking HA-

TβRII and conducting FRAP studies on myc-ALK5. Here TβRII/ALK5 formed stable 

complexes (reduction in Rf with no effect on D) to a mild degree in the absence of ligand 

(Figure 38C and D), increasing ~2 fold upon TGF-β1 addition (Figure 38C; no endoglin).  

These results are in full accord with our earlier observations, which demonstrate that 

TGF-β1 enhances complex formation between TβRI and TβRII (Rechtman et al., 2009). 

Notably, crosslinking HA-TβRII in the presence of endoglin already yields maximal 

reduction in Rf of myc-ALK5 (~50%), which does not increase further upon incubation 

with TGF-β1 (Figure 38C; + endoglin).  We conclude that endoglin forms mutual 

complexes with both TβRII and ALK5, thus bringing the latter two into close proximity.  
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Figure 36: Stable TβRII/endoglin heteromeric complexes form independently of 

ligand and of endoglin interaction with GIPC and β-arrestin2. 

COS7 or bEnd.3 cells were cotransfected with pairs of expression vectors encoding myc-

TβRII and HA-endoglin-WT, HA-endoglin-Del, or HA-endoglin-T650A. In control 

experiments with singly expressed myc-TβRII, HA-endoglin-WT or the mutants 

endoglin-Del and endoglin-T650A were replaced for empty vector. Labeling and 

patch/FRAP measurements (measuring the lateral diffusion of myc-TβRII) were carried 

out 24 h after transfection as described in Figure 34 (A, B) Representative FRAP curves 

of the lateral diffusion of myc-TβRII in a COS7 cell coexpressing HA-endoglin-WT 

without (A) or with (B) cross-linking of the HA-tagged proteins. Leslie Pomeraniec 

generated the data in this figure. (C, E, G) Average Rf and (D, F, H) average D values 

derived from multiple patch/FRAP measurements in COS7 cells (A–F) or bEnd.3 cells 
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(G, H). Bars are mean ± SEM of 45–60 measurements. IgG cross-linking of HA-endoglin 

markedly reduced Rf of myc-TβRII, independent of TGF-β1, BMP-9 (whose addition 

yielded indistinguishable results from those obtained in the presence of TGF-β1), GIPC, 

or β-arrestin2 binding motifs (**p < 10–5; ***p < 10–6; Student's t test). No significant 

differences were found in the D values as a result of IgG-mediated cross-linking of HA-

endoglin or after addition of TGF-β1 (or BMP-9) under similar experimental conditions. 

Leslie Pomeraniec generated the data in this figure. 

 

5.3.2.3 ALK1 forms stable complexes with itself, with TβRII and with endoglin. 

In spite of its involvement in TGF-β signaling in endothelial cells, neither the 

homomeric interactions of ALK1 nor its hetero-oligomerization with TβRII and/or 

endoglin have been investigated for the full-length receptors at the plasma membrane. 

To study the homomeric interactions of ALK1, we conducted patch/FRAP studies on 

cells co-expressing HA-ALK1 and myc-ALK1. Crosslinking/immobilization of HA-ALK1 

induced a reduction by ~30% in Rf of uncrosslinked, co-expressed myc-ALK1, with no 

effect on the D value (Figure 40). This is indicative of stable homo-oligomerization, 

which in the case of dimers would reflect ~60% of the receptors existing in homo-dimeric 

complexes. Since ALK1 can bind BMP-9, we also tested the effects of BMP-9 on ALK1 

homo-oligomerization; no significant effects were found (Figure 40). 

Next, we investigated complex formation between ALK1 and TβRII. To this end, 

patch/FRAP studies were conducted on cells co-expressing HA-TβRII and myc-ALK1.In 

the absence of endoglin, crosslinking of HA-TβRII reduced the Rf of myc-ALK1 by ~30% 

(Figure 41, -endoglin). As D was not affected, this suggests that 30% of ALK1 forms 



 

124 

stable complexes with TβRII. Similar results were obtained in the presence of TGF-β1 or 

BMP9.  

 

Figure 37: Patch/FRAP studies demonstrate weak but stable endoglin-ALK5 

interactions. 

Experimental conditions were as in Figure 36, except that myc-TβRII was replaced by 

myc-ALK5. (A, C) Average Rf and (B, D) average D values. Bars are mean ± SEM of 45–

60 measurements. Asterisks indicate significant differences between the Rf values of the 

pair indicated by brackets (*p < 0.05; Student's t test). Cross-linking of coexpressed HA-

endoglin-WT, HA-endoglin-Del or HA-endoglin-T650A had a mild yet significant effect 

on the Rf values of myc-ALK5. Addition of TGF-β1 or endoglin C-terminal mutants that 

lose binding to GIPC or β-arrestin2 had no effect. BMP-9 addition yielded results similar 

to those obtained in the presence of TGF-β1. Leslie Pomeraniec generated the data in this 

figure. 
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Figure 38: Patch/FRAP studies demonstrate ternary complex formation between 

endoglin, TβRII, and ALK5. 

(A, B) Effects of TβRII expression on endoglin/ALK5 interactions. COS7 cells were 

cotransfected with myc-ALK5 together with HA-endoglin and excess untagged TβRII 

(both replaced by pcDNA3 vector as control). Myc-ALK5 diffusion was measured by 

FRAP with or without cross-linking of HA-endoglin, as described in Figure 36 TGF-β1 

was added where indicated; BMP-9 addition yielded similar results and is not shown. 

(A) Rf values and (B) D values of 50–75 measurements in each condition. Significant 

differences (**p < 10–22) between the indicated pairs were observed only for Rf values of 

myc-ALK5 upon cross-linking of HA-endoglin either in the presence or absence of TGF-

β1 (or BMP-9). (C, D) effects of endoglin expression on TβRII/ALK5 interactions. COS7 

cells were cotransfected with myc-ALK5 together with HA-TβRII or a combination of 

HA-TβRII and excess untagged endoglin. Empty pcDNA3 vector served as 

cotransfection control. Myc-ALK5 diffusion was measured by FRAP with or without 

crosslinking of HA-TβRII and ± TGF-β1, as described in Figure 36. (C) Rf values and 

(D) D values of 50–75 measurements in each case. Endoglin expression was sufficient to 

induce highly significant differences (**p < 10–4, ***p < 10–15; Student's t test) in 

the Rf values of myc-ALK5 when HA-TβRII was cross-linked. This effect was as high as 

the TGF-β1–induced association between ALK5 and TβRII in the absence of endoglin. 

Leslie Pomeraniec generated the data in this figure. 
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Subsequently, we probed for potential effects of untagged endoglin expression 

on HA-TβRII/myc-ALK1 interactions. Here too, crosslinking of HA-TβRII resulted in 

~30% reduction in Rf of myc-ALK1 (Figure 41A; +endoglin). Taken together, these 

findings suggest stable interactions between TβRII and ALK1, which are not 

significantly affected by either ligand or endoglin. However, they do not exclude the 

possibility that ALK1 may interact with endoglin independent of TβRII.  To answer this 

question, we co-expressed myc-endoglin and HA-ALK1, and conducted patch/FRAP 

studies to measure the effects of crosslinking myc-endoglin on the lateral diffusion of 

HA-ALK1. Expression of endoglin (without crosslinking) had no effect on Rf or D of 

HA-ALK1; however, Rf of HA-ALK1 (but not its D value) was markedly reduced (~30%) 

upon myc-endoglin crosslinking (Figure 42A, B), suggesting a significant level of stable 

heterocomplex formation. Similar results were obtained following addition of TGF-β1 

(Figure 42A, B) or BMP-9. Notably, co-expression of TβRII (untagged) on the 

background of myc-endoglin and HA-ALK1 did not affect the interactions between the 

latter. Moreover, endoglin-ALK1 interactions were insensitive to mutations that interfere 

with endoglin binding to the scaffold proteins GIPC or β-arrestin2 (Figure 42C, D). We 

conclude that a significant portion of ALK1 can bind to endoglin independent of TβRII.  
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Figure 39: Patch/FRAP studies demonstrate stable ALK1 homomeric complexes. 

COS7 cells were cotransfected with pairs of expression vectors encoding myc-ALK5 and 

HA-ALK1, replacing HA-ALK1 by empty vector in control experiments. Labeling, IgG 

cross-linking (XL) of HA-ALK1, and patch/FRAP studies (measuring the lateral 

diffusion of myc-ALK5) were as in Figure 34 (A) Average Rf and (B) average D values 

derived from multiple patch/FRAP measurements. Bars are mean ± SEM of 50–100 

measurements. Asterisks indicate significant differences between the Rf values of the 

pair indicated by brackets (***p < 10–10; Student's t test). The Rf value of myc-ALK1 is 

markedly reduced after cross-linking of HA-ALK1, whereas the D value is unaffected. 

This indicates the formation of stable ALK1 homomeric complexes. As shown, addition 

of BMP-9 had no significant effects. Leslie Pomeraniec generated the data in this figure. 

 

 

 

Figure 40: ALK1 forms stable heterocomplexes with TβRII. 

Experimental conditions were as in Figure 36, except that myc-ALK1 replaced myc-

TβRII, and HA-TβRII was used instead of HA-endoglin. In some experiments, untagged 
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endoglin was coexpressed (marked as “+endoglin”). The lateral diffusion of myc-ALK1 

was measured under the indicated experimental conditions. (A) Average Rf and (B) 

average D values. Bars are mean ± SEM of 30–70 measurements. Asterisks indicate 

significant differences between the Rf values of the pair indicated by brackets (**p < 10–

5, ***p < 10–10; Student's t test). The studies demonstrate a clear reduction in Rf of myc-

ALK1 after cross-linking of HA-TβRII, and this reduction is unaffected by endoglin. 

Similar results were obtained in the presence of TGF-β1 or BMP-9 (since both had no 

effect, the latter is not shown). Leslie Pomeraniec generated the data in this figure. 

 

5.3.2.4 Endoglin differentially augments TGF-β-mediated activation of Smad1/5/8. 

Since endoglin appears to form complexes with TβRII, ALK5 and ALK1, we 

examined its ability to modulate TGF-β signaling via ALK5 [phsopho-Smad2 (pSmad2) 

formation] and/or ALK1 (pSmad1/5/8 formation). To this end, we employed endoglin-

null murine embryonic endothelial cells derived from endoglin−/− mice (MEEC−/−) and 

their wild-type control (MEEC+/+). The cells were stimulated by increasing 

concentrations of TGF-β1, and the resulting phosphorylation of Smad2 and Smad1/5/8 

was measured by immunoblotting (Figure 43). A low but measurable level of 

pSmad1/5/8 was observed in both cell lines already prior to addition of TGF-β1. 

Stimulation by TGF-β1 increased the pSmad1/5/8 levels in both cell types, but was 

significantly higher in MEEC+/+ cells at TGF-β1 concentrations from 10 pM and above. 

A markedly different scenario was observed for Smad2 phosphorylation, where no 

significant differences between MEEC+/+ and MEEC−/− cells were detected either 

without or with TGF-β1 stimulation (Figure 42A, C). In light of earlier findings which 

demonstrated that TGF-β-mediated phosphorylation of Smad1/5/8 proceeds via ALK1 in 
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HUVEC cells and in mouse embryonic endothelial cells (Goumans et al., 2002; Oh et al., 

2000), we conclude that endoglin expression alters the balance between the activation of 

ALK1-dependent (Smad1/5/8) and ALK5-dependent (Smad2/3) TGF-β signaling. 

 

5.3.3 Discussion  

 TGF-β signaling is regulated by complex formation among numerous receptors 

and co-receptors. While oligomerization of TβRII and ALK5 and its role in Smad2/3 

signaling were extensively studied (reviewed in (Ehrlich et al., 2011)), such information 

is lacking for ALK1-TβRII interactions, as well as for the co-receptor endoglin and its 

interactions with ALK1, ALK5 and TβRII in the intact cell membrane. Here, we present 

biophysical studies on the extent and dynamics of complex formation among these 

receptors. Our main findings are: (i) endoglin forms stable homomeric complexes, as 

well as heteromeric complexes with ALK1 and TβRII; (ii) ALK5 displays limited binding 

to endoglin, which is significantly enhanced by TβRII; (iii) endoglin tilts the balance of 

activation between pSmad1/5/8 and pSmad2/3 towards the former. These findings, 

together with our previous results on TβRII-ALK5 interaction (Ehrlich et al., 2011; 

Rechtman et al., 2009; Wells et al., 1999), support a model (Figure 43) where endoglin, 

assisted by recruitment of ALK5 via binding to TβRII, functions as a scaffold which is 

sequentially phosphorylated by ALK5 and ALK1, following their activation by TβRII 

and ligand. This enables optimal activation of the Smad1/5/8 pathway. 
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Our patch/FRAP results demonstrated that homomeric endoglin complexes do 

not appreciably dissociate on the FRAP measurements timescale (minutes), indicating 

stable interactions. The % reduction in the Rf (ΔRf) value was 41%, which for homomeric 

interactions predicts a homodimerization level of 41x2=82%. This high dimerization 

level and its stable nature are in accord with the reported extracellular disulfide bond 

linkage between two endoglin monomers (Gougos and Letarte, 1988). Consistent with 

this model, endoglin homomeric interactions were independent of GIPC or β-arrestin2 

binding (Figure 35). These results suggest that the interactions of endoglin with GIPC or 

β-arrestin2 do not link it to large immobile structures (e.g., the cytoskeleton), since 

endoglin mutants that lack binding to these scaffold proteins display the same D and Rf 

values as endoglin-WT.  
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Figure 41: ALK1 strongly interacts with endoglin to form stable heteromeric 

complexes. 

COS7 cells were cotransfected with pairs of expression vectors encoding HA-ALK1 and 

myc-endoglin, myc-ALK1 and HA-endoglin-Del, or myc-ALK1 and HA-endoglin 

T650A. In control experiments, the vector encoding endoglin or its mutants was replaced 

by empty vector. IgG-mediated patching/cross-linking of myc-endoglin (A, B) was as 

in Figure 35; patching/cross-linking of HA-endoglin was as in Figure 34 and Figure 36 

The lateral diffusion of HA-ALK1 (A, B) or myc-ALK1 (C, D) was measured without or 

with myc-endoglin or HA-endoglin cross-linking. (A, C) Average Rf and (B, D) 

average D values. Bars are mean ± SEM of 45–65 measurements. Asterisks indicate 

significant differences between Rf values of the pair indicated by brackets (**p < 10–6; 

Student's t test). Cross-linking of coexpressed myc-endoglin-WT, HA-endoglin-Del, or 

HA-endoglin-T650A elicited similar reduction in Rf of HA-ALK1 or myc-ALK1, 

suggesting that the strong ALK1/endoglin association does not rely on endoglin binding 

to GIPC or β-arrestin2. TGF-β1 or BMP-9 addition did not alter ALK1-endoglin 

association; only the first is shown, as both ligands had no effect. Leslie Pomeraniec 

generated the data in this figure. 
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Figure 42: Endoglin expression enhances phosphorylation of Smad1/5/8 but not of 

Smad2/3. 

(A) Biochemical analysis of Smad activation in response to TGF-β1 was performed in 

mouse embryonic endothelial cells derived from endoglin wild-type (+/+) or endoglin 

null (−/−) mice. MEEC+/+ and MEEC−/− cells were serum starved (6 h) and stimulated 

(30 min) with TGF-β1 at the indicated concentrations. Lysates were resolved by SDS–

PAGE and subjected to Western blot analysis with antibodies to pSmad1/5/8, pSmad2, 

tSmad1, tSmad2, and β-actin. Data are representative of at least three independent 

experiments. (B) Densitometric analysis of band intensities of pSmad1/5/8 relative to β-

actin; similar results were obtained for calibration relative to tSmad1. (C) Densitometric 

analysis of band intensities of pSmad2 relative to β-actin; similar results were obtained 

relative to tSmad2. Bars represent normalized mean ± SEM of three independent 

experiments. In B and C, results were calibrated relative to the value in MEEC+/+ cells 

stimulated with 100 pM TGF-β1, taken as 100%. Asterisks indicate significant differences 

between the values obtained in MEEC+/+ and MEEC−/− cells stimulated with the same 

TGF-β1 concentration (*p < 0.05). 
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Since endoglin does not bind TGF-β ligands on its own (Barbara et al., 1999; 

Cheifetz et al., 1992), its ability to modulate TGF-β signaling most likely reflects 

interactions with type II and/or type I TGF-β receptors. Activation of Smad2/3 by TGF-β 

depends on TβRII and ALK5; we have therefore measured their ability to form 

heteromeric complexes with endoglin. Endoglin-TβRII interactions were ligand-

independent, stable on the FRAP time scale (patch/FRAP-mediated reduction in Rf of 

myc-TβRII upon crosslinking of co-expressed HA-endoglin; Figure 36), and involved 

~1/3 of the cell-surface TβRII population (ΔRf of 35%). Endoglin-ALK5 interactions were 

different: the ΔRf value of myc-ALK5 was 15%-17%, indicating that a much lower 

fraction (~1/6) of ALK5 is immobilized along with crosslinked endoglin (Figure 37). Here 

too, the interactions were stable over the FRAP timescale, and ligand-independent. 

Notably, the interactions of endoglin with either TβRII or ALK5 did not require GIPC or 

β-arrestin2 binding, indicating that they do not depend on recruitment to immobile 

scaffolds (e.g., the cytoskeleton). In view of the well-documented interactions between 

TβRII and ALK5 (reviewed in (Ehrlich et al., 2011; Gilboa et al., 1998; Rechtman et al., 

2009)), we assessed whether co-expression with TβRII contributes to endoglin-ALK5 

interactions (compare Figure 37 and Figure 38). Expression of TβRII dramatically 

enhanced ALK5-endoglin association (increasing ΔRf of myc-ALK5 following HA-

endoglin crosslinking from 17% to over 40%; Figure 37A and Figure 38A). This 

enhancement occurred already in the absence of ligand. Accordingly, co-expression of 
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endoglin enhanced TβRII-ALK5 interactions (~2 fold increase in ΔRf of myc-ALK5 upon 

crosslinking of HA-TβRII) without ligand (Figure 38C). The endoglin-mediated 

enhancement of TβRII-ALK5 interactions was indistinguishable from that mediated by 

TGF-β1 without endoglin (Figure 38C), indicating that triple expression of 

endoglin/TβRII/ALK5 leads to a significant fraction of mutual and stable complexes 

containing all three receptors. These findings support our model (Figure 43) where 

endoglin binding to TβRII and TβRII-ALK5 interactions enhance the proximity of 

endoglin and ALK5, a pre-requisite for efficient phosphorylation of endoglin by ligand-

activated ALK5 and ALK1 (Ray et al., 2010). Moreover, TβRII-ALK5 interactions appear 

to be different without endoglin and in the triple complex with endoglin, since although 

association with endoglin enhances TβRII-ALK5 interactions similar to TGF-β1, it does 

not suffice to activate the Smad2/3 pathway (Figure 42). 

Endothelial cells express both endoglin and ALK1, which mediate Smad1/5/8 

signaling following TGF-β stimulation (Goumans et al., 2002; Lebrin et al., 2004). It is 

therefore possible that endoglin modulates TGF-β signaling via ALK1 by altering TβRII-

ALK1 association. The current studies represent the first measurements of ALK1 

homomeric (Figure 39) and heteromeric (Figure 40 and Figure 41) complex formation at 

the surface of intact cells. ALK1 homomeric interactions resembled ALK5, showing a 

high level of homo-dimerization (~60%) already without ligand (Figure 39). This 

dimerization was insensitive to TGF-β1 (not shown), in line with the inability of ALK1 
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alone to bind ligand. Interestingly, in contrast to the TGF-β1 mediated increase in TβRII-

ALK5 interaction (Figure 38C and (Rechtman et al., 2009)), TGF-β1 did not increase the 

already high (~30%) TβRII-ALK1 association (Figure 40A). However, even in endoglin-

null cells (MEEC−/−), TGF-β1 stimulated signaling to Smad1/5/8 via ALK1 (Figure 42), 

indicating that ligand binding likely modifies the TβRII-ALK1 complex to an active 

state. Similar to ligand, co-expression with endoglin did not affect the stability or 

percentage of interacting TβRII and ALK1 molecules. Here too, endoglin expression 

enhanced signaling to Smad1/5/8, both without and with ligand (Figure 42), supporting 

the notion that endoglin can modulate TGF-β signaling via Smad1/5/8 (Ray et al., 2010). 

Notably, endoglin exhibited strong and stable association with ALK1 already without 

TβRII transfection; this association was ligand-independent and persisted with endoglin 

mutants lacking binding to GIPC or β-arrestin2 (Figure 41). Thus, unlike ALK5, ALK1-

endoglin association is independent of TβRII. In contrast to the lack of dependence of 

TGF-β1-mediated Smad 2/3 activation on endoglin, Smad1/5/8 activation was markedly 

augmented by endoglin (Figure 42). These results cannot be explained by ligand-

mediated modulation of the interactions between endoglin, TβRII, and ALK1, as all 

these interactions were insensitive to TGF-β1. Therefore, a molecular mechanism 

capable of supporting the potentiation of Smad1/5/8 signaling (both basal and ligand-

induced) by endoglin expression (Figure 42) is required. We propose that TβRII and 

ALK1 bind to endoglin stably and directly. On the other hand, ALK5 binding to 
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endoglin is augmented by TβRII residing in the same complex (Figure 43). Thus, 

endoglin and TβRII act together to recruit ALK5 to endoglin (Figure 43). Ligand binding 

allows: (i) activation of the endoglin-bound ALK5 by TβRII and the ensuing 

phosphorylation of endoglin by ALK5 (Ray et al., 2010); (ii) phosphorylation of endoglin 

by ligand-activated ALK1; and (iii) this leads to enhanced Smad1/5/8 signaling, without 

affecting signaling via Smad2/3, tilting the balance of TGF-β-mediated signaling towards 

Smad1/5/8  (Figure 43). 

While the effects of the Smad2/3 and Smad1/5/8 pathways on endothelial cell 

function and angiogenesis are controversial, multiple studies suggest that the balance of 

signaling between these pathways regulates the functional response to TGF-β ligands. 

The current studies, which support a central role for endoglin in differentially regulating 

signaling through the Smad2/3 and Smad1/5/8 pathways, including preferentially 

promoting ALK1 signaling to Smad1/5/8 (Figure 42), are consistent with the central role 

of endoglin and ALK1 in both physiological and pathophysiological angiogenesis. 

Indeed, both endoglin and ALK1 are being targeted in anti-angiogenic cancer therapy. 

Whether these agents function by disrupting the complexes characterized here remains 

to be determined.  
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Figure 43: Model of endoglin regulation of Smad signaling via TβRII, ALK5, and 

ALK1 interactions. 

All receptors are drawn as monomers for simplicity. TβRII and ALK1 can bind to 

endoglin stably and directly, whereas ALK5 binding to endoglin is augmented by TβRII 

residing in the same complex. TGF-β1 binding to the complex (not drawn, for simplicity) 

enables activation of the endoglin-bound ALK5 by TβRII and the phosphorylation of 

endoglin first by ALK5 (designated 1-P) and subsequently by ligand-activated ALK1 

(designated 2-P since this is a second phosphorylation event, which was shown to occur 

only after the first one; Ray et al., 2010). In this complex, the signaling through 

ALK5/Smad2/3 is not affected by endoglin, whereas signaling via ALK1/Smad1/5/8 is 

enhanced.  
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6. Conclusions and Significance 

TGF-β co-receptors have critical roles in normal cellular function, as well as 

disease pathogenesis. This is supported by the necessary roles TβRIII and endoglin have 

in developmental vasculogenesis and angiogenesis, as well as aberrant expression in 

human disease including many human cancers. These homologous receptors have been 

previously considered to have complementary roles: TβRIII, which is expressed 

ubiquitously, has been considered the prototypic TGF-β co-receptor in most epithelial 

and mesenchyme-derived tissue types, but not endothelial cells, while endoglin, whose 

expression is restricted to cells derived from the hemangioblast, including vascular and 

hematopoietic cells, has been considered a niche co-receptor only relevant in these 

compartments. 

Through the work presented here, we have established some key findings that 

will change the way we think about these TGF-β co-receptors. First, we have 

demonstrated that endothelial cells do express TβRIII. Second, we have established that 

endothelial receptors express both TβRIII and endoglin. Co-expression of TβRIII and 

endoglin presents some intriguing questions. In the case of HHT1, a form of Hereditary 

Hemorrhagic Telangiectasia caused by germ-line endoglin inactivating mutations, 

patients develop, reproduce and have normal appearing vessels throughout most of 

their body, with a minority of sites, usually areas of vessel wall stress or turbulent blood 

flow, forming arterial-venous malformations This indicates that in the absence of 
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functional endoglin, most endothelial cells are still able to function. One interpretation of 

this phenomenon is that sub-normal endoglin/ALK1 signaling is still sufficient to carry 

out the processes needed by the vasculature. Another possibility is that there are other 

signaling receptors or a different co-receptor capable of compensating. If this is the case, 

understanding mechanisms by which TβRIII, another co-receptor in the endothelium, 

operates could deepen our understanding of the natural history of the HHT and provide 

insight into additional therapeutic options. 

 

6.1 Endothelial expression of TβRIII 

In this study, we have presented direct evidence of the expression of TβRIII in 

endothelial cells of various lineages at the mRNA level as well the protein level. In both 

human and mouse cells, we have demonstrated that TβRIII is expressed in arterial, vein 

and capillary-derived endothelial cells. This is somewhat different from the distribution 

of ALK1, which is primarily expressed on the arterial and microvascular side of the 

circulation. Using binding and crosslinking, we have shown that TβRIII is present on the 

cell surface and is available to bind to TGF-β (Fig. 4.2) as well as other ligands, including 

BMPs. Given the close homology of these proteins, and the ability of some antibodies to 

immunoprecipitate both endoglin and TβRIII, through the use of different knockdown 

and knockout approaches with TβRIII-specific reagents, we have demonstrated 
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conclusively that the signal we have detected in endothelial cells is TβRIII and not due 

to cross-reactivity with endoglin.  

We also found that cells with complete endoglin knockout, including the MEEC 

Eng-/- cells from the genetic knockout mouse model or one of the CRISPR knockout cells 

lines MEEC crEng-2, consistently had increased levels of TβRIII (Figure 6). However, the 

other CRISPR-derived cell line MEEC crEng-1, whose truncated version of endoglin is 

still visible on the biotinylation/IP blots, did not induce increased TβRIII expression. 

These observations suggest that expression of endoglin (complete or truncated form) 

might normally suppress the presentation of TβRIII on the cell surface. The mechanism 

of such cross-regulation is currently unknown, and represents an area for future 

exploration. 

 

6.2 TβRIII and endoglin co-expression 

We have demonstrated that endothelial cells express both TβRIII and endoglin, 

however, the rationale underlying cellular expression of two similar co-receptors 

remains incompletely understood. Examining BMP9-induced Smad phosphorylation we 

demonstrate that loss of endoglin decreases Smad1/5/8 phosphorylation by about half, 

and loss of TβRIII reduces BMP9 responsiveness to a similar degree (Figure 16). These 

data would suggest that both of these co-receptors are important for maximal Smad 

activation. Given TβRIII’s undefined role in vascular endothelial cells, it is somewhat 
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surprising that its loss affects canonical BMP9/ALK1 signaling to the same extent as loss 

of endoglin.   

Several observations may account for TβRIII’s and endoglin’s apparent 

functional intersection. First, both co-receptors overlap in their ability to bind TGFβ 

superfamily ligands, including TGFβ and BMPs. Second, they both also interact with a 

wide range of type I and type II TGFβ superfamily receptors (Bernabeu et al., 2009). 

Third, they both network with the intracellular scaffolding molecules βarrestin-2 and 

GIPC to regulate cellular processes of receptor oligomerization and internalization 

(Table 33) (Blobe et al., 2001a) (Lee and Blobe, 2007b) Overall, the co-receptors’ binding 

profiles are quite promiscuous, a feature that aids their roles as signal integrators. 

Because of this commonality, TβRIII and endoglin may be able to compensate for each 

other in a loss-of-function scenario, as would be seen in endoglin knockout cell lines or 

in human diseases related to endoglin mutation, such as HHT. 

In HHT, most of patients’ vessels are functional and are grossly normal on 

histology, however hallmark pathological lesions, telangiectasias (small vessel 

dilatation) and AVMs, cluster in areas of high vascular stress. Persistent turbulent flow, 

such as at the carotid artery bifurcation, predisposes vessels to HHT lesions (Govani and 

Shovlin, 2009). It is here, that the loss of endoglin and non-compensation of TβRIII might 

be most evident. This would also suggest that endoglin’s contribution to vascular 

homeostasis is heightened when unique endothelial stressors are at play. Moreover, the 
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tissue-restricted expression of endoglin strongly suggests that vascular cells rely on its’ 

unique functions for dealing with the endotohelium-specific context. On the other hand, 

the observation that vascular dysfunction is only partially penetrant in host’s vessels 

argues for endoglin’s relative dispensability. 

The non-overlapping roles for TβRIII and endoglin may be explained by the 

structural and functional differences between these co-receptors and differential binding 

affinities for ligands and receptors. Endothelial expression of TβRIII would likely confer 

the ability to respond to TGFβ2, inhibin, FGF2 and BMP4, which do not bind endoglin. 

Perhaps, responsiveness to those molecules is important in certain contexts. 

Furthermore, endoglin distinguishes itself from TβRIII in its ability to bind with zyxin, a 

protein important for focal adhesions (Conley et al., 2004; Lee et al., 2008).  

 At first glance both TβRIII and endoglin appear to participate in canonical BMP-

regulated Smad phosphorylation, and mediate BMP9 responsiveness to a similar degree. 

However, there may be some unrecognized subtleties. All studies were performed using 

an antibody that recognizes all three of the BMP-type R-smads, Smad1, Smad5 and 

Smad8. Therefore, the presence of signal suggests that least one of the three Smads is 

activated, but it does not indicate which one(s). It is possible that endoglin-facilitated 

Smad phosphorylation differs from TβRIII-facilitated Smad phosphorylation. One way 

to deconvolute this would be to assay phosphorylation of each Smad individually. If 

endoglin and TβRIII actually effected different Smads, then that could possibly result in 
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different cellular outcomes. This might explain the conserved expression of both co-

receptors in endothelial cells. 

Another observation arising from this study is that knockout of both TβRIII and 

endoglin does not consistently lead to complete loss of BMP9 signaling. One possibility 

is that loss of both TβRIII and endoglin may change the expression level, localization or 

activity of other receptors capable of mediating BMP9 responsiveness. In addition to 

ALK1, another type I TGF-β superfamily receptor ALK2, can bind to BMP9 to facilitate 

Smad phosphorylation. Due to its lower binding affinity for BMP9, ALK2 is considered a 

minor contributor to BMP9 signaling. It is mostly studied in the context of osteogenic 

signaling (Luo, Tang et al. 2010), however some in vivo studies suggest ALK2 is 

important for angiogenesis (Lee et al., 2017). The mechanisms for retained BMP9 

signaling in the absence of TβRIII and endoglin remains an area for future investigation. 

 

6.3 Novel interaction between TβRIII and ALK1  

As ALK1 is an important coordinator of angiogenesis in the normal setting, and 

disruption on ALK1 expression or signaling results in vascular disease, understanding 

its regulators is of critical importance. ALK1 and endoglin are known binding partners, 

and their interaction has been studied extensively. As the expression of TβRIII in 

endothelial cells was not previously appreciated, the TβRIII/ALK1 interaction had not 

been studied. Here, we demonstrate using a variety of techniques, including the 
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biophysical technique, Patch/FRAP, co-immunoprecipitation and in situ proximity 

ligation assay, that TβRIII and ALK1 are capable of interacting and do so in endothelial 

cells. These data support our theory that TβRIII expressed in endothelial cells interacts 

with and regulates the activity of ALK1. While our studies were not able to definitively 

identify the domains mediating this interaction, preliminary studies suggest that this is 

likely in the extracellular domain. 

 

6.4 TβRIII regulation of ALK1 signaling 

ALK1’s serine/threonine kinase activity allows it to transduce ligand-stimulated 

signals to downstream effectors such as the Smads, but maximal signaling is achieved 

with the participation of its canonical co-receptor endoglin. In the absence of endoglin, 

as in in vitro knockout cell models, ALK1 signaling downstream of BMP9 is decreased 

(Figure 4.7). This demonstrates the reliance of ALK1 signaling on co-receptor input. As 

we demonstrate here, as the TGF-β/BMP co-receptor TβRIII is also expressed in 

endothelial cells, we reasoned this it may also impact ALK1 signaling.  

There are few caveats to this argument. First, while we have shown that TβRIII 

can bind ALK1, we have not yet investigated the relative affinity of ALK1 for TβRIII 

versus endoglin. Second, we do not currently know the relative abundance of TβRIII 

versus endoglin in endothelial cells. The expression of TβRIII in different cell types 

varies widely, so there is no a priori assumption we could make. Further, we have shown 
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in this study that gene expression levels (RT-PCR data) do not predict cell surface level, 

and therefore do not provide insight into the availability of TβRIII at the cell surface to 

bind ALK1. The lack of correlation of mRNA and protein levels suggests that TβRIII cell 

surface expression is likely controlled post-translationally. In addition, as several known 

interactors for TβRIII, β-arrestin2 and GIPC regulate the stability and endocytosis of 

TβRIII, this likely represents another level of regulation. Both of these issues are subjects 

of future study. 

In our signaling studies, as expected, loss of endoglin, leads to partial loss in 

BMP9 responsiveness, which is a readout of ALK1 activity. Interestingly, loss of TβRIII 

also led to a comparable decrease of ALK1 signaling, which demonstrates that TβRIII is 

indeed involved in BMP9 response. To determine whether the residual signaling seen in 

the endoglin KO cells was due to TβRIII signaling, we used TβRIII/endoglin double 

knockout cells. In some experiments, we saw additional loss of signal when both co-

receptors were absent, and in others the change was more subtle (Figure 16). These data 

suggest that while TβRIII probably participates in the ALK1 signaling pathway, it is not 

required. It might also mean that cells lacking both co-receptors employ other means to 

transduce BMP9 signals. In addition, the effect of TβRIII loss on BMP9 responsiveness 

was seen more prominently at lower concentrations of BMP9 (0.5ng/ml) suggesting that 

loss of co-receptor availability can be overcome by increased ligand concentration. 
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6.5 TβRIII role in endothelial behavior 

Given TβRIII’s ability to bind ALK1 and to regulate its signaling, we explored 

whether there were functional consequences for endothelial cell behavior. To that end, 

we examined TβRIII’s role in several common hallmarks of angiogenesis. In general, loss 

of TβRIII had mild effects on endothelial phenotypes. For the most part, human TβRIII 

knockout endothelial cells appeared normal, but at times were slower-growing than 

their control counterparts. In mouse endothelial cells, there were also subtle 

proliferation differences, but there were more striking morphologic differences, with 

TβRIII KO cells appearing larger and more stellate. These changes in morphology 

translated into how the cells appeared and functioned in tube formation assays. Overall, 

cells with simultaneous loss of both receptors fared worst in the tube formation assay, 

with tubes that disintegrated faster than in the other conditions (Figure 4.12). At the 

same time, cells expressing at least one of the co-receptors were able to maintain tubes 

after 16hours. This suggests that endothelial cells require at least one of these co-

receptors in order to maintain the cell-cell contact necessary for capillary tube stability. 

While these experiments were instructive for helping understand the relative 

roles of TβRIII and endoglin in endothelial biology, they did not completely address the 

question of ALK1 dependence for these functions. We attempted to address these 

questions by performing functional assays with or without BMP9, the ALK1 ligand. By 

treating with BMP9, we aimed to elicit ALK1 dependent behavior. Unfortunately, most 
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experiments using BMP9, even at relatively high doses (e.g. 5ng/ml, which is 10x the 

optimal dose for signaling assays), did not change the behavior of the cells.  However, 

lack of responses in these in vitro assays does not necessarily mean lack of involvement 

of ALK1 signaling. Indeed, some studies have suggested BMP9 to be a quiescent factor, 

which is an aspect of endothelial cell biology difficult to model in vitro. 

Other published studies have shown that direct treatment with just BMP9 can 

have limited effects, but co-treatment of BMP9 along with other angiogenesis 

stimulators such as bFGF or TGF-β can uncover its contribution. Looking forward, such 

studies will improve our ability to understand TβRIII’s impact on BMP9 and ALK1 

signaling. Furthermore, studying BMP9 in the context of other pro and anti- angiogenic 

molecules will better model what happens in angiogenesis in vivo. 

 

6.6 Developmental and tumor angiogenesis 

Using TβRIII heterozygous mice, we have demonstrated that TβRIII has some 

effect on the velocity of neonatal retinal vascularization. At postnatal day 5, mice with 

decreased TβRIII expression were further from the retinal edge. By postnatal day 8, this 

difference is lost. Examination of the retinal vascular plexus and the leading edge did 

not reveal any gross abnormalities in vascular density or patterning. This suggests that 

TβRIII probably plays a minor role in neoangiogenesis, especially in the context of an 

animal that presumably expresses normal levels of endoglin. Previous studies in 
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endoglin heterozygous mice have shown a similar degree of vascularization retardation 

(Park et al., 2013). 

To truly understand the contribution of TβRIII to developmental angiogenesis, 

one could use a model of complete endothelium-specific TβRIII knockout, as has been 

done for endoglin previously. Another option would be to recreate double knockout 

system, similar to what we have done in vitro. We could cross mice with TβRIII loss 

(either TβRIII heterozygous or endothelium specific loss) and mice with endoglin loss to 

generate double knockouts. Performing similar retinal angiogenesis assays we could 

examine the relative contributions of TβRIII and endoglin. 

Another important issue is that our studies were conducted without any supra-

normal angiogenic stimuli. Perhaps with an increased angiogenic stimulus, such as with 

the oxygen-induced retinopathy model, or direct intraocular injection of pro-angiogenic 

molecules, we could elicit stronger vascular responses and see the differences caused by 

the expression or loss of receptors more clearly. With an optimal model in place, 

additional studies might include, direct staining of tissue for the expression and 

interaction of the receptors, for example TβRIII and ALK1, and for evidence of changes 

in Smad signaling. 

With regards to tumor angiogenesis, we did perform some pilot studies to 

investigate whether TβRIII expression affected the ability of endothelial cells to form 

tumor angiogenic vessels and to facilitate tumor growth. We hypothesized that if TβRIII 
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was important for endothelial angiogenesis, it may play a role in tumor angiogenesis. In 

our small pilot study, we saw that co-injection of endothelial cells with 4T1 tumor cells 

did indeed boost tumor growth, presumably by tumor angiogenesis (although we have 

not directly tested this). However loss TβRIII decreased that gained advantage, 

suggesting that TβRIII expression might be important for the some element of tumor 

angiogenesis, including survival, growth and migration. Further larger scale studies will 

be needed to determine whether this is a consistent finding. To address the relative 

contributions of endoglin versus TβRIII, we could use the cell panel generated in this 

study. In addition, this model could be adapted to an orthotopic mammary fat pad 

model, which more closely mirrors realistic tumor conditions, by providing the 

appropriate tissue context and cellular milieu. 

Together, both the developmental model and the tumor angiogenesis model 

provide intriguing first insights into a potential role of TβRIII in angiogenesis 

 

6.7 TβRIII and endoglin oligomerization in the regulation of TGF-
β signaling 

The complexity of the TGF-β superfamily signaling is largely mediated by the 

context-specific interactions among different receptors on the cell surface (hetero 

oligomerization), as well by different molecules of the same receptor type (homo-

oligomerization). We have come to understand that these two complementary and 

sometimes opposing processes can affect receptor availability for signaling, as well as 
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other processes such as propensity for internalization (this can be either activating or 

dampening depending on the receptor in question). In our studies, we have shown that 

although endoglin and TβRIII are both considered co-receptors, the order and manner in 

which they interact with other receptors are different.  

In the studies of TβRIII oligomerization, we demonstrate that independent 

binding of TβRIII to either TβRI or TβRII competes with active TβRI/TβRII signaling 

complex formation, thus inhibiting TGF-β–mediated Smad signaling. This suggests that 

when TβRIII is not actively facilitating signaling in the traditional view of the co-

receptor, it may actually be inhibiting it by sequestering signaling receptors.  

In the study of endoglin oligomerization, we demonstrate that endoglin forms 

stable homodimers that function as a scaffold for binding TβRII, ALK5 and ALK1. ALK1 

and ALK5 bind to endoglin with differential dependence on TβRII, with the latter 

playing a major role in recruiting ALK5 to the complex. Here, we highlight the ability of 

endoglin to facilitate signaling by bring the requisite receptors together. In addition, 

these offer even more insight in to the regulation of ALK1 signaling which is crucial to 

the functioning of endothelial cells and the vasculature in general. 

 

6.8 Use of dual CRISPR genome editing 

Because of the similarity in structure and potentially in function, it was necessary 

to develop a facile endothelial model that allowed us to isolate the contributions of 
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TβRIII versus endoglin. Using our cell model, we overcame some of the traditional 

issues associated with working with relatively fragile endothelial cells. First, we used 

two different immortalized cell types in our studies. Second, we induced expression 

changes using lentivirus, which offers several advantages over transient methods like 

transfection or adenovirus. Most endothelial cells are difficult to transfect, with 

efficiency less than 30% and at the cost of high cell death. Adenoviral infection has high 

efficiency, but also is not-long lasting and prone to expressing impractically high levels 

of the target.  

Based on the successful validation of both TβRIII and endoglin, even several 

months of passaging after initial selection, and the apparent health of the cells, 

transducing cells with differentially selectable CRISPR constructs appears to be a viable 

and reliable method of studying multiple receptors. 

  

6.9 Future Directions 

While we have uncovered some new roles for the TβRIII in vascular endothelial 

cells, and offered a new paradigm for understanding the regulation of ALK1 signaling, 

several interesting questions remain. As discussed in the earlier sections, future studies 

will focus on clarifying not just what TβRIII is capable of doing, but what it actually 

does in vivo. As both TβRIII and ALK1 have been shown to be important in disease, 
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understanding their interaction and co-functioning in human disease would be of 

translational significance.  

With regards to BMP9-induced ALK1-mediated signaling, we have seen that loss 

of either TβRIII or endoglin reduces phospho-Smad 1/5/8 signal. Building on the idea 

that these receptors might be able to substitute for each other in certain contexts, we 

could perform experiments to determine whether ectopic expression of TβRIII can 

rescue loss of endoglin and vice versa. Another observation in this study was that cells 

lacking TβRIII expressed less ALK1 mRNA. If this is the case, then the resulting lack of 

ALK1 protein expression would decrease BMP9 responsiveness. It would be interesting 

to see whether ectopic expression of ALK1 could reinstate signaling and rescue the loss 

of angiogenic potential seen in TβRIII/endoglin KO endothelial cells. TβRIII’s effect on 

ALK1 mRNA levels (Figure 18) would suggest an indirect mechanism of ALK1 

modulation. How TβRIII affects gene transcription of ALK1 represents a future area of 

investigation.   

As discussed earlier, we have considered the possibility that dual 

TβRIII/endoglin loss leads to changes in the expression of other BMP9-binding 

receptors. Follow-up studies would include assaying the cell surface protein expression 

of other possibly compensating receptors including ALK2 in normal versus single and 

double knockout cells. ALK2 and/or ALK1 loss-of-function and rescue approaches 

would help to assess their relative contributions in the different settings of co-receptor 
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availability. In addition, an unbiased approach such as RNA-Seq could reveal 

differential changes in gene expression among cells subjected to TβRIII, endoglin or 

simultaneous TβRIII/endoglin knockout, in the presence or absence of ligands to 

provide insight to unique and redundant pathways utilized by these receptors.  

As we examined developmental angiogenesis in the TβRIII heterozygous mouse 

retinal angiogenesis model (Figure 23), we observed differences in the progress of retinal 

vascularization by postnatal day 5. This sparked questions about the mechanism by 

which TβRIII affects endothelial cell signaling and behavior in vivo.  In addition to the 

alternative genetic models discussed in Section 6.5. , we plan to fully characterize the 

current TβRIII heterozygous mouse model in normal conditions as well in an oxygen-

induced retinopathy model.  We would examine the expression of TβRIII in the vessels 

using immunohistochemistry, as well confirm co-localization of TβRIII with other 

proteins of interest such as ALK1, endoglin and CD31 using immunofluorescent co-

staining. We would also be interested in examining the active angiogenic front by 

confocal microscopy to discern whether TβRIII loss affects tip cell differentiation or 

filopodial extension. 

Turning our attention toward developmental angiogenesis in humans, we could 

examine the TβRIII expression in the setting of endoglin dysfunction, as is the case for 

HHT1. Given our in vitro observations that loss of endoglin expression may lead to 

increased TβRIII expression, we would be interested to know whether vessels lacking 
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endoglin overexpress TβRIII to compensate.  In addition to tissue staining, we would 

also be interested in mining gene expression datasets derived from the normal and 

lesioned vessels of patients with HHT patients, to look for evidence of possible TβRIII 

expression changes and downstream effects.  

To determine whether TβRIII/ALK1 interaction is relevant in human tumor 

angiogenesis, we have considered quantifying both receptors’ co-expression in human 

cancer. A possible future direction is to perform immunohistochemical staining for 

TβRIII, ALK1 and CD31 on a human cancer tissue microarrays, including samples from 

cancers of different stages and matched normal specimens. Ideally these will be cross-

referenced with available pathological information including tumor size, TNM stage, 

number of nodes positive and invasive grade. 

This project, defining the role of TβRIII in vascular endothelial cells and 

juxtaposing TβRIII and endoglin’s relative contributions to ALK1 signaling and 

endoglin biology, has extended our appreciation for the relevance of TGF-β co-receptors 

in angiogenesis. It has also unearthed some intriguing new questions and future 

directions. 
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