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Transforming growth factor-beta (TGFβ) is an important signaling molecule that 

regulates several cellular processes including angiogenesis. However, its effects on angiogenesis 

are complex, with it being pro-angiogenic only at low concentrations (Pepper et al., 1993). 

Evidence suggests that downstream signaling pathways of TGFβ may be activated in a dose-

dependent fashion. In fact, previous work in our laboratory has shown that the non-canonical 

Par6 polarity pathway gets preferentially activated at low concentrations. Considering the 

different cellular effects of downstream signaling pathways, we propose that TGFβ may 

modulate its effects on angiogenesis via differential activation of the canonical Smad and non-

canonical Akt, FAK, NFκB and Par6 polarity signaling pathways. Based on this premise, bovine 

aortic endothelial cells were treated with TGFβ1 and TGFβ2 at concentrations ranging from 0.05 

to 5 ng/mL. The activation patterns of canonical and non-canonical signaling pathways were 

studied via western blotting; with the use of phospho-specific antibodies against Smad2, Akt, 

FAK and NFκB. Preliminary results reveal that high concentrations of both TGFβ1 and TGFβ2 

(5 ng/mL) cause preferential activation of Smad2, while the Akt, FAK and NFκB signaling 

pathways do not appear to become activated in response to TGFβ1 or TGFβ2 at the 

concentrations and time points studied. These results suggest the effect of TGFβ on angiogenesis 

may not involve Akt, FAK or NFκB signaling, but may involve dose-dependent signaling of the 

Smad signaling pathway. 
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INTRODUCTION 

 Carcinogenesis begins with the acquisition of oncogenic mutations that interfere with a 

cell’s ability to regulate proliferation and apoptosis. In the later stages of carcinogenesis, tumor 

growths must gain access to the blood supply before they’re able to progress into large tumors. If 

unable to access the blood supply, cells of a tumor larger than 1 mm in diameter will become 

hypoxic and die because of lack of nutrients and oxygen (Folkman and Hanahan, 1991). Tumors 

gain access to the blood supply by stimulating a process known as angiogenesis. During 

angiogenesis endothelial cells in neighboring blood vessels become activated, and sprout towards 

the angiogenic stimulus. Endothelial cells leading the sprout, known as tip cells, reorganize their 

cellular junctions, extend filopodia, and gain the capacity to reorganize the extracellular matrix 

(ECM) and migrate; while endothelial cells following the tip, known as stalk cells, proliferate to 

extend the vessel (Carmeliet, 2000). This process is guided by pro-angiogenic cytokines, which 

are able to bind to receptors on endothelial cell membranes and induce the cellular changes 

necessary for sprouting. 

 One of the cytokines implicated in tumor angiogenesis is transforming growth factor-beta 

(TGFβ). Several tumor types secrete large amounts of TGFβ, which has been correlated with 

increased microvessel density, enhanced tumor angiogenesis and poor patient prognosis (Adler et 

al., 1999; Derynck et al., 1987; Ito et al., 1995; Tsushima et al., 1996; Ueki et al., 1992). In 

addition to its role in tumor angiogenesis, TGFβ has a well-established role as a regulator of 

angiogenesis in the context of development and wound healing (Bertolino et al., 2005; Fajardo et 

al., 1996). Although a known-regulator of angiogenesis, the mechanism by which TGFβ does so 

is unclear. In vitro studies have brought to light the highly context dependent nature of TGFβ in 
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regards to its regulation of angiogenesis; with it stimulating angiogenic processes under certain 

conditions and inhibiting them under others (Pepper, 1997). For instance, TGFβ has been shown 

to promote vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF)-

induced endothelial cell invasion and tubule formation at concentrations ranging from 0.01 to 0.5 

ng/mL, while inhibiting these same processes at concentrations above 0.5 ng/mL (Pepper et al., 

1993).  

 TGFβ also regulates a cellular process known as the epithelial-to-mesenchymal transition 

(EMT), and a specialized form of EMT known as the endothelial-to-mesenchymal transition 

(EndMT). During this process, epithelial cells undergo changes in their gene expression profile, 

acquiring characteristics of mesenchymal cells. These changes allow them to lose cellular 

junctions with neighboring epithelial cells, and gain the capacity for locomotion and invasion 

(Kalluri and Weinberg, 2009). In regards to cancer, this enables cancer cells to metastasize to 

distant sites within the body; however, EMT is also functional during normal physiological 

processes such as development and wound healing (Potenta et al., 2008).  

 Some believe TGFβ regulates angiogenesis through its ability to induce EndMT. In 

particular, a partial and reversible EndMT would allow tip cells to gain their migratory and 

invasive characteristics, while reversion of EMT, the mesenchymal-to-epithelial transition 

(MET), would allow endothelial cells to re-differentiate during the maturation stages of vessel 

formation (Chen et al., 2012). In fact, many of the signaling pathways activated downstream of 

TGFβ have well-established roles in both angiogenesis and EndMT. The following is a review of 

the literature on topics including: TGFβ signaling and TGFβ induced angiogenesis and EndMT.  
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LITERATURE REVIEW 

Angiogenesis 

Vascular development begins in the embryo with the formation of the primary vascular 

plexus in a process known as vasculogenesis. Following its establishment the primary plexus is 

further developed and remodeled in a process known as angiogenesis, which gives rise to the 

functional adult circulatory system. In addition to its involvement in fine-tuning of the 

circulatory system during development, angiogenesis is also functional during adulthood, 

allowing reorganization of the vasculature in order to accommodate a tissue’s metabolic 

demands. 

In the adult organism blood vessels are comprised of a single layer of endothelial cells, 

maintained in a quiescent (non-dividing) state, surrounded by mural cells (pericytes and smooth 

muscle cells (SMCs)(Engerman et al., 1967; Hobson and Denekamp, 1984). Angiogenesis is a 

process where quiescent endothelial cells regain the capacity to proliferate and divide in order to 

sprout from their pre-existing vessel and form new vascular sprouts.  

Angiogenesis is a multi-step process that includes the proteolytic degradation of the 

extracellular matrix, excavating a path that newly formed blood vessels may inhabit. This is 

followed by the disassembly of junctional complexes existing between endothelial cells, 

allowing them to proliferate and migrate towards chemotactic stimuli in the surrounding 

environment. Once these new sprouts extend into the surrounding environment they mature to 

form a lumen, and finally recruit pericytes/SMCs, which completes the establishment of a fully 

functional and mature vessel (Carmeliet and Jain, 2011). These processes can be roughly 
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subdivided into the activation (ECM degradation, disassembly of junctions, proliferation and 

migration) and resolution (lumen formation, SMC recruitment) phases of angiogenesis.  

All of these events are stimulated in response to signaling from cytokines and 

chemokines in the surrounding environment. Pro-angiogenic factors, such as the chemokines 

VEGF and TGFβ, are released by tissues whose metabolic demands are not being met by the pre-

existing vasculature. These angiogenic factors bind to receptors on endothelial cell membranes, 

leading to a sequence of intracellular signal transduction events, which result in changes to 

cellular characteristics that guide angiogenesis. Ultimately whether angiogenesis is initiated 

depends on the balance between pro- and anti-angiogenic stimuli present in an environment. 

When pro-angiogenic factors are  more abundant than anti-angiogenic factors, the balance is 

tipped in favor of angiogenesis and the ‘angiogenic switch’ is turned on (Hanahan and Folkman, 

1996).  

Transforming Growth Factor-beta (TGFβ)  

Transforming growth factor beta is a member of a family of important regulatory 

cytokines, known as the Transforming Growth Factor- Super family (TGF super family) of 

ligands. This family includes 33 members, which can be sub-categorized into TGFβ members, as 

well as, activins, nodals, Bone Morphogenic Proteins (BMPs) and Growth and Differentiation 

Factors (GDFs). Mammals express three isoforms of TGFβ: TGFβ1, TGFβ2 and TGFβ3; each of 

which are encoded by separate genes and have both similar and divergent functions within the 

body (Lawrence, 1996).   
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TGFβ is secreted by several cell types including: normal, transformed, epithelial, 

mesenchymal and immune cells including lymphocytes (Derynck et al., 1985). TGFβ ligand is a 

25-KDa homodimer whose subunits are linked by a disulphide bond. This ligand is produced in a 

latent/non-active form as part of a precursor peptide, which must be cleaved intracellularly, by 

the endopeptidase furin, prior to its secretion.  Once cleaved the C-terminal portion of this 

peptide, known as the Latency-associated peptide (LAP), interacts non-covalently with the N-

terminal active TGFβ ligand (Gentry and Nash, 1990). This interaction aids in TGFβ trafficking 

from the cell, however LAP-bound TGFβ (LAP-TGFβ) is unable to bind to its receptor and is 

physiologically inactive (Brown et al., 1990; Lopez et al., 1992). LAP association also facilitates 

the interaction of TGFβ with the Latency Binding Protein (LTBP), which promotes its secretion 

from the cell and deposition in the ECM (Miyazono et al., 1991; Taipale et al., 1994). In the 

ECM TGFβ is bound by heparin-binding proteins and in order to become functional it must be 

released from both LAP and these heparin-binding proteins; bonds which are most commonly 

broken by the serine protease plasmin, and proteases such as matrix metalloproteinase (MMPs; 

including MMP 2 and MMP 9) (Lyons et al., 1988).  

Once released the fully activated TGFβ ligand goes on to bind TGFβ-specific receptors 

on the cellular membranes of essentially all cell types. Ligand binding then goes on to induce a 

variety of intracellular signaling pathways, which together regulate the multitude of cellular 

processes TGFβ is known to affect. These intracellular events will be discussed in more detail in 

the next section.  

The cellular processes TGFβ is known to regulate include: cellular proliferation, 

apoptosis, adhesion, differentiation and migration, and physiological processes including 

development, wound repair and angiogenesis. With the study of TGFβ and its effects on these 
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processes it has become apparent that the role of TGFβ is highly context dependent. For example 

during cellular proliferation the presence of other growth factors, as well as, cell type determines 

whether TGFβ promotes or inhibits proliferation. Also, TGFβ has been shown to promote and 

inhibit cellular differentiation depending on the context in which it is applied. Of special 

recognition is the context dependent effect of TGFβ on angiogenesis, which will be discussed in 

more detail in a later section.  

TGFβ signaling 

TGFβ members signal through type I and type II serine/threonine kinase receptors. There 

are 7 members of the type I receptor family, also known as Activin-receptor like kinases (ALK) 

1-7, and 5 members of the type II receptor family (TGFβRII, BMPRII, ActRIIA, ActRIIB, and 

MISRII) (Shi and Massague, 2003). TGFβ also signals via accessory, type III, TGFβ receptors: 

endoglin and betaglycan. Each TGF ligand binds a specific combination of Type I and Type II 

receptors; with these receptors being highly specific for TGF ligands and vice versa (Frolik et 

al., 1984). 

TGFβ receptors are present on virtually all cell types, and signaling studies have been 

performed in a variety of cell types, however, there are relatively few studies devoted 

specifically to TGFβ signaling in vascular endothelium.  In the sections below, except where 

explicitly stated, the signaling events and outcomes described have not yet been validated in 

endothelial cells.  

In most cell types TGFβ 1-3 isoforms signal through an ALK5-TGFβRII complex, 

however endothelial cells also express, and signal through an ALK1-TGFβRII complex (Oh et 
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al., 2000). The balance between activation of these two signaling pathways regulates endothelial 

cell functions such as proliferation and migration, and this balance is believed to regulate the 

switch of endothelial cells from quiescent mature vessels into activated angiogenic sprouts. In 

fact, genetic mutants of TGFβ receptors, ALK5 and endoglin, inhibit angiogenesis in vitro, and 

result in embryonic lethality in mice due to vascular defects (Pardali et al., 2010).  

In the absence of ligand, type I and II receptors form homodimers with themselves, which 

upon ligand binding complex with each other to form a heterotetramer (Yamashita et al., 1994). 

Formation of this tetrameric complex brings together the constitutively active type II receptor 

with the type I receptor, resulting in auto- and trans-phosphorylation at various serine residues in 

the receptors’ GS domain. Once activated by these phosphorylation events the TGFβ receptors 

become functional serine/threonine kinases, and subsequently phosphorylate and activate several 

intracellular signaling molecules (Luo and Lodish, 1997). 

Although TGFβ receptors are classically referred to as serine/threonine kinases, upon 

ligand binding TGFβRII also becomes auto-phosphorylated at multiple tyrosine residues (Lawler 

et al., 1997). These phosphorylated tyrosines then act as docking sites for various Src homology 

2 (SH2) and phospho-tyrosine binding (PTB) domain containing scaffolding/adaptor molecules, 

such as: Shc, and growth factor binding protein 2 (Grb2) (Ravichandran, 2001). These adaptor 

molecules function as scaffolding proteins, bringing together the TGFβ receptor’s tyrosine kinase 

function with various protein substrates (Galliher and Schiemann, 2007).  

TGFβ receptors, through their action as both serine/threonine and tyrosine kinases, are 

able to activate several intracellular signaling cascades, including the canonical Smad signaling 
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pathways, as well as several non-canonical signaling pathways, such as: PI3K/Akt, Rho-A 

dependent, and JNK, p38 and Erk MAPK pathways.  

Canonical Smad signaling 

The Smad-family of proteins is composed of three classes: receptor Smads (R-Smads 1, 2, 

3, 5 and 8), inhibitory Smads (I-Smads 6 and 7), and the common Smad (Co-Smad4) (Shi and 

Massague, 2003).  R-Smads are recruited to TGFβRI following receptor activation, and interact 

indirectly via auxillary proteins such as Smad anchor for receptor activation (SARA) (Tsukazaki 

et al., 1998). Once recruited R-Smads become phosphorylated by TGFβRI in their C-terminal 

SSXS domain; R-Smads 1, 5 and 8 are activated by ALKs 1-3 and 6, whereas R-Smads 2-3 are 

activated by ALKs 4, 5 and 7 (Miyazawa et al., 2002).  

Once activated R-Smads dissociate from TGFβRI and form heterodimers with Co-Smad4, 

or heterotrimers containing two R-Smads and a Smad4, which translocate to the nucleus 

(Jayaraman and Massague, 2000). This translocation is guided by nuclear localization sequences 

(NLSs) in the MH1 domains of Smad3 and 4, which mediate their interaction with importin 

proteins 1 and , respectively (Kurisaki et al., 2001; Xiao et al., 2001). In the nucleus these 

Smad complexes function as transcription factors and regulate transcription through their direct 

interaction with DNA containing Smad-binding elements (SBEs), as well as co-repressors, co-

activators (CBP and p300), and other transcription factors (Shi et al., 2008). The diversity of 

these transcriptional complexes directs the tissue and dose-dependent regulation of transcription 

by the Smad proteins.  

TGFβ stimulation affects the transcription of several hundred genes (Koinuma et al., 

2009). Targets of R-Smad and Co-Smad transcriptional regulation include proteins involved in 
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regulating cellular proliferation, apoptosis and the EMT. Additionally, TGFβ signaling results in 

expression of I-Smads 6 and 7, whose promoters contain SBEs (Stopa et al., 2000). The I-Smads 

then establish a negative feedback circuit on TGFβ signaling through their ability to negatively 

regulate signaling pathway activation on multiple levels; with Smad7 expressed in response to, 

and antagonizing all TGFβ signaling, and Smad6 expressed specifically in response to, and 

antagonizing the Smad1, 5, and 8 signaling pathways (Yan et al., 2009). 

I-Smads contain various functional domains that enable their inhibitory function. 

Through their MH2 domain Smads 6 and 7 are able to compete with R-Smads for TGFβRI 

binding; thus inhibiting R-Smad phosphorylation and subsequent Co-Smad4 complex formation 

(Mochizuki et al., 2004). I-Smads are also capable of recruiting E3 ubiquitin ligases, Smurf1 and 

Smurf2, to activated TGFβRI leading to its polyubiquitination and subsequent proteasomal 

degradation (Kavsak et al., 2000). Smad7 is also capable of interfering with TGFβ signaling at 

the level of receptor activation via its ability to recruit the phosphatase GADD34-PP1c to the 

activated receptor complex (Shi et al., 2004).   

In addition to their functioning in the cytoplasm, at the level of receptor and R-Smads 

inhibition, I-Smads also function in the nucleus at the level of transcriptional repression. 

Through its MH2 domain Smad7 is able to bind directly to DNA to prevent Smad2, 3 and 4 

binding (Shi et al., 2008). Also, once bound to DNA I-Smads recruit histone deacetylases 

(HDACs) to the promoter regions of Smad target genes, leading to chromatin compaction and 

transcriptional inhibition (Ichijo et al., 2005).  
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Akt signaling 

The Akt signaling pathway is also activated downstream of TGFβ through TGFβRI 

phosphorylation of PI3K, an upstream kinase of Akt. PI3K interacts with TGFβRII independent 

of receptor activation and upon ligand stimulation is brought in contact with TGFβRI, where it is 

phosphorylated (Yi et al., 2005). Downstream activation of the Akt signaling pathway is required 

for TGFβ-induced EMT, and does so by two proposed mechanisms; first, through its ability to 

mediate TGFβ-induced actin filament reorganization and enhanced cellular migration, and 

secondly, through Akt’s activation of downstream mTOR (Bakin et al., 2000). The mTOR 

signaling pathway regulates protein translation, and Akt-mTOR activation is believed to 

facilitate Smad-mediated transcriptional programs.  

FAK signaling 

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase that becomes 

phosphorylated in response to TGFβ in a variety of cell types. In some reports this activation is 

delayed, and seems to be the result of Smad-3 dependent transcriptional upregulation of 

fibronectin and its integrin receptors (Horowitz et al., 2007). While in other reports it is believed 

TGFβ promotes the binding of adaptor protein Dab2 to β1 integrin, leading to FAK activation 

(Prunier and Howe, 2005). 

Following integrin ligation, FAK undergoes a conformational change leading to its 

autophosphorylation of tyrosine residue 397. This phosphorylated residue then acts as a docking 

site for Src tyrosine kinases via its SH-2 binding domain (Xing et al., 1994), which leads to the 

phosphorylation of several other tyrosine residues including 925 and subsequent activation of 

several downstream signaling pathways. Together, the activation of these downstream signaling 
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pathways regulates cellular functions including: cell cycle progression and proliferation, 

apoptosis and survival, as well as, focal adhesion remodeling and cellular migration (Zhao and 

Guan, 2009).  

FAK signaling is also important during angiogenesis. In fact, throughout embryonic 

development of the mouse FAK expression is particularly high in the endothelium (Polte et al., 

1994). Furthermore, targeted disruption of FAK in the endothelium results in embryonic lethality 

due to vascular defects, while overexpression of FAK results in enhanced angiogenesis (Peng et 

al., 2004).  It is believed that FAK mediates angiogenesis due to its effects on endothelial cell 

survival, proliferation and migration (Qi and Claesson-Welsh, 2001; Romer et al., 1994) 

FAK may also promote angiogenesis through its newly established role in EMT. In fact, 

it has been shown that FAK signaling is necessary for expression of mesenchymal genes, as well 

as, disassembly of adhesion junctions (delocalization of E-cadherin) (Cicchini et al., 2008).  

Par6 signaling 

TGFβ also rapidly activates RhoA signaling in a Smad-independent manner (Edlund et 

al., 2002). However, TGFβ signaling has also been shown to lead to a down regulation of RhoA 

protein in response to TGFβ activation of the Par6 polarity pathway (Ozdamar et al., 2005). Par6 

is a scaffolding, polarity protein that complexes with TGFβRI at tight junctions. Following 

ligand binding to TGFβRII, it travels to the tight junction where it complexes with TGFβRI, and 

phosphorylates Par6 at serine 345. Activated Par6 recruits the E3 ubiquitin ligase, Smurf1, to 

tight junctions where it ubiquitinates and targets RhoA for degradation; leading to localized 

RhoA down regulation at tight junctions (Ozdamar et al., 2005). This results in a loss of apical-

basal polarity and enhanced cellular motility. This localized degradation is responsible for the 
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dissolution of tight junctions, reorganization of the actin cytoskeleton and extension of filopodia 

(Wang et al., 2003), all of which are essential for EMT (Ozdamar et al., 2005). A more recent 

study has shown a vital role for the Par6 pathway in vascular biology, through its ability to 

regulate EndMT; a process induced by TGFβ that will be discussed in more detail in a later 

section (Townsend et al., 2008). Work in our laboratory has also recently demonstrated that Par6 

becomes activated in response to TGFβ1 in bovine aortic endothelial cells, and this activation is 

dose-dependent with low concentrations (0.5 ng/mL) resulting in preferential activation (Viloria-

Petit, unpublished observations). Since low TGFβ concentrations have been previously observed 

to be pro-angiogenic (Pepper et al., 1993) our results suggest that Par6 activation might mediate 

angiogenesis in response to TGFβ. 

NFκB signaling  

NFκB is also activated in response to TGFβ. This activation is downstream TGFβ 

activated kinase-1 (TAK1) activation and its phosphorylation of the NFκB inhibitor IKK 

(Takaesu et al., 2003). This allows NFκB to be phosphorylated and enter the nucleus where it 

acts as a transcription factor, with a well-established role in the regulation of proliferation and 

survival.  

NFκB is also able to regulate EMT through its functioning as a transcription factor, and 

induction of several EMT-inducing transcription factors including Snail, Twist and ZEB 1 and 2, 

as well as, mesenchymal genes including vimentin and MMPs (reviewed in (Min et al., 2008). 

Specifically, NFκB signaling is required for TGFβ-induced EMT in Ras-transformed epithelial 

cells, and its inhibition leads to a reversal of EMT (Huber et al., 2004). Therefore, NFκB 

signaling is required for both the induction, as well as, the maintenance of EMT.  
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TGFβ in Angiogenesis 

The ability of TGFβ to induce angiogenesis was first discovered when it was injected 

subcutaneously into newborn mice. This injection resulted in the formation of granulation tissue; 

a combined result of activation of angiogenesis, as well as, activation of fibroblasts and 

subsequent collagen deposition (Roberts et al., 1986). Further evidence for the role of TGFβ in 

angiogenesis was provided when application of TGFβ1 to chicken chorioallantoic membranes 

resulted in the formation of large vessels, which was attributed to changes in endothelial cell 

proliferation and migration (Yang and Moses, 1990). 

Several studies also correlate the expression of TGFβ ligand with angiogenesis, such as 

in developing tissues (Heine et al., 1987) and hypoperfused tissue, both of which are rapidly 

undergoing angiogenesis (Dissen et al., 1994; Krupinski et al., 1996). Furthermore, TGFβ ligand 

expression is enhanced in response to hypoxia, a known stimulator of angiogenesis (Falanga et 

al., 1991; Sakuda et al., 1992).  

Since then, several studies using targeted gene ablation of TGFβ signaling components 

have revealed their importance during vasculogenesis and angiogenesis (reviewed in Goumans 

and Mummery, 2000). The vascular defects observed can be divided into early embryonic 

defects in vasculogenesis, and defects in the later stages of vascular extension, remodeling and 

stabilization, which represent defects in angiogenesis. TGFβ1 ligand and TGFβRII have 

important roles in both vasculogenesis and angiogenesis, while other signaling components 

(Alk5, Alk1, Smad5 and endoglin) functional primarily during angiogenesis.  These defects 

include insufficient development and remodeling of yolk sac and embryonic vessels, and 
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deficient recruitment of SMCs, which results in leaky and immature vessels (Dickson et al., 

1995).  

Although many in vivo studies provide evidence for TGFβ’s ability to induce 

angiogenesis, the means by which it does so have yet to be fully elucidated. In vitro studies have 

begun to investigate the mechanisms by which TGFβ functions during angiogenesis using a 

variety of assays. Each of these assays is designed to study one of the several components of the 

angiogenic process. Two-dimensional assays are able to measure endothelial cell proliferation 

and migration, as well as changes in gene expression, while three-dimensional assays study 

endothelial cell invasion and capillary formation (morphogenesis).  

Overall, two-dimensional in vitro assays have established an inhibitory role for TGFβ on 

endothelial cell proliferation and migration. In regards to proliferation, TGFβ has been shown to 

inhibit endothelial cell proliferation over a wide range of concentrations and in a variety of cell 

types and species; including: bovine aorta, pulmonary artery, adrenal cortex, retina, brain and 

renal glomerular capillaries, as well as, porcine aorta, human umbilical and saphenous vein, and 

rat brain and heart endothelial cells (reviewed in (Pepper, 1997). The precise mechanism of 

TGFβ’s cytostatic effect is unknown, however in a variety of other cells types TGFβ is known to 

be cytostatic through its ability to upregulate members of the Id-family of transcription factors 

and cell cycle inhibitors p15 and p21 (Massague, 1998), as well as its ability to downregulate the 

transcription factor myc. With that said, studies of endothelial cell proliferation have highlighted 

the importance of context in regards to TGFβ’s role in endothelial cell function, which will be 

discussed in more detail in a later section. Similarly, most in vitro studies of endothelial cell 

migration have reported TGFβ as inhibitory in this process (Klein-Soyer et al., 1992; Muller et 

al., 1987).  
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Two-dimensional culturing of endothelial cells has revealed changes in gene expression 

patterns in response to TGFβ that promote the synthesis and deposition of ECM components 

such as: fibronectin and collagens I, IV and V (Madri et al., 1988). Gene expression studies also 

reveal changes to integrin expression patterns (Enenstein et al., 1992), as well as protease and 

protease inhibitors such as: uPA and PAI-1 (Pepper et al., 1990; Saksela et al., 1987). TGFβ 

enhances expression of PAI-1 in all endothelial cell types studied, while it can enhance or reduce 

expression of uPA depending on the cell type (Saksela et al., 1987).  

In regards to three-dimensional in vitro assays, most studies report TGFβ inhibits 

endothelial cell invasion through both collagen and fibrin gels (Muller et al., 1987; Pepper et al., 

1990). However, when endothelial cells are cultured within three-dimensional collagen gels they 

rapidly organize into capillary-like structures in response to TGFMadriet al  

Taken together it is seen that TGFβ has differing effects on endothelial cell function 

during different stages of angiogenesis. This discrepancy may partially be explained by the 

ability of some in vitro studies to better model early (activation) versus latter (resolution) phases 

of angiogenesis. Recall, the activation phase involves the enhanced proliferation, migration and 

invasion of endothelial cells, while the resolution phase involves the inhibition of endothelial cell 

proliferation, migration and invasion as well as, reconstitution of the basement membrane and 

vessel maturation (Carmeliet, 2000).  Overall, it appears that TGFβ may be inhibitory during the 

earlier stages of angiogenesis (the activation phase), while stimulatory during the later stages of 

angiogenesis (the resolution phase).  
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EC activation state 

It is now known that the balance between activation of the TGFβ type I receptors, Alk1 

and Alk5, determines whether endothelial cells are maintained in a quiescent or active state 

(Goumans et al., 2002). Activation of the Alk1, Smad1/5 pathway, induces expression of pro-

angiogenic genes such as: Id1, endoglin, and IL1RK1; which leads to the activation of 

endothelial cells. In accordance with this function it has been shown that Alk1 expression is 

restricted to active sites of angiogenesis in the embryo (Goumans et al., 2003). Conversely, Alk5 

signaling through the Smad 2/3 pathway induces expression of genes associated with the 

resolution phase of angiogenesis; these genes include: connexin 37, βIG-H3 and plasminogen 

activator inhibitor-1) (Ota et al., 2002). 

The state of endothelium is not simplistically determined by degree of Alk1 and Alk5 

activation, in addition, it has been shown that activation of Alk1 is dependent on Alk5 activity. 

This was discovered when mice lacking Alk5 expression were unable to activate the Alk1 

signaling pathway. It is now understood that the Alk5-TGFβRII complex recruits Alk1, which in 

turn becomes activated in an Alk5-dependent manner. The relationship between Alk1 and Alk5 

activation is further complicated by the fact that Alk1 activation is able to antagonize Alk5 

activity downstream Smad phosphorylation (Goumans et al., 2002).  

The function of a type III TGFβ receptor, endoglin, has also been shown to regulate the 

balance between Alk1 and Alk5 activity. Studies have shown that endoglin promotes and is 

necessary for Alk1 signaling, while it negatively regulates Alk5 activity (Guo et al., 2004; Lebrin 

et al., 2005).  
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Context dependency 

As mentioned earlier, the effect of TGFβ on several endothelial cell processes is highly 

context-dependent; particularly in reference to its effects on proliferation. As listed above, TGFβ 

is seen to inhibit proliferation in a wide variety of cell types and species, however, TGFβ has 

also been shown to promote endothelial cell proliferation under certain circumstances (Myoken 

et al., 1990). In particular, the presence and concentration of other cytokines can modulate the 

effects of TGFβ on endothelial cells and vice versa. For instance, alone TGFβ has an inhibitory 

influence on endothelial cell invasion and little influence on capillary morphogenesis, however 

when added in combination with bFGF and VEGF, TGFβ was able to augment their influence on 

these processes (Pepper et al., 1993). Another study reported that FGF could modulate TGFβ’s 

cytostatic effect on endothelial cells, while the combination of FGF and TGFβ promoted 

migration and invasion through three-dimensional collagen gels, a response that neither cytokine 

caused in isolation (Gajdusek et al., 1993). These and other studies have revealed another 

dimension of context-dependency; based on cytokine concentration. It was shown that TGFβ was 

only able to enhance invasion and capillary formation at lower concentrations (0.2-0.5 ng/mL), 

while higher concentrations inhibited these processes (5-10 ng/mL) (Gajdusek et al., 1993; 

Pepper et al., 1990; Pepper et al., 1993). Similarly, Myoken et al. (1990) demonstrated that the 

effect of TGFβ on endothelial proliferation was biphasic, again with lower concentrations being 

stimulatory and higher concentrations being inhibitory (Myoken et al., 1990).   

TGFβ in Tumor Angiogenesis 

Tumors are the result of oncogenic transformations of a cell, which allow it to proliferate 

and survive irrespective of cellular systems usually functional to limit this growth and survival. 
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However, the ability of a transformed cell to ultimately proceed to develop into a large-scale 

tumor is dependent on its ability to access the blood supply. Similar to other tissues, tumors 

require blood perfusion in order to attain an adequate supply of oxygen and nutrients. In fact, a 

tumor is unable to grow beyond a diameter of approximately 1mm without establishing its own 

blood supply; at this point the tumor becomes hypoxic and trips the ‘angiogenic switch’ 

(Folkman and Hanahan, 1991). The ability of tumors to establish this blood supply is dependent 

on their ability to initiate angiogenesis. Tumors are able to initiate angiogenesis  by secreting 

pro-angiogenic factors that act directly on endothelial cells, but also via their ability to activate 

stromal components and promote a pro-angiogenic tumor microenvironment  (reviewed in (Weis 

and Cheresh, 2011). A large portion of the active tumor microenvironment includes cancer 

associated fibroblasts (CAFs) and immune cells, which are recruited to the tumor by factors it 

secrets and then go on to secret pro-angiogenic factors. 

 As is the case with many other processes in cancer progression, the activation of 

angiogenesis is highly deregulated, with angiogenesis occurring at a rate as high as 100-fold 

greater in tumors than in other vascular beds (Denekamp and Hobson, 1982). The continual 

activation of endothelial cells leads to continual vascular remodeling and highly irregular, leaky 

and inefficient tumor vasculature (Hellberg et al., 2010; Weis and Cheresh, 2005). 

Several tumor types secrete large amounts of TGFβ, which has been correlated with 

increased microvessel density, enhanced tumor angiogenesis and poor patient prognosis (Adler et 

al., 1999; Derynck et al., 1987; Ito et al., 1995; Tsushima et al., 1996; Ueki et al., 1992). The 

mechanisms by which TGFβ stimulates tumor angiogenesis are both direct and indirect, and thus 

far include its ability to stimulate expression of the pro-angiogenic cytokine VEGF (Pertovaara 

et al., 1994), as well as, its ability to act as a chemoattractant and recruit immune-cells, which 
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indirectly promotes an angiogenic environment (Sunderkotter et al., 1991). There are also reports 

that the type III TGFβ receptor, endoglin, is overexpressed in tumor-associated endothelium 

(Seon et al., 2011). Considering the role of endoglin in balancing Alk1 versus Alk5 signaling, the 

upregulation of endoglin promotes endothelial cell survival and proliferation, leading to 

enhanced levels of angiogenesis.  

Epithelial-to-Mesenchymal Transition (EMT) 

Epithelial cells display apical-basal polarity determined by the establishment and 

maintenance of discretely localized molecular complexes including tight junctions, adherence 

junctions and desmosomes, which allow them to form tight contacts with one another. As a 

function of these tight cell-to-cell contacts epithelial cells typically form single-cell layered 

structures with specialized barrier functions; with this being said, epithelial cells are typically 

immobile and form mature contacts with the ECM. In contrast, mesenchymal cells play more of 

a supportive role in the tissue. Opposed to epithelial cells, mesenchymal cells display front-back 

polarity and lack permanent adhesion to surrounding cells or the ECM, which facilitates their 

mobility. The distinction between these cell types was made as early as the 19
th

 century, however 

it soon became apparent that cells retain a great deal of plasticity and are able to 

transdifferentiate between cell types during development (Greenburg and Hay, 1982). 

The epithelial-to-mesenchymal transition (EMT) is a process in which polarized 

epithelial cells undergo a series of biochemical changes, allowing them to take on a 

mesenchymal phenotype. This phenotypic conversion is accompanied by changes in cellular 

behaviors including: enhanced migratory and invasive capacity, resistance to apoptosis and 

acquisition of stem-cell-like characteristics (Kalluri and Weinberg, 2009).  Conversely, the 
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mesenchymal-to-epithelial transition (MET) is the reverse of EMT, and the combination of these 

two processes allows cells to switch back and forth between cellular differentiation states (Chen 

et al., 2012).   

EMTs are functional during several biological processes including: development, wound 

repair and carcinogenesis. EMTs can be subcategorized based on the biological context in which 

they occur; type I EMT is functional during embryogenesis allowing for primitive epithelial cells 

to migrate during gastrulation; type II EMT is associated with inflammation and functions during 

wound repair, tissue regeneration and organ fibrosis. This type of EMT allows for the generation 

of fibroblast from resident epithelial and endothelial cells in order to repair tissue. Type III EMT 

is functional during epithelial carcinogenesis and allows neoplastic epithelial cells to invade and 

metastasize (Kalluri and Weinberg, 2009). 

Each of these types of EMT has distinct functional roles in the organism, however it is 

believed they are all the result of activation of the same embryonic-EMT program. This program 

involves an array of transcriptional changes that result in the downregulation of epithelial genes, 

and upregulation of mesenchymal genes, as well as non-transcriptional changes that alter cellular 

shape. One of the first events during EMT is the dissolution of junctional complexes. During 

EMT important components of both tight junctions (ZO proteins, claudins and occludins) and 

adherence junctions (E-cadherin) are downregulated (Thiery et al., 2009). The dissolution of 

tight junctions not only releases epithelial cells from one another, but it also leads to the 

simultaneous disruption of the polarity complex, a gain of front-back polarity, as well as 

reorganization of the actin cytoskeleton. Likewise, disruption of adherence junctions causes the 

actin cytoskeleton to reorganize from epithelial cortical alignment to actin stress fibers. In fact, 

the downregulation of E-cadherin is considered a hallmark of EMT, but although its loss is 
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necessary, it is insufficient to induce a full EMT (Llorens et al., 1998). With this loss of E-

cadherin, cells undergoing EMT also gain expression of N-cadherin, which allows them to form 

more dynamic contacts with stromal components and aids in cellular migration (Cavallaro and 

Christofori, 2004). Together a loss of cell-cell adhesion, loss of apical-basal polarity, gain of 

front- back polarity and reorganization of the cytoskeleton facilitates cellular migration, a 

defining characteristic of mesenchymal cells (Grunert et al., 2003). Furthermore, cells 

undergoing EMT synthesize and secrete ECM components (such as fibronectin and collagen), as 

well as, proteases (such as MMPs), which allows the remodeling of the ECM and provides these 

migratory cells additional invasive capacity.     

These changes in gene expression are regulated by a set of EMT-inducing transcription 

factors, including members of the zinc-finger family: Snail, Slug, zinc-finger E-box binding 

homeobox (ZEB) 1, Smad-interacting protein (SIP) 1/ZEB2; and the basic helix-loop-helix 

(BHLH) transcription factor, Twist (Nieto, 2002; Peinado et al., 2007). Although the majority of 

the cellular changes encountered during EMT are regulated at a transcriptional level, non-

transcriptional changes also occur, which regulate cytoskeletal reorganization and complement 

the transcriptional EMT program.  

Several cytokines have been shown to induce expression of these EMT-associated 

transcription factors, including: Wnt ligands, hepatocyte growth factor (HGF), epithelial growth 

factor (EGF), fibroblast growth factor (FGF) and TGFβ. 

TGFβ in EMT 

The ability of TGFβ to induce EMT was first discovered when its addition to cultured 

mammary epithelial cells caused their transdifferentiation from cuboidal cells into elongated, 
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spindle-shaped fibroblastic cells. These morphological changes were accompanied by changes in 

gene expression typical of EMT, as well as a gain in migration capacity (Miettinen et al., 1994). 

Since then is has become apparent that TGFβ ligands 1-3 are all capable of inducing EMT, and 

the ability of TGF to induce EMT is exploited in all three biological contexts.  

The role of TGFβ in EMT has been best characterized during development, type I EMT. 

During embryogenesis the first EMT occurs during gastrulation, where cells migrate inwards in 

order to form the endoderm (Shook and Keller, 2003). Later during development TGFβ mediates 

the EMT that occurs during neural crest cell migration and facial palate formation (Duband et al., 

1995). This EMT is guided by TGFβ3, evident by its high expression in these regions and the 

fact that gene ablation of TGFβ3 results in deficient neural crest migration and palate defects 

(Kaartinen et al., 1995; Pelton et al., 1990). Furthermore, the ability of TGFβ to induce EMT 

during embryogenesis is best characterized during endocardial cushion development of the heart 

(Camenisch et al., 2002). Both TGFβ1 and TGFβ2 are highly expressed in this region during 

heart development, and genetic ablation of either ligand causes severe cardiac abnormalities 

(Nakajima et al., 2000; Romano and Runyan, 2000). 

The role of TGFβ during type II, wound-repair and fibrosis associated-EMT is not as well 

characterized as type I; however there is evidence suggesting it mediates EMT specifically in the 

context of organ fibrosis. The ability of TGFβ to induce EMT in cultured kidney, lung and liver 

cells suggests it may mediate fibrosis of these organs (Bi et al., 2012; Fan et al., 1999; Kasai et 

al., 2005). In fact, elevated levels of TGFβ are apparent in areas of kidney fibrosis, where tubular 

kidney cells undergo EMT to form interstitial fibroblast (Iwano et al., 2002; Rastaldi et al., 2002). 

Additionally, overexpression of TGFβ1 in mice leads to kidney fibrosis, while blocking TGFβ 

signaling is capable of preventing this phenomenon (Sato et al., 2003; Schnaper et al., 2003).  
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Similarly, TGFβ is able to induce EMT of lung and liver cells in vitro, and is believed to play a 

role during lung and liver fibrosis (Gressner et al., 2002; Willis and Borok, 2007). More recently 

it has been shown that TGFβ is also able to induce EMT in endothelial cells, in a process known 

as the endothelial-to-mesenchymal transition (EndMT), and this process mediates cardiac 

fibrosis (Zeisberg et al., 2007b). 

There is also evidence for TGFβ’s role in type III EMT. Again, this type of EMT allows 

neoplastic epithelial cells to take on a mesenchymal phenotype, which aids in their migration, 

intravasation into the circulation, and colonization to form distant metastases. Clinical evidence 

supports a role of TGFβ in EMT-associated cancer progression as various tumor types produce 

elevated levels of TGFβ, which correlates with the induction of EMT and more invasive tumors 

(Ghellal et al., 2000; Mu et al., 2008; Steiner and Barrack, 1992). There is also experimental 

evidence as overexpression of TGFβ1 in keratinocytes of transgenic mice caused an elevated rate 

of spindle-shaped carcinoma cells that progress to malignancy (Cui et al., 1996). Conversely, 

blocking TGFβ signaling is able to reduce metastatic and invasive properties of tumors. For 

example, blocking TGFβ signaling using a defective type II receptor was able to impair breast 

cancer cell migration and invasion (Dumont et al., 2003). Similarly, blocking TGFβ signaling 

using defective type I receptor was able to impair migration and invasion of pancreatic cancer 

cells in vitro (Subramanian et al., 2004). There is also in vivo evidence as mammary 

adenocarcinoma cells treated with TGFβ1 result in more lung metastases following 

xenotransplantation (Welch et al., 1990). Similarly, MethA sarcoma cells overexpressing TGFβ1 

have enhanced tumorigenic potential when injected into rats, compared to cells that do not 

overexpress TGFβ1 (Chang et al., 1993).  
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TGFβ-induced EMT may also be able to enhance cancer progression through 

mechanisms other than direct effects on neoplastic epithelial migratory and invasive potential. In 

cancer-associated EMT specifically (Type III EMT) cells also experience enhanced cell survival. 

The ability of EMT to enhance survival is also believed to enhance tumor progression by 

allowing cancer cells to survive in circulation, which ultimately enables metastatic spread. It is 

now believed that EMT may enhance survival of cancer cells by its ability to generate cancer 

stem cells (CSCs); a concept that has been recently reviewed in Singh and Settlemen (2010) 

(Singh and Settleman, 2010). The ability of EMT to generate CSCs also explains the drug 

resistance observed in tumors that have undergone EMT.  

Endothelial-to-Mesenchymal Transition (EndMT) 

The endothelial-to-mesenchymal transition (EndMT) is a specialized type of EMT. It 

allows for endothelial cells that are usually organized within a stable endothelium to lose cell-to-

cell junctions with surrounding endothelial cells, and migrate and invade into the underlying 

tissue. This process is accompanied by the loss of endothelial-specific markers such as vascular 

endothelial cadherin (VE cadherin) and CD-31 (also known as platelet endothelial cell adhesion 

molecule-1 (PECAM-1)), and the gain in expression of mesenchymal markers such as alpha 

smooth muscle actin (α-SMA) and fibroblast specific protein-1 (FSP-1). EndMT is a process that 

has been observed during embryonic development, but also in pathological settings such as 

cardiac fibrosis and cancer.  

EndMT was first observed during studies of embryonic heart development (Markwald et 

al., 1975). During this process endothelial cells lining the endocardial cushions undergo EndMT, 

which allows them to invade the underlying tissue and go on to develop into the valves and septa 
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of the adult heart (Eisenberg and Markwald, 1995). Evidence shows that several signaling 

molecules work in an organized and sequential fashion in order to guide this EndMT; including: 

Wnt, Notch, TGFβ and BMP (Armstrong and Bischoff, 2004). 

Since studies of heart development it has become apparent that EndMT is also functional 

during the pathological settings of cardiac fibrosis and cancer.  During cancer progression 

EndMT allows for the production of cancer-associated fibroblasts (CAFs). CAFs are a type of 

activated fibroblast, which like other types of activated fibroblasts are an important stromal 

component of the tumor microenvironment. It is now appreciated that the tumor stroma largely 

influences tumor behaviors such as growth and activation of angiogenesis; consequently an 

activated tumor stroma aids in tumor progression (Kalluri and Zeisberg, 2006). Specifically, 

CAFs secrete factors such as extracellular matrix components, and paracrine signaling molecules 

that act on tumor cells and surrounding stromal cells in order to promote cancer progression 

(Potenta et al., 2008).  Although these activated fibroblasts likely arise from several origins, a 

large portion of CAFs are the result of proliferating endothelial cells undergoing EndMT 

(Zeisberg et al., 2007a). In fact, Zeisberg et al. (2007a) visualized EndMT at the invasive front of 

tumors. In these regions endothelial cells began to express the mesenchymal marker FSP-1 and 

lose expression of the endothelial marker CD-31; results of this study suggest up to 40% of 

CAFs are the result of EndMT (Zeisberg et al., 2007a).  

It has also become apparent that EndMT is functional during cardiac fibrosis. Organ 

fibrosis, not specific to the heart, is the result of excessive deposition of ECM by fibroblasts. The 

origin of these fibroblasts includes resident tissue fibroblasts, but also fibroblasts that are derived 

from cells of epithelial origin that have undergone EMT, and specifically endothelial cells that 

have undergone EndMT (Iwano et al., 2002; Zeisberg et al., 2007b). A study done by Zeisberg et 
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al. (2007b) showed that following induction of cardiac fibrosis several cells in the fibrotic lesion 

were of endothelial origin that had begun expressing the fibroblast specific marker FSP-1. This 

study suggests approximately 30% of fibroblasts in the fibrotic heart were the result of EndMT 

(Zeisberg et al., 2007b). There is also evidence that EndMT functions during other types of 

diseases, including: hyperchronic pulmonary hypertension, atherosclerosis, and acute and 

chronic kidney injury (Potenta et al., 2008). In fact, in a study of kidney fibrosis it was seen that 

approximately 27-35% of fibroblasts were the result of EndMT (Zeisberg et al., 2008). 

TGFβ in EndMT 

Similar to EMT, EndMT is induced and regulated by an array of signaling pathways 

including: Wnt, Notch and TGFβ. Although all three isoforms of TGFβ induce EMT, TGFβ2 is 

primarily involved in the induction of EndMT. When added to cultured endothelial cells TGFβ2 

is able to induce their transdifferentiation into α-SMA expressing mesenchymal cells (Deissler et 

al., 2006; Kokudo et al., 2008; Medici et al., 2011; Medici et al., 2010). This induction is the 

result of TGFβ-induced upregulation of the transcription factor Snail, which acts as a 

transcriptional repressor of the endothelial adherence junction protein, VE-cadherin (Lopez et al., 

1992). Furthermore, the upregulation of Snail was shown to be dependent on TGFβ-induced 

activation of the Smad, PI3K, MEK and p38 MAPK signaling pathways (Medici et al., 2011).  

Upregulation of Snail by TGFβ is necessary for EndMT as loss of Snail prevents its induction 

(Kokudo et al., 2008), however Snail alone is insufficient to induce EndMT (Medici et al., 2011). 

In this sense EMT differs from EndMT, since overexpression of Snail is sufficient to induce 

EMT, at least in some cell systems (Cano et al., 2000).   

Some in vitro studies have shown TGFβ1 is also able to induce EndMT of cultured 

endothelial cells (Moonen et al., 2010; Zeisberg et al., 2007a), however it appears the primary 
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effect of TGFβ1 on endothelial cells is to induce proliferation (Lebrin et al., 2005). In addition, 

gene ablation of TGFβ1 does not interfere with in vivo EndMT, while gene knockout of TGFβ2 

interferes with EndMT during cardiac cushion development (Azhar et al., 2009).  

In addition to TGFβ2, gene ablation of the type III co-receptor, endoglin, is able to 

interfere with embryonic EndMT during heart development (Goumans and Mummery, 2000). 

Furthermore, interfering with TGFβ signaling is also able to prevent EndMT during both cardiac 

and kidney fibrosis (Zeisberg et al., 2008; Zeisberg et al., 2007b). 

EndMT and Angiogenesis 

Several similarities exist in endothelial cells undergoing EndMT and sprouting 

angiogenesis. During both processes endothelial cells lose cellular junctions with one another, 

which during angiogenesis allows for their delamination from the mature vessel to form the new 

sprout. In particular, tip cells of the new sprout must acquire migratory and invasive capacity, 

both characteristics acquired during the process of EndMT. These similarities are suggestive that 

EndMT may be functioning during sprouting angiogenesis. In particular, a partial and reversible 

EndMT would enable tip-cell characteristics during vessel sprouting, and the re-acquisition of 

endothelial features once sprouting is complete. The potential role of EndMT during 

angiogenesis was first proposed in a study by Zeisberg et al. (2007a). Although providing only 

weak evidence, they saw a large degree of co-localization of endothelial and mesenchymal 

markers in angiogenic tumor tissue (Zeisberg et al., 2007a). 

Work in the Dr. Viloria-Petit lab is focused on investigating the potential role of EndMT 

during angiogenesis. With my research focusing on the dose-dependent influence of TGFβ on 



28 

 

angiogenesis, and how this may be explained by the dose-dependent activation of EndMT-

inducing signaling pathways downstream of TGFβ.   
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RATIONALE 

TGFβ signaling regulates both angiogenesis and EndMT; two processes that undergo 

similar changes in cellular characteristics. Although evidence is lacking, some believe partial 

EndMT may occur during angiogenesis; specifically in tip cells that gain mesenchymal 

characteristics. Along these lines, TGFβ may mediate angiogenesis through its ability to induce 

EndMT. The precise mechanism of TGFβ’s regulation of angiogenesis is not well elucidated, 

and highly context dependent. In fact, TGFβ is shown to promote endothelial cell invasion and 

capillary lumen formation at lower concentrations (0.05-0.5 ng/mL), while it inhibits these 

processes at higher concentrations (> 0.5 ng/mL). Evidence suggests this discrepancy can be 

explained by dose-dependent signaling of pathways downstream TGFβ. For example, two 

canonical signaling pathways activated in response to TGFβ, Alk1 (Smad1/5) and Alk5 (Smad 

2/3), are activated in a dose-dependent manner. Furthermore, work in our laboratory has shown 

that the Par6 polarity pathway is differentially activated downstream TGFβ; with preferential 

activation of Par6 at lower concentrations (0.5 ng/mL). Since TGF-induced EMT has been 

shown to require activation of a number of non-canonical signaling pathways, including the Par6 

pathway itself (Viloria-Petit and Wrana, 2010), we hypothesize endothelial cells undergo 

differential, dose-dependent activation of EMT-inducing non-canonical signaling pathways in 

response to TGF, a phenomenon that may explain the concentration-dependent effect of TGFβ 

on angiogenesis.  

Objective 1: Use co-immunoprecipitation of Par6 with TGFβRI, followed by western 

blotting to confirm differential activation of the Par6 polarity signaling pathway in 

response to low (≤ 0.5 ng/ml) and high (≥ 0.5 ng/mL) concentrations of TGFβ1 in cultured 

bovine aortic endothelial cells.  
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Objective 2: Characterize the activation pattern of several other non-canonical signaling 

pathways, including Akt, FAK and NFκB, in response to a range of TGFβ1 and TGFβ2 

concentrations (0.05 – 5 ng/mL) in cultured bovine aortic endothelial cells, with the use of 

western blotting analysis. 

I have chosen to study the Par6 polarity, PI3K/Akt, FAK and NFκB signaling pathways 

since these are TGFβ modulated signaling pathways with known roles in EMT, and likely 

EndMT. Although Par6 can be located throughout the cytoplasm, membrane and even nucleus of 

the cell (Bose and Wrana, 2006), only Par6 that is located at tight junctions becomes 

phosphorylated in response to TGFβ. Therefore, during studies of Par6 signaling, Par6 protein 

was first co-immunoprecipitated with TGFβRI, followed by assessment and quantification of 

Par6 phosphorylation through western blotting analysis. For the other non-canonical signaling 

pathways, total cellular protein lysates were used during western blotting analysis.  

Signaling pathway activation patterns were studied downstream of both TGFβ1 and 

TGFβ2 ligands. TGFβ2 has a well-established role in EndMT, while TGFβ1 has a less defined 

role in EndMT; however, the over-expression of TGFβ1 in tumors warrants its inclusion in a 

study of tumor angiogenesis.  

Signaling pathway activation patterns were studied using BAECs based on previous 

characterization of TGFRs expression and TGFβ response in this cell type (Kuczynski et al., 

2011). I used two sources of BAECs; GBAECs were previously isolated by Dr. Brenda Coomber 

at the University of Guelph, and represent cells derived from a single bovine donor, while 

LBAECS were purchased from Lonza and represent cells from a pool of 3-5 bovine donors. 

Studies were performed in both cells lines to ensure that the signaling pathway activation 
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patterns found were similar between the two sources, and not a result of variation between 

populations of cells.  
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MATERIALS AND METHODS 

Cells and Culture Conditions 

Guelph Bovine Aortic Endothelial Cells (GBAECs) are primary cells from the aortic 

tissue of a single bovine donor. These cells were grown as a monolayer in Dulbecco’s Modified 

Eagle Medium (DMEM; Thermoscientific) supplemented with 10% fetal bovine serum (FBS; 

Invitrogen) and 1 µM Sodium Pyruvate (Sigma) at 37˚C in 5% CO2 and 95% atmospheric air.  

Lonza Bovine Aortic Endothelial Cells (LBAECs) are primary cells purchased from 

Lonza. These cells are comprised of a pool of aortic cells from 3-5 bovine donors. These cells 

were also grown as a monolayer, however they were maintained in Endothelial Growth medium 

(EGM; Lonza) supplemented with 5% FBS, Bovine Brain Extract (BBE), human Endothelial 

Growth factor (hEGF), hydrocortisone and gentamicine. Basal media and all supplements were 

purchased as a kit, and prepared according to the manufacturer’s instructions (EGM™-MV 

Bulletkit™ (cc-3125); Lonza). 

All cells were grown as monolayers on 100 mm tissue culture plates (Sarstedt) and media 

was changed every two days until confluence was reached. Once confluence was reached cells 

were either passaged or used for experimentation. In order to passage, monolayers were washed 

with 5mL of sterile PBS followed by trypsinization with 1mL of  0.05% Trypsin and 0.53mM 

EDTA (Invitrogen) solution. Cells were then collected by centrifugation at 350 rcf for 4 minutes. 

Cell pellets were then re-suspended in 10mL of fresh culture media at a splitting ratio ranging 

from 1:5 to 1:10. For experiments, approximately 16 hours prior to treatment confluent 

monolayers were washed with 5ml of sterile PBS and media was replaced with DMEM 

supplemented with 0.5% or 0.2% FBS; referred to as serum starving media. Immediately 
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preceding treatment cells were again washed with 5mL of sterile PBS; at this time 8mL of serum 

starving media containing the appropriate concentration of recombinant human (rh) TGFβ1 or 

TGFβ2 (Invitrogen) was added to the cell culture plate. Concentrations of TGFβ1 and TGFβ2 

ranged from 0.05 – 5 ng/mL and treatment length ranged from 15 minutes to 96 hours.  

Protein Preparation and Quantification 

Following treatment, monolayers were immediately washed with 5mL of sterile PBS. In 

order to collect total cellular protein, cells were lysed on ice with 200 µL of Cell Signaling Lysis 

Buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM Na2EDTA, 1mM EGTA, 1% Triton, 2.5 mM 

sodium pyrophosphate, 1 mM β glycerophosphate, 1 mM Na3VO4, 1 μg/mL leupeptin) (Cell 

Signaling) supplemented with 1 mM PMSF, 2 μg/mL aprotinin (Sigma-Aldrich), 1 mM Na3VO4 

(New England Biolabs), and 1 % phosphatase inhibitor cocktail 2 (Sigma-Aldrich). Following a 

5 minute incubation with the lysis buffer, cell scrapers (Sarstedt) were used to collect cellular 

lysate, which was then transferred to a sterile 1.5 mL microcentrifuge tube (Diamed) and 

returned to ice to continuing lysing for an additional 20 minutes, inverting every 5 minutes. 

Lysates were then centrifuged for 15 minutes at 16,000 rcf and 4˚C. Supernatant containing total 

cellular protein was transferred to new microcentrifuge tubes and stored at -80˚C until use.  

Protein concentration was measured using a modified version of the Lowry method 

known as the DC™ protein assay (Bio-Rad). This technique uses known concentrations of BSA 

in order to create a standard curve, which is used to determine protein lysate concentrations.   
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Western Blotting Analysis 

Total cellular lysate (20-30 µg of protein) was combined with water and 8X loading 

buffer. These protein samples were then denatured by heating at 95˚C for 5 minutes followed by 

pulse centrifugation prior to their loading into 7.5, 8.5 and 10% SDS-polyacrylamide (Bio-Rad) 

gels. Protein was resolved via electrophoresis (100-125V) under denaturing conditions. 

Following resolution protein was electrophoretically transferred to a polyvinylidene difluoride 

( PVDF) membrane (Roche), which was briefly (5 minutes) washed with [Tris Buffer Saline 

(TBS) containing 0.1% Tween] (TBST) prior to blocking for 1 hour in 5% non-fat milk or 5% 

BSA diluted in TBST. Membranes were then incubated overnight with primary antibody that had 

been diluted in the appropriate blocking solution, rocking at 4˚C. 

The following is a list of the primary antibodies used and their working concentrations/ 

dilutions, along with the blocking solution in which they are diluted: rabbit anti-Akt (cs-9272, 

1:1000) in 5% non-fat milk in TBST; rabbit anti-phospho-Akt Ser 473 (cs-4060, 1:1000) in 5% 

BSA in TBST; rabbit anti-FAK (cs-3285, 1:2000) in 5% BSA in TBST; rabbit anti-phospho-

FAK Tyr 925 (cs-3284, 1:1000); rabbit anti-NFκB (cs-8242, 1:1000); mouse anti-Smad2 (cs-

3103, 1:1000) in 5% milk in TBST; rabbit anti-phospho-Smad2 Ser 465/467(cs-3101, 1:500) (all 

from Cell signaling); rabbit-anti-phospho-NFκB Ser 465/467 (sc-33020, 1:1000)(Santa Cruz 

Biotechnology). 

The following are the secondary antibodies used and their working concentrations, along 

with the blocking solution in which they are diluted: goat anti-rabbit IgG (A0545, 1:7500) in 5% 

milk in TBST; goat anti-mouse IgG (A0168, 1:20,000) in 5% milk in TBST (Both from Sigma-

Aldrich). 
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Following overnight incubation with primary antibody membranes were washed 3 X 10 

minutes with TBST prior to the addition of secondary antibody, which again was diluted in the 

appropriate blocking solution. Membranes were then incubated in secondary antibody at room 

temperature for one hour. Following which, membranes were washed with TBST for 40 minutes, 

with washes being changed frequently. All secondary antibodies used were conjugated with 

horseradish peroxidase (HRP), which allowed for the chemiluminescent detection of protein 

bands following their incubation with chemiluminescent substrates (Luminata Clasico or 

Luminata Forte) for 1-3 minutes as recommended by the manufacturer (Millipore; Roche). The 

light emitted during this reaction was then detected with the use of X-ray film (Kodak) or a 

ChemiDoc (Bio-Rad). Protein bands were then quantified using Image Lab (Bio-Rad) software, 

which allowed background signal to be subtracted from band intensity. Relative phosphorylation 

levels were then generated by normalizing with corresponding native protein levels. Relative 

phosphorylation levels were then compared between treatment and the corresponding control for 

each time point.  

TGFβRI-Par6 Co-Immunoprecipitation  

 In order to study activation of the Par6 polarity pathway, Par6 protein that is localized at 

tight junctions with TGFβRI is co-immunoprecipitated with TGFβRI. For these studies, 

GBAECs were grown as monolayer cultures in 160 mm dishes until 90% confluency was 

reached. At this time culturing media (10% FBS in DMEM) was replaced with serum starving 

media (0.5% FBS in DMEM), and cultures were left to serum starve overnight; approximately 16 

hours.  The next morning cells were treated with 0, 0.5 or 5 ng/mL of TGFβ1 according to the 

method outline in the Cell Culture section, for 1 hour. Following treatment, cultures were lysed 

using 1X Cell Signaling lysis buffer according to the method outline in the Cell Culture section. 
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**Note** An additional untreated, 0 ng/mL control dish was included in these experiments and 

later used as the negative, no antibody, control.  

G-Sepharose Bead Pull-down 

In preparation for their use, 2 mL of suspended G-sepharose beads were pre-washed five 

times in 10 mL of 0.1% TNTE, followed by centrifugation at 350 rcf at 4˚C for 3 minutes and 

disposal of supernatant. Following the fifth and final wash, supernatant was discarded and beads 

were re-suspended in five times their total volume of 0.1% TNTE.  

On the same day of lysis, protein lysates were then pre-cleared with pre-washed G-

sepharose beads, which involved lysate incubation with 50 l of beads for 1 hour followed by 

centrifugation (350 rcf at 4˚C for 3 minutes) to precipitate the beads and any non-specifically 

bound protein; therefore, supernatant contained the remaining “pre-cleared” total protein lysate. 

10 µL of Rabbit anti-TGFβRI (sc-398, Santa Cruz Biotechnology) was then added to each 

protein lysate, excluding the no antibody-negative control, and this mixture was left to incubate 

overnight, nutating at 4˚C. The next morning 50 µL of G-sepharose beads (Invitrogen) were 

added to each reaction and were left to incubate for 1 hour, nutating at 4˚C. The bead-antibody-

protein of interest (POI) complex was then isolated by centrifugation (350 rcf at 4˚C for 3 

minutes) followed by disposal of the supernatant. This complex was then washed five times with 

1 mL of 0.1% TNTE, followed by inversion and centrifugation (same settings as previously 

used). Following the final wash, the supernatant was discarded and beads were re-suspended in 

60 L of 2X Sample Buffer; mixed by gentle tapping. The re-suspended bead complexes were 

then boiled for 5 minutes at 95˚C, and spun at low rcf (approximately 350) for 10 seconds to 
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collect all beads from the sides of the microcentrifuge tube. Reactions were then frozen at -20˚C 

until their use.  

Western blotting was used to monitor the status of TGFβRI, Par6 and phospho-Par6 

protein in order to study activation of the Par6 signaling pathway. Proceeding is a list of the 

antibodies used, along with their working concentrations and blocking solution in which they 

were diluted: rabbit anti-TGFβRI clone V-22 (sc-398, 1:5000) in 5% milk plus 1% BSA in 

TBST; goat anti-TGFβRI clone G-16 (sc-33933, 1:1000) in 5% milk in TBST; rat anti-TGFβRI 

(sc-399, 1:1000) in 5% milk in TBST; rabbit anti-Par6 clone H-90 (sc-25525, 1:1000) in 5% 

BSA in TBST; goat anti-Par6 clone N-18 (sc-14401, 1:1000) in 5% milk in TBST (all five from 

Santa Cruz); and the custom made rabbit anti-phospho-Par6 Ser 345 (Primm srl, Milano, Italy, 

and a gift from Dr. J. Wrana, SLRI, Canada) diluted  1:250 in 5% BSA in TBST. The secondary 

antibodies used are as follows: goat anti-rabbit IgG (A0545, 1:7500) in 5% milk in TBST; goat 

anti-mouse IgG (A0168, 1:20,000) in 5% milk in TBST; Trueblot® goat anti-rabbit IgG 

(1:1000)( eBioscience) in 5% milk in TBST; goat anti-rat light chain specific IgG (#112-035-175, 

1:20,000) in 5% milk in TBST; mouse anti-rabbit light chain specific IgG (#211-032-171, 

1:20,000)  in 5% milk in TBST (both from Jackson Immunoresearch). Using results from 

western blotting, relative levels of phosphorylated Par6 (pPar6) could then be standardized to the 

total amount of receptor, or native Par6 pulled down, and used as a measure of Par6 polarity 

signaling pathway activation status.  

Dynabead Pull-down 

For the co-IP using dynabeads®, the protocol was outline in the Dynabeads co-

immunoprecipitation kit (Invitrogen). Briefly, dynabeads® were pre-coupled with the co-IP 
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antibody (rabbit and rat anti-TGFβRI), through their incubation overnight at 37˚C.  These pre-

coupled beads were then incubated with whole protein lysates at a ratio of 1.5 mg of pre-coupled 

beads per 1g of protein lysate. This mixture was allowed to incubate for 30 minutes at 4˚C. 

Following incubation, the beads were uncoupled from the antibody-TGFβRI complex. The 

supernatant containing the antibody-POI complex was then analyzed via western blotting.   
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RESULTS 

Phenotypic and Behavioral differences between Guelph and Lonza BAECs 

Two different sources of BAECs were used for these studies, with the intention that 

signaling pathway activation patterns could be generalized to BAECs if the activation patterns 

found in both sources were similar. 

Our laboratory has worked with GBAECs in the past and is familiar with their behavior 

and phenotype in culture. As describe for endothelial cells (Schor et al., 1983), they display a 

cobble-stone morphology when grown to confluence (Figure 1A). They also have relatively high 

viability following manipulation and display contact inhibition once confluence is reached. 

On the other hand, our laboratory has had no prior experience with LBAECs and found 

several anomalies in their phenotype and behavior. Unlike typical cultured endothelial cells, 

LBAECs did not form a cobble-stone monolayer once grown to confluence. Instead, a large 

portion of the population displayed a spindle-shaped and elongated morphology more typical of 

mesenchymal cells (Figure 1B). Also, these cells did not display contact inhibition and once 

confluence was reached they would continue to divide, causing them to pile on top of one 

another and eventually die do to a lack of adhesion to the culture dish.  

Furthermore, the cellular viability of LBAECs is much lower than GBAECs following 

manipulation. In particular, when LBAECs are thawed from liquid nitrogen their cellular 

viability is much less than 50%, causing them to take up to a week to recover from thawing 

before they reach confluence. In contrast, GBAECs recover from thawing much more quickly, 

and are able to reach confluence in approximately two or three days.   
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Figure 1 Phenotypic comparison between Guelph and Lonza BAECs. GBAECs (A) and LBAECs (B) 

were grown in their appropriate media on 10 cm culture dishes at 37˚C in 5% CO2 and 95% atmospheric 

pressure. Images were captured at 10X magnification using brightfield microscopy (Olympus CKX41). 
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Study of Par6 polarity signaling pathway 

In order to enrich for Par6 protein that is localized at tight junctions and more likely to be 

phosphorylated in response to TGFβ, a co-immunoprecipitation (co-IP) of Par6 with TGFβRI 

was attempted. Following treatment with TGFβ1 (0, 0.5 and 5 ng/mL) cellular lysates were 

incubated with an antibody specific for TGFβRI. Under mild lysing conditions TGFβRI should 

remain in complex with Par6, allowing it to be immunoprecipitated along with TGFβRI. Co-IP 

products were then analyzed via western blotting analysis for the level of TGFβRI, Par6 and 

phosphorylated Par6 (pPar6). Measurement of TGFβRI and Par6 levels ensured equal amounts 

of protein were pulled down, while measurement of pPar6 and its standardization against 

TGFβRI or Par6 levels would allow phosphorylation/activation levels to be calculated. 

Several attempts were made to pull-down Par6 protein (outlined in Table 1, Appendix III), 

however all attempts were unsuccessful probably due to the weak nature of TBRI-Par6 

interaction. When a rabbit polyclonal antibody against TGFRI (V-22) was used during the co-

IP, subsequent immunoblotting (IB) for TGFβRI or pPar6 (using V-22 and H-90, respectively) 

was unsuccessful. In addition, both the co-IP and IB antibodies were derived from the same 

species, rabbit, and the secondary antibody used during IB, goat anti-rabbit, detected the heavy-

chain of the co-IP antibody; resulting in a distinct band in the region of 55 kDa (Figure 13A, 

Appendix IV) . Considering the molecular size of TGFβRI and Par6 are 55 and 43 kDa, 

respectively, the heavy-chain band obstructed the region where these bands would appear.  

Several attempts were made to avoid detection of the antibody heavy-chain band, 

including the use of Trueblot® goat anti-rabbit secondary antibody (eBioscience). This antibody 

only detects antibodies in their fully natured form, and therefore only detects primary antibodies 

derived from rabbit that are used during IB (since co-IP antibodies are denatured following the 
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pull-down procedure). Unfortunately, use of Trueblot® during blotting resulted in a high level of 

background signal, which prevented further study (data not shown).  

Similarly, a mouse monoclonal antibody specific for the light-chain of rabbit IgG was 

used during IB in an attempt to prevent detection of the co-IP antibody heavy-chain band. Since 

IgG light-chain is only 25 kDa, compared to heavy-chain at 55 kDa, detection of the co-IP 

antibody’s light-chain during IB would not interfere with detection of TGFβRI, Par6 or pPar6. 

Use of the light-chain specific antibody during IB was successful in preventing detection of the 

co-IP antibody’s heavy-chain band, however subsequent blotting only revealed TGFβRI at 55 

kDa but no TGFβRI-Par6 complex in the 96 kDa range (Figure 13B, Appendix IV). Therefore, 

our approach was unsuccessful at pulling down a complex of TGFβRI, and Par6.  

In an attempt to pull down Par6, two other primary antibodies specific for TGFβRI were 

used during the co-IP, goat anti-TGFβRI and rat anti-TGFβRI; as well as an antibody specific for 

Par6 itself. Unfortunately, all blotting following these combinations did not result in detection of 

TGFβRI, Par6 or pPar6 (data not shown). Furthermore, membranes were stained with Amido 

Black following blotting, which revealed they lacked protein; indicating an unsuccessful 

immunoprecipitation of TGFβRI or Par6.  

In case G-sepharose beads (Millipore) were incompatible with the antibodies used during 

the co-IP procedure, Dynabeads® (Invitrogen) were used in their replacement. However, this 

protocol was still unable to successfully co-IP Par6. Lastly, in replacement of 1XCell Signaling 

lysis buffer, a milder buffer was used during cellular lysis (0.1% TNTE) in an attempt to 

preserve the interaction between TGFβRI and Par6. Again, these attempts were unable to 

successfully co-IP Par6.  
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Effect of long-term TGFβ1 treatment on signaling pathway activation in LBAEC 

Full EMT response to TGF has been shown to require several days exposure to TGF 

(Grunert et al., 2003). Therefore, activation of the Smad, Akt/PI3K and FAK signaling pathways 

were studied in response to short and long-term treatment with TGFβ1. LBAEC monolayers 

were treated with 0, 0.01, 0.05, 0.1, 0.5, 1 and 5 ng/mL of TGFβ1 for 1, 24, 48 and 96 hours. 

Western blotting was then used to measure the amount of total and phosphorylated Smad2, Akt, 

and FAK protein. The level of phosphorylated signaling protein relative to their total native level 

was then used as an indication of signaling pathway activation status.  

 In regard to the canonical Smad signaling pathway, Smad2 becomes phosphorylated in 

response to TGFβ1 at all four time points studied (Figure 2A). At both the 1 and 24 hour time 

points it is apparent that this activation is dose-dependent with higher concentrations of TGFβ1 

causing more phosphorylation/activation of Smad2. In contrast, at the 48 and 96 hour time points 

only the highest concentration of TGFβ1 (5 ng/mL) results in Smad2 phosphorylation. Relative 

levels of phosphorylation were calculated by standardizing to native protein levels, which was 

then compared between treatments (0.01, 0.05, 0.1, 0.5, 1 and 5 ng/mL of TGFβ1) and no-

treatment controls (0 ng/mL of TGFβ1) (Figure 2B).  Following 1 hour treatment, the maximal 

amount of phosphorylated Smad2 (pSmad2) occurs in response to 5 ng/mL of TGFβ1, which is 

approximately 16 times higher than the no-treatment control. Following 24, 48 and 96 hour 

treatments, the maximal amount of pSmad2 also occurs in response to 5 ng/mL of TGFβ1, which 

is approximately 15, 21 and 20 times that of their no-treatment controls, respectively. 
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Figure 2. Phosphorylation of Smad2 in response to long-term treatment with TGFβ1, in LBAEC. 

Monolayer cultures of LBAEC were treated with 0, 0.01, 0.05, 0.1, 0.5, 1 and 5 ng/mL of TGFβ1 for 1, 

24, 48 and 96 hours. A. Western blot detecting phosphorylated (S465/467)(pSmad2) and native Smad2 

levels at the expected molecular weight of 55 kDa. B. Graphical representation of relative pSmad2 levels; 

first standardized to native Smad2 levels and then compared between control and treatments (n=1). 
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In regards to the non-canonical Akt/PI3K signaling pathway, Akt does not appear to become 

phosphorylated in response to TGFβ1 at any of the time points studied (Figure 3A). Akt appears 

to be activated during basal culture conditions since phosphorylated Akt (pAkt) is detected in the 

no-treatment control of all four time points. Following treatment with TGFβ1 the level of relative 

pAkt does not increase compared to control levels (Figure 3B).    
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Figure 3. Phosphorylation of Akt in response to long-term treatment with TGFβ1, in LBAEC. 

Monolayer cultures of LBAEC were treated with 0, 0.01, 0.05, 0.1, 0.5, 1 and 5 ng/mL of TGFβ1 for 1, 

24, 48 and 96 hours. A. Western blot detecting phosphorylated (S473)(pAkt) and native Akt levels at the 

expected molecular weight of 60 kDa. B. Graphical representation of relative pAkt levels; first 

standardized to native Akt levels and then compared between control and treatments (n=1).  
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Similarly, the FAK signaling pathway does not appear to be activated in response to 

TGFβ1 (Figure 4A). Again, the FAK signaling pathway appears to be active under basal culture 

conditions, as phosphorylated FAK (pFAK) is detected in the no-treatment control of all four 

time points studied. However, relative levels of pFAK do not increase in response to treatment 

with TGFβ1 (Figure 4B).  
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Figure 4. Phosphorylation of FAK in response to long-term treatment with TGFβ1, in LBAEC. 

Monolayer cultures of LBAEC were treated with 0, 0.01, 0.05, 0.1, 0.5, 1 and 5 ng/mL of TGFβ1 for 1, 

24, 48 and 96 hours. A. Western blot detecting phosphorylated (Y925)(pFAK) and native FAK levels at 

the expected molecular weight of 125 kDa. B. Graphical representation of relative pFAK levels; first 

standardized to native FAK levels and then compared between control and treatments (n=1). 

  



49 

 

Effect of long-term TGFβ2 treatment on signaling pathway activation in LBAEC 

LBAEC monolayer cultures were also treated with TGFβ2 (0, 0.05, 0.5 and 5 ng/mL) for 

1, 24 and 48 hours in order to study the effect of long-term treatment of TGFβ2 on activation of 

the Smad, Akt/PI3K and FAK signaling pathways. Again, western blotting was used to measure 

the amount of total and phosphorylated Smad2, Akt and FAK protein, and the level of 

phosphorylated signaling protein relative to their total native level was used as an indication of 

signaling pathway activation status.   

Western blotting (Figure 5) reveals that Smad2 protein becomes phosphorylated in 

response to TGFβ2. Following 1 hour treatment, Smad2 becomes phosphorylated at each of the 

concentrations studied (0.05 0.5 and 5 ng/mL). This phosphorylation appears to be dose-

dependent with 0.05, 0.5 and 5 ng/mL of TGFβ2 resulting in 6.6, 42 and 68 times the amount of 

pSmad2 than seen in control (Figure 6A). Following 24 and 48 hour treatments, pSmad2 is only 

detected in response to the highest concentration of TGFβ2 studied, 5 ng/mL (Figure 5), with the 

level of pSmad2 relative to basal control levels approximately 7 times higher at the 48 hour time 

point (Figure 6A).   

Both the Akt and FAK signaling pathways do not appear to become activated in response 

to TGFβ2, since pAkt and pFAK levels do not increase following TGFβ2 treatment at any of the 

concentrations or time points studied (Figure 5). It appears that both the Akt and FAK signaling 

pathways are active in basal culture conditions, since pAkt and pFAK are present in control 

protein lysates, however, pAkt and pFAK levels relative to control levels do not drastically 

change in response to TGFβ2 (Figure 6B & C).  
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Figure 5. Effect of long-term treatment of TGFβ2 on signaling pathway activation in LBAEC. 

Monolayer cultures of LBAECs were treated with 0, 0.05, 0.5 and 5 ng/mL of TGFβ2 for 1, 24 and 48 

hours. Western blotting analysis was then used to monitor total cellular levels of Smad, Akt and FAK, as 

well as, pSmad (Ser 465/467), pAkt (Ser 473) and pFAK (Tyr 925) at the expected molecular weights of 

55, 60 and 125 kDa, respectively. 
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Figure 6. Densitometric quantification of signaling pathway activation following long-term 

treatment of LBAECs with TGFβ2. Following western blotting analysis (Figure 5), Image Lab software 

was used to perform densitometry on native and phosphorylated Smad, Akt and FAK protein. Relative 

levels of phosphorylated Smad2, Akt and FAK protein (A, B, C, respectively) were generated by 

standardizing to their native form. Relative phosphorylated levels were then compared between control 

and treatments (n=1). 
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Effect of long-term TGFβ1 treatment on signaling pathway activation in GBAEC 

To compliment studies done in LBAECs, the effect of long-term treatment with TGFβ1 

on activation of the Smad, Akt/PI3K, FAK and NFκB signaling pathways was also studied in 

GBAECs. Cells were again cultured as monolayers, and treated with TGFβ1 at concentrations 

ranging from 0.05 to 5 ng/mL, for 1, 24, 48 and 96 hours. Western blotting was then used to 

measure the amount of total and phosphorylated Smad2, Akt, FAK and NFκB protein, which 

was used to generate relative levels of phosphorylated signaling protein that could be compared 

between treatment and controls. Three biological replicates of this experiment were performed, 

with similar results in each of the replicates. A single replica was chosen as a representative 

western blot (Figure 7), and densitometry was performed (Figure 8 A-D).  

In GBAECs, treatment with TGFβ1 leads to the activation of the Smad signaling pathway 

(p=0.043). In basal culture conditions, pSmad is virtually undetectable, but following treatment 

with TGFβ1 pSmad is apparent (Figure 7). Maximal levels of pSmad are observed following 

1hour treatment, which are approximately 55-fold higher than control levels following 0.5 and 5 

ng/mL treatments (Figure 8A), while following longer treatments (24, 48 and 96 hours) pSmad is 

only detectable in response to the highest dose of TGFβ1 (5 ng/mL). 

Similar to studies in LBAECs, under basal culturing conditions pAkt, pFAK and pNFkB 

are detected (Figure 7). In response to treatment with TGFβ1 minor changes in pAkt and pFAK 

levels exist, however no distinct changes occur (Figure 8B & C). In regards to the NFκB 

signaling pathway, 1, 48 and 96 hour treatments do not result in any distinct patterns of 

activation, however following 24 hour treatment there appears to be a dose-dependent activation 

of NFκB following treatment with TGFβ1 increase (Figure 8 D).   
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Figure 7. Effect of long-term treatment of TGFβ1 on signaling pathway activation in GBAEC. 

Monolayer cultures of GBAECs were treated with 0, 0.05, 0.5 and 5 ng/mL of TGFβ1 for 1, 24, 48 and 

96 hours. Representative western blot detecting native and phosphorylated protein levels of Smad2, Akt, 

FAK and NFκB at their expected molecular weights of 55, 60, 125 and 60 kDa, respectively.  
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Figure 8. Densitometric quantification of signaling pathway activation following long-term 

treatment of GBAECs with TGFβ1. Following western blotting analysis (Figure 7), Image Lab 

software was used to perform densitometry on native and phosphorylated Smad, Akt, FAK and NFκB 

protein. Relative levels of phosphorylated Smad2, Akt, FAK and NFκB protein (A, B, C and D, 

respectively) were generated by standardizing to their native form. Relative phosphorylated levels were 

then compared between control and treatments (n=1). 
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Effect of short-term TGFβ1 treatment on signaling pathway activation in GBAEC 

The effect of TGFβ1 on Smad, Akt/PI3K, FAK and NFκB signaling pathway activation 

was also studied following short-term treatments with TGFβ1. For these studies, GBAECs were 

cultured as monolayers and treated with 0, 0.05, 0.5 and 5 ng/mL of TGFβ1 for 15, 30 and 60 

minutes. Results presented below are of one replicate of this experiment (n=1). 

Under basal culturing conditions the Smad signaling pathway is not active, with pSmad 

virtually undetectable in controls. Upon TGFβ1 treatment, Smad2 protein becomes 

phosphorylated, resulting in activation of the Smad signaling pathway. For all three time points 

studied the phosphorylation of Smad2 appears to be dose-dependent, with higher concentrations 

causing more activation (Figure 9).  The maximal levels of pSmad are apparent following 60 

minute treatment, with a 5, 13 and 18-fold increase in relative pSmad levels compared to control, 

for 0.05, 0.5 and 5 ng/mL treatments, respectively (Figure 10A). Although less drastic, following 

30 minute treatment with TGFβ1 relative pSmad levels are 4, 11 and 13-fold higher than control, 

for 0.05, 0.5 and 5 ng/mL treatments, respectively. Following 15 minutes treatment with TGFβ1, 

pSmad levels also increase in a dose-dependent fashion, however, compared to controls there is 

only a 1.5, 3 and 4-fold increase.  

As seen in long-term experiments, the Akt, FAK and NFκB signaling pathways are active 

under basal culturing conditions, and this level of activation does not change drastically in 

response to short-term treatment with TGFβ1 (Figure 9).  In regards to the Akt signaling 

pathway, pAkt levels decrease slightly in response to TGFβ1, specifically following 15 and 30 

minutes of treatment, however following 60 minutes pAkt levels appear to be comparable to 

control levels (Figure 10B). In regards to FAK signaling, pFAK levels experience changes in 

response to TGFβ1, albeit these changes display a different pattern depending on the duration of 
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incubation time; increasing following treatment for 30 minutes versus decreasing following 60 

minutes of treatment (Figure 10C). On the other hand, pNFκB levels remain quite unchanged in 

response to 15 minutes of TGFβ1 treatment, but a trend toward decreased phosphorylation in 

response to the higher TGFdose is seen after 30 and 60 minutes treatment (Figure 10D). 

Multiple replicates will be necessary to determine whether or not any of these changes are 

statistically significant.  
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Figure 9. Effect of short-term treatment of TGFβ1 on signaling pathway activation in GBAEC. 

Monolayer cultures of GBAECs were treated with 0, 0.05, 0.5 and 5 ng/mL of TGFβ1 for 15, 30 and 60 

minutes. Western blot detecting native and phosphorylated protein levels of Smad2, Akt, FAK and NFκB 

at their expected molecular weights of 55, 60, 125 and 60 kDa, respectively.  
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Figure 10. Densitometric quantification of signaling pathway activation following short-term 

treatment of GBAECs with TGFβ1. Following western blotting analysis (Figure 9), Image Lab 

software was used to perform densitometry on native and phosphorylated Smad, Akt, FAK and NFκB 

protein. Relative levels of phosphorylated Smad2, Akt, FAK and NFκB protein (A, B, C and D, 

respectively) were generated by standardizing to their native form. Relative phosphorylated levels were 

then compared between control and treatments (n=1). 
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Effect of long-term TGFβ2 treatment on signaling pathway activation in GBAEC 

Activation of the Smad, Akt/PI3K, FAK and NFκB signaling pathways were also studied 

in response to long-term treatment with TGFβ2. For this experiment, GBAEC monolayers were 

treated with 0, 0.05, 0.5 and 5 ng/mL of TGFβ2 for 1, 24, 48 and 96 hours. Two biological 

replicates were performed, from which one representative western blot was chosen (Figure 11) 

and densitometry was performed on this blot (Figure 12 A-D).   

The activation pattern of the Smad signaling pathway following long-term treatment with 

TGFβ2 is similar to that of TGFβ1, as well as, long-term treatment in LBAECs. Again, following 

1 hour treatment the phosphorylation of Smad2 is dose-dependent with the highest level of 

pSmad following treatment with 5 ng/mL of TGFβ2 (Figure 11). Following 1 hour treatment, the 

level of pSmad increases 100 and 120-fold relative to control levels for 0.5 ng/mL and 5 ng/mL, 

respectively (Figure 12A). Treatment lengths of 24, 48 and 96 hours also experience activation 

of the Smad signaling pathway, however changes in pSmad levels relative to control are only 

aparent in response to 5 ng/mL of TGFβ2. (Figure 12A).  

The Akt signaling pathway is active under basal culture conditions, as pAkt is present in 

control protein lysate, however, pAkt levels do not change significantly following long-term 

treatment with TGFβ2 (Figure 11 & 12B).  Similarly, the FAK signaling pathway is active in 

GBAECs under basal conditions, however, activation status does not change dramatically in 

response to TGFβ2 (Figure 11 and 12C). Although a relatively slight change when comparing to 

the Smad signaling pathway, a dose-dependent decrease in pFAK levels appear in response to 24 

and 48 hour treatments, with up to a 50% decrease in pFAK in response to  0.5 and 5 ng/mL of 

TGFβ2 (Figure 12C).   
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The NFκB signaling pathway is also active under basal culturing conditions in GBAECs, 

however, following long-term treatment with TGFβ2 the level of pNFκB does not undergo any 

drastic changes (Figure 11). When comparing relative levels of pNFκB between treatment and 

controls slight variations are observed (Figure 12D), however distinct patterns exist.  
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Figure 11. Effect of long-term treatment of TGFβ2 on signaling pathway activation in GBAEC. 
Monolayer cultures of GBAECs were treated with 0, 0.05, 0.5 and 5 ng/mL of TGFβ2 for 1, 24, 48 and 

96 hours. A. Western blot detecting native and phosphorylated protein levels of Smad2, Akt, FAK and 

NFκB at their expected molecular weights of 55, 60, 125 and 60 kDa, respectively.  
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Figure 12. Densitometric quantification of signaling pathway activation following long-term 

treatment of GBAECs with TGFβ2. Following western blotting analysis (Figure 11), Image Lab 

software was used to perform densitometry on native and phosphorylated Smad, Akt, FAK and NFκB 

protein. Relative levels of phosphorylated Smad2, Akt, FAK and NFκB protein (A, B, C and D, 

respectively) were generated by standardizing to their native form. Relative phosphorylated levels were 

then compared between control and treatments (n=1). 
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DISCUSSION 

 Activation of the canonical Smad, and several non-canonical signaling pathways were 

investigated in order to determine if their activation is dose-dependent in response to TGFβ. 

Considering the role of several of these pathways in EMT, I hypothesized that EMT-inducing 

signaling pathways would be preferentially activated at lower concentrations of TGFβ (≤ 0.5 

ng/mL) that have been shown to be pro-angiogenic previously.   

 Activation of the canonical Smad signaling pathway was studied by monitoring levels of 

pSmad2. Since this signaling pathway is the best documented signaling pathway activated 

downstream of TGFβ its activation was used as a means to verify TGFβ ligand and receptor 

binding and as a positive control for TGFβ activity/response. As expected, this signaling 

pathway became activated in response to both ligands, TGFβ1 and TGFβ2, and in both sources 

of BAECs (GBAECs and LBAECs). As has been reported previously in the literature, this 

activation was dose-dependent with the highest level of pSmad2 in response to the highest 

concentration of TGFβ studied (5 ng/mL)(Goumans et al., 2002). When analyzing the short and 

long-term experiments together it becomes apparent that maximal levels of pSmad occur in 

response to 1 hour treatments. Relative pSmad levels are still much higher than controls in 

response to 5 ng/mL of TGFβ1 and TGFβ2 following longer treatment lengths, however this is 

partially a result of lower basal levels of pSmad at the longer time points.   

Considering Smad2 activation results in endothelial growth arrest and apoptosis, its 

preferential activation at higher, anti-angiogenic, concentrations of TGFβ has, thus far, been used 

as an explanation for the dose-dependent effect of TGFβ on angiogenesis (Goumans et al., 2003; 

Goumans et al., 2002). Along these lines, I wanted to know whether other signaling pathways 

downstream of TGFβ were activated in a dose-dependent manner.  
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Previous work performed in our laboratory revealed that the Par6 polarity signaling 

pathway is preferentially activated at lower (0.5 ng/mL), pro-angiogenic, doses of TGFβ1 

(unpublished results). This was determined by treating GBAECs with both high (5 ng/mL) and 

low (0.5 ng/mL) concentrations of TGFβ1, and pulling down the Alk5 (TGFβRI)-Par6 complex 

by co-IP. The Alk5-Par6 complex was detected at the anticipated size of 96kDa following 

immunoblotting for Alk5, Par6 or pPar6 (data not shown).  Unfortunately, I was unable to 

confirm this pattern of activation since all attempts to co-IP Par6 with TGFβRI were 

unsuccessful.  

Activation of the Par6 polarity signaling pathway is responsible for non-transcriptional, 

morphological changes that occur during EMT. These changes include the dissolution of tight 

junctions, a loss of apical-basal polarity and reorganization of the actin cytoskeleton, allowing 

for the acquisition of front-back polarity and extension of filopodia. In regards to angiogenesis, 

these cellular changes are analogous to those seen in tip cells. Although Par6 polarity signaling 

pathway activation has not been studied during angiogenesis, the requirement for its activation 

during EMT (Ozdamar et al., 2005; Viloria-Petit and Wrana, 2010), and more recently EndMT, 

has been reported (Townsend et al., 2011; Townsend et al., 2008).  

Activation of the Akt/PI3K, FAK and NFκB signaling pathways in response to TGFβ1 

and TGFβ2 were studied in LBAECs, while only the Akt/PI3K and FAK signaling pathways 

were studied in GBAECs. Not only is there a lack of strong evidence for dose-dependent 

activation of these signaling pathways, but the results of this study suggest they may not be 

significantly activated, at least not to the same extend as Smad2, in response to TGFβ1 or TGFβ2, 

in BAECs. However, when observing the FAK and NFκB signaling pathways some patterns of 

activation are apparent. In particular, following 24 hour treatment with TGFβ1 there appears to 
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be a dose-dependent increase in NFκB signaling, while following 24 hour treatment with TGFβ2 

there appears to be a minor dose-dependent decrease in FAK signaling. Although these changes 

are relatively minor, especially in reference to the changes seen in the Smad signaling pathway, 

it is important to realize that minor changes may still have biological impact.  

There are several reasons why the non-canonical pathways studied may be activated in 

basal culture conditions. In addition to their activation downstream of TGFβ several other growth 

factors and extracellular signals lead to activation of these non-canonical signaling pathways. It 

is possible that although monolayer cultures were serum starved in 0.2% FBS-containing DMEM 

prior to treatment, the levels of TGFβ and other growth factors in the media was sufficient to 

sustain activation of these pathways. Another explanation may be that these cells are producing 

autocrine TGFβ at levels sufficient to activate downstream signaling pathways. If these pathways 

are already being activated under basal/serum starving conditions any signaling downstream of 

TGFβ may be masked. As for the Smad signaling pathway it appears that serum starving 

conditions were sufficient to arrest signaling, which is why low levels of pSmad are seen basally. 

These basal levels of pSmad are even lower following long treatments (48 and 96 hours) where 

cells were sustained in serum starvation media for the duration of treatment.  

In order to determine whether components of the serum starving media were causing 

activation of the Akt, FAK and NFκB signaling pathways I performed a time-course experiment 

treating GBAECs with TGFβ1 for 1, 24, 48 and 96 hours following serum starvation  in DMEM 

containing no FBS. Unfortunately technical error prevented me from obtaining a sufficient 

loading control and therefore I have not presented these results in my thesis. Although lacking an 

accurate loading control, the levels of pSmad, pAkt, pFAK and pNFkB detected followed 
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patterns seen in other experiments; with relative levels of phosphorylated protein unchanged 

when compared with control levels (data not shown).  

When focusing on the statistical outcomes of these experiments, these results were highly 

unexpected since activation of these signaling pathways have been well documented in other cell 

types. In regards to the Akt signaling pathway, Medici et al. (2011) showed that treatment of 

human cutaneous microvascular cells endothelial cells with TGFβ2 results in the rapid activation 

of Akt (Medici et al., 2010). Similarly, in mouse mammary epithelial cells TGFβ1 leads to the 

rapid phosphorylation of Akt on serine residue 473 (Bakin et al., 2000). However, another report 

using human SMCs found that TGFβ1 treatment did not directly result in Akt activation, instead 

TGFβ was able to enhance Akt activation in response to another growth factor, EGF (Krymskaya 

et al., 1997).  

Although the activation of FAK in response to TGFβ has not been studied specifically in 

endothelial cells, it has been shown in several other cell types. For instance, Horowitz et al. 

(2006) showed that in human lung fibroblasts FAK is activated in a Smad-dependent manner 

following TGFβ1 treatment (Horowitz et al., 2007). In myofibroblasts FAK is also activated in 

response to TGFβ1 and the smad-dependent transcriptional upregulation of integrins and 

fibronectin (Thannickal et al., 2003). TGFβ1 also leads to the phosphorylation of several tyrosine 

residues on FAK in mouse mammary epithelial cells, including: Y397, Y407, and Y507, 

however, Y925 was not found to be phosphorylated by TGF1 in this study (Nakamura et al., 

2001). When comparing these three studies it becomes apparent that FAK signaling in response 

to TGFβ is highly context dependent, for example Horowitz (2006) and Thannickal (2003) found 

FAK activation to be delayed and take up to 12 hours for maximal levels of activation, while 

Nakamura (2001) found that this activation was rapid and reached maximal levels by 1 hour. 
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Considering the differences that exist between cell types in regards to the particular 

phosphorylation pattern of FAK, and the lack of studies specific to endothelial cells, future 

studies of FAK activation downstream TGFβ in endothelial cells should likely monitor 

phosphorylation at several tyrosine residues. It is possible that the FAK signaling pathway was 

indeed significantly activated during our study, however this activation does not include the 

phosphorylation of tyrosine 925 in endothelial cells.  

We focus on the phosphorylation status of tyrosine residue 925 during our study since 

reports of FAK-mediated EMT have monitored this residue in past studies (Cicchini et al., 2008; 

Mitra et al., 2006; Nakamura et al., 2001). Also, previous work in our laboratory using mouse 

mammary epithelial cells showed phosphorylation of this residue following treatment with 

TGFβ1 (Avery-Cooper et al., manuscript in preparation). 

Activation of the NFκB signaling pathway in response to TGFβ has also been reported in 

several cell types, however not specifically in endothelial cells. In HeLa cells NFκB becomes 

activated following TAK1-dependent phosphorylation of the NFκB inhibitor, IκB, releasing 

NFκB to translocate to the nucleus (Sakurai et al., 1998). In this particular study the 

phosphorylation status of NFκB was not determined; instead NFκB activity was determined by 

its nuclear translocation and modulation of target gene transcription. However, in mouse 

osteoclasts and human pancreatic cancer cells NFκB becomes phosphorylated in response to 

TGFβ1 downstream the phosphorylation of IκB, which then translocates to the nucleus (Chow et 

al., 2010; Gingery et al., 2008). Considering the functional outcome of NFκB signaling pathway 

activation depends on its nuclear translocation where it acts as a transcription factor, future 

studies of NFκB activation downstream TGFβ in endothelial cells should include an analysis of 

its nuclear translocation and not depend solely on its phosphorylation status. It is possible that 
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the NFκB signaling pathway is indeed activated in endothelial cells in response to TGFβ, 

however this activation may be independent of NFκB phosphorylation and instead be a result of 

its nuclear translocation.  

Although not included in this study, other non-canonical signaling pathway are activated 

downstream TGFβ and include the Erk, p38 and JNK MAPK signaling pathways. Following 

TGFβ ligand binding to TGFβRII, type I and II receptors becomes phosphorylated on 3 tyrosine 

residues, Y259, Y336 and Y424, in the receptors’ cytoplasmic domain (Lawler et al., 1997). 

These phosphorylated tyrosine residues are then bound by SH2 and PTB domain containing 

adaptor molecules. Grb2 is a SH2 domain containing protein that complexes with SOS in the 

cytoplasm and upon receptor tyrosine kinase (RTK) phosphorylation is recruited to the receptor. 

Once localized to the RTK the Grb2/SOS complex is able to activate membrane-localized Ras, 

bridging TGFβ receptor activation with the MAPK signaling pathway. In its activated, GTP-

bound state, Ras is able to phosphorylate and activate the Raf-MEK-Erk MAPK cascade 

(Galliher and Schiemann, 2007; Ravichandran, 2001).  

 Erk, through its functioning as a serine/threonine kinase, regulates intracellular mitogen 

signaling in the cytoplasm, but also translocates to the nucleus where it regulates the activity of 

various transcriptional regulators (Zavadil et al., 2001). Through its modulation of gene 

transcription Erk mediates TGFβ-induced disassembly of adherence junctions and enhanced 

migration, two key events in TGFβ-induced EMT (Olsson et al., 2001). As such, Erk activation 

is required, however insufficient (must cooperate with Smad signaling), for TGFβ-induced EMT 

(Davies et al., 2005). 

 JNK and p38 MAPK signaling pathways are also activated in response to TGFβ signaling. 
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This activation is independent of Smad-mediated transcription, however these signaling 

pathways cooperate with Smad signaling in order to regulate TGFβ-induced cellular functions 

such as apoptosis (Liao et al., 2001) and EMT (Yamashita et al., 2008).  Recent studies reveal 

that different isoforms of p38 MAPK are responsible for the differential effects of VEGF and 

TGFβ on endothelial cells. In particular, TGFβ is able to shift VEGF signaling from pro-survival 

to pro-apoptotic isoforms of p38. Thus in the absence of TGFβ, VEGF supports endothelial 

proliferation but when TGFβ is also present, endothelial cell death can occur (Ferrari et al., 2012). 

Also recently, activation of the Erk, JNK and p38 MAPK signaling pathways was reported in 

endothelial cells following their exposure to TGFβ2. In fact, activation of these pathways was 

shown to be necessary during TGFβ2 induced EndMT (Medici et al., 2011). Due to these 

advances, future studies of endothelial cell signaling in response to TGFβ, as well as, EndMT 

should include Erk, JNK and p38 MAPK signaling pathways.  

Limitations 

Studies using endothelial cells are notorious for their limitations. A great deal of 

endothelial heterogeneity exists between endothelial cells of different species, different tissues, 

as well as, endothelial cells isolated from the same tissue. Some of these differences include 

gene expression profiles, expression of cell surface markers and receptors, and as a result 

differences exist in their response to extracellular cues (Aird, 2012; Craig et al., 1998). For 

example, differences between small (micro-) and large (macro-vascular) vessel endothelial cells 

have been identified (Jackson and Nguyen, 1997), not to mention in the physiological context 

aortic/large vessels do not undergo angiogenesis (Hewett, 2009).  When considering these 

differences the use of micro-vascular cells, instead of BAECs, may have been better able to 

recapitulate the response of endothelial cells to TGFβ during studies of angiogenesis.  
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On the other hand, BAECs were chosen for this study because several groups have used 

them for studies of TGFβ signaling, and in particular the study by Pepper et al. (1993) that 

characterized the dose-dependent effect of TGFβ on angiogenic processes included BAECs 

(Pepper et al., 1993). Also, the study by Goumans et al. (2002) that discovered the dose-

dependent activation of Alk1 versus Alk5 signaling in response to TGFβ also used BAECs 

(Goumans et al., 2002). 

Two sources of BAECs were chosen to perform these studies with the intention that 

verifying signaling pathway activation patterns in both would allow one to be more confident 

when generalizing these results to all BAECs. Once culturing these two sources of BAECs it 

became apparent that several differences existed in their phenotype and behavior. Of particular 

concern, LBAECs displayed several characteristics more typical of mesenchymal cells. As 

shown in Figure 1B, LBAECs do not have a cobble-stone morphology when grown to 

confluence. It appears these cells may have a mixed population with spindle-shaped 

mesenchymal-like cells growing on top of an endothelial monolayer. It is possible when 

LBAECs were isolated they contained a mixed population of endothelial and mesenchymal cells, 

but it is also possible that during culturing some endothelial cells spontaneously transformed 

into more mesenchymal-like cells; a phenomena that has been reported previously (Schor et al., 

1983).  A possible explanation for their morphological differences may be that GBAECs and 

LBAECs were cultured in different media prior serum starvation and TGFβ treatment, in which 

they were both cultured in DMEM. As suggested by the supplier, prior to experiments LBAECs 

were grown in EGM™-MV bulletkit™ media (Lonza), which contained several supplements 

not present within DMEM. Therefore, LBAECs and GBAECs were cultured in media 



71 

 

containing a different combination of growth factors and cytokines, and these differences might 

explain the differences in LBAEC and GBAEC phenotype.   

These cells also had much lower viability following manipulation, including freeze-

thawing and passaging, which could cause selection of a certain population of cells from the 

original pool of 5-7 bovine donors. If LBAECs contained a mixed population when purchased, 

low viability would allow for selection of the mesenchymal population over time. For these 

reasons it is difficult to known whether LBAECs are an accurate representation of endothelial 

cell response to TGFβ and the results using these cells should be interpreted with precaution.  

When studying TGFβ signaling in particular, there seems to be a disconnect between in 

vitro studies of angiogenesis and its actual physiological role. In the context or development, 

wound healing and carcinogenesis TGFβ is consistently associated with its promotion of 

angiogenesis, while in vitro studies have found TGFβ to inhibit angiogenesis, or be un-

influential, in more situations than not (reviewed in (Pepper, 1997). This contradiction is likely 

a result of many factors including the makeup of the extracellular matrix, as well as, a lack of 

other cellular components and cytokines during in vitro studies.  

All in vitro studies suffer from limitations and because of this the results of in vitro work 

are often no longer valid when studied in vivo. For one, many in vitro studies suffer from 

changes in cellular behavior due to the transformed nature of cell lines. For this reason, we 

chose to use primary cells in order to avoid any of these differences. Although primary cells 

were used, cells undergo phenotypic drift while cultured in vitro and for this reason primary 

cells do not necessarily behave as they did in their tissue of origin (Aird, 2012). Also, in vitro 

cultures poorly represent the actual physiological environment in which angiogenesis would be 
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taking place. During angiogenesis supporting cells such as tumor cells, SMCs and inflammatory 

cells play a major role, which is difficult and likely impossible to accurately model in vitro 

(Staton et al., 2004).  

A huge determinant of endothelial cell behavior is the unique combination of cues in its 

extracellular environment. Studies of cytokines have made it increasingly apparent that the 

effect of a cytokine is highly context dependent, and can be influenced not only by the dose and 

duration of exposure, but also the presence of other cytokines in their environment and their 

dose and duration of exposure. So, although the addition of other factors could make an in vitro 

model more physiologically relevant, it is difficult to study the function of a single cytokine 

when in the presence of other factors; therefore, they are often studied in isolation. It is possible 

that other cytokines are necessary to prime an endothelial cell and allow it to be responsive to 

the effects of TFG. It is also likely that in a physiological context TGFβ works in combination 

with other EMT-inducing cytokines to induce EndMT and possibly angiogenesis.  

Also, researchers are becoming increasingly aware of how cellular morphology can 

influence behavior. Therefore, the culturing conditions (2-dimensional versus 3-dimensional) as 

well as the particular makeup of the ECM can have a large impact on cellular behavior and 

influence a cells response to a particular cytokine (Craig et al., 1998; Sutton et al., 1991). 

Another significant difference between in vitro studies and the physiological context of 

angiogenesis is the presence of stromal components. In the context of wound healing and 

carcinogenesis angiogenesis is occurring in a highly inflamed environment. This inflammation 

is accompanied by a representation of stromal and inflammatory cells that are often not 

considered during studies of angiogenesis. These activated cells often release pro-angiogenic 
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cytokines that can work in combination with TGFβ in order to activate angiogenesis (Akhurst, 

2004).  

Future Directions 

Although it is quite agreed upon that in vitro studies poorly reflect a physiologically 

relevant context to study angiogenesis, it is a time and cost effective first step during many 

studies of endothelial cell function. The results of in vitro studies should always be considered 

with caution, and always verified in more physiologically relevant contexts.  

Considering the large degree of endothelial cell heterogeneity, future studies of TGFβ 

function in EndMT and angiogenesis should include a variety of sources, including micro- and 

macro-vascular cells. It would also be beneficial to study its effects in both 2- and 3-dimensional 

culturing conditions, being particularly conscious of how culturing conditions can be modified in 

order to better represent physiology.  

Furthermore, considering the newly established role of p38 and JNK signaling during 

TGFβ mediated EndMT future studies of TGFβ-induced EndMT and angiogenesis should also 

monitor activation of these signaling pathways. 

Summary and Conclusions 

In an attempt to investigate the role of TGFβ-induced EndMT during angiogenesis we 

have begun with studying the activation of several signaling pathways downstream of TGFβ. 

Several of these signaling pathways are known to mediate EMT and more specifically EndMT, 

and I hypothesized that EMT-inducing signaling pathways would be activated at lower 

concentrations of TGFβ, which may explain why TGFβ is pro-angiogenic at these lower 

concentrations.  
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The Smad signaling pathway was seen to be activated in a dose-dependent manner with 

the highest concentration of TGFβ resulting in the greatest degree of activation. This response 

was seen in both sources of BAECs, GBAECs and LBAECs, following exposure to both TGFβ1 

and TGFβ2. 

The Par6 polarity signaling pathway has been shown to be activated in a dose-dependent 

manner previously in our laboratory, with it being preferentially activated at lower (0.5 ng/mL) 

concentrations of TGFβ. However, due to the unsuccessful co-IP of the TGFβRI-Par6 complex I 

was unable to verify this pattern of activation.  

This study did not provide strong evidence for the dose-dependent activation of the non-

canonical Akt, FAK and NFκB signaling pathways. As discussed in the previous section, there 

are several explanations for why this may be the case. It is possible that my experimental design 

was insufficient at recognizing activation of these signaling pathways. It is also possible that 

some patterns of activation that did not reach statistical significance may still be biologically 

relevant. Before discarding the possibility that these signaling pathways are being activated in a 

dose-dependent manner several modification could be made to experimental and culturing 

conditions. It would also be of great benefit to repeat this experiment several times, and repeat 

statistical analysis, which may result in some of the minor changes seen being revealed as 

statistically significant.   

The results of this experiment suggest that the Akt, FAK and NFκB signaling pathways 

may not be activated in response to TGFβ, and similarly do not mediate TGFβ-induced 

angiogenesis. On the other hand, the Par6 polarity signaling pathway may be involved; however 

its dose-dependent activation must be verified. It was also found that the Smad signaling 
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pathway is activated in a dose-dependent fashion, which supports what has been found in other 

studies of TGFβ signaling and angiogenesis. Considering the known role of Par6 signaling in 

EMT and Smad signaling in endothelial growth arrest and apoptosis, the preferential activation 

of Par6 at lower, pro-angiogenic, and Smad at higher, anti-angiogenic, doses of TGFβ may, in 

part, explain TGFβ’s dose-dependent effect on angiogenesis. Due to the various limitations of 

this study, I do not feel confident in excluding a role for the Akt, FAK and NFκB signaling 

pathways during TGFβ-induced angiogenesis, and would want to investigate these and other 

signaling pathways further before discarding the possible role for EndMT during angiogenesis. 

Ultimately, better understanding the process of angiogenesis, and specifically tumor 

angiogenesis, would allow for better insight into how we may one day prevent this process from 

occurring during tumor development. Conversely, a better understanding of this process would 

allow us to take advantage of this knowledge during vascular diseases that result from poor and 

irregular angiogenesis.    
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APPENDIX I – Chemical List and Suppliers 

 

Chemical       Supplier 

 
Acrylamide/Bis solution (40%)   Bio-Rad, Hercules, CA 

Akt rabbit mAb     Cell signaling, Danvers, MA 

Aprotinin       Sigma-Aldrich, St. Louis, MO 

APS        Bio-Rad, Hercules, CA 

Bromophenol blue      Sigma-Aldrich, St. Louis, MO 

BSA       Santa Cruz Biotechnology, Santa Cruz, CA 

DC™ protein assay      Biorad, Hercules, CA 

DMEM       Thermo Scientific, Rockford, IL 

Dynabead® Co-Immunoprecipitation kit  Invitrogen, Camarillo, CA 

EGM™-MV bulletkit™    Lonza, Walkersville, MD  

FAK rabbit pAb      Cell Signaling, Danvers, MA 

FBS        Invitrogen, Camarillo, CA 

G-sepharose beads      Millipore, Billerica, MA 

Goat anti-mouse HRP     Sigma-Aldrich, St. Louis, MO 

Goat anti-rabbit HRP      Sigma-Aldrich, St. Louis, MO 

Light Chain Specific, Mouse anti-Rabbit  Jackson ImmunoResearch, West Grove, PA 

Light Chain Specific, Goat anti-Rat   Jackson ImmunoResearch, West Grove, PA 

Na3VO4       New England Biolabs, Ipswich, MA 

NF-κB p65 rabbit mAb     Cell Signaling, Danvers, MA 

PBS        Lonza, Walkersville, MD 

Phosphatase Inhibitor Cocktail 2    Sigma-Aldrich, St. Louis, MO 

Phospho-FAK (Tyr925) rabbit pAb    Cell Signaling, Danvers, MA 

Phospho-NF-κB p65 (S536) rabbit pAb  Santa Cruz Biotechnology  

Phospho-Smad2 rabbit pAb     Cell Signaling, Danvers, MA 

PMSF        Sigma-Aldrich, St. Louis, MO 

Reblot Plus (Mild)     Millipore, Billerica, MA 

Recombinant Human TGFβ1     Invitrogen, Camarillo, CA 

Smad2 mouse mAb      Cell Signaling, Danvers, MA 

SDS        Fisher Scientific, Nepean, ON 

TEMED       Sigma-Aldrich, St. Louis, MO 

TGFβRI rabbit mAb      Santa Cruz Biotechnology, Santa Cruz, CA 

TGFβRI goat mAb     Santa Cruz Biotechnology, Santa Cruz, CA 

TGFβRI rat mAb                                                        Santa Crus Biotchnology, Santa Cruz, CA 

Tris-base       Fisher Scientific, Nepean, ON 

Tris buffer (1.5 M)      Bio-Rad, Hercules, CA 

Tris buffer (0.5 M)      Bio-Rad, Hercules, CA 

Trueblot® anti-Goat HRP    eBioscience, San Diego, CA 

Tween-20       Fisher Scientific, Nepean, ON 

X-ray film       Kodak, Rochester, NY 
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APPENDIX II – Preparation of Materials Used 

0.1% TNTE (1X) 

50mL Tris HCl (1M, pH= 7.4) 

30 mL 5M NaCl 

2 mL 0.5M EDTA 

1 mL Triton X-100 

917 mL Distilled H2O 

 

 

0.5% TNTE (10X) 

125mL Tris HCl (1M, pH= 7.4) 

75 mL 5M NaCl 

5 mL 0.5M EDTA 

12.5 mL Triton X-100 

32.5 mL Distilled H2O 

Stock solution must be diluted 1/10 in distilled H2O in order to get 1X working concentration 

 

 

8.5% SDS-PAGE Gel (2 X 1.5 mm Gels) 

Resolving Gel: 

10.4 ml Distilled water 

4.25  ml 40% acrylamide-bis solution 

5  ml Tris buffer (1.5 M, pH 8.8) 

200 μl 10% SDS 

10 μl TEMED 

240 μl 10% APS 

 

Stacking Gel: 

3.3 ml Distilled water 

0.5 ml 40% acrylamide-bis solution 

1.25 ml Tris buffer (1.5 M, pH 8.8) 

50 μl 10% SDS 

5 μl TEMED 

50 μl 10% APS (10 g APS dissolved in 100 ml distilled water) 

 

8X Sample Buffer 

400 mM Tris-HCl (pH 6.8) 

16% SDS 

0.8% Bromophenol blue 

40% Glycerol 

0.4 M DTT 

 

2X Sample Buffer 

Dilute 8XSample Buffer 1:3 in distilled water 
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Electrophoresis Buffer 

30.25 g Tris-base 

144.1 g Glycine 

100 ml 10% SDS 

Adjust final volume to 1 L. Adjust pH to 8.3. Store at room temperature 

 

Cell signaling Lysis buffer 

20 mM Tris-HCl (pH 7.5)  

150 mM NaCl  

1 mM Na2EDTA  

1% Triton-X  

2.5 mM sodium pyrophosphate  

1 mM beta-glycerophosphate  

1 mM Na3VO4  

1 μg/ml leupeptin  

1 mM PMSF  

2 μg/ml aprotinin 

 

TBS (10X) 

24.2 g Tris-base 

80 g NaCl 

Adjust final volume to 1L. Adjust pH to 7.6, and store at room temperature. 

 

Townbin Solution 

30.25 g Tris-base 

144.1 g Glycine 

Dissolve in water to a final volume of 1L, and store at 4°C. 

 

Transfer Buffer 

100 ml Towbin solution 

200 ml Methanol 

2.5 ml 10% SDS 

Adjust volume to 1L with water and use immediately.  

 

TBS/Tween (TBST)  
1X TBS was prepared from the 10X stock by a 1:9 dilution in distilled water, and 0.1% Tween was 

added (1mL per 1L).  

 

Stripping Buffer 
Stripping solution was prepared by diluting 10X Reblot plus (Millipore) stock solution 1:9 in 

distilled water.  
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APPENDIX III – Co-Immunoprecipitation Procedure 

Table 1. Reagents used during co-immunoprecipitation of Par6 with TGFβRI. Below is a chart 

detailing the various combinations of lysis buffers, pull-down beads and antibodies used during the 

optimization of the Par6 co-IP with TGFβRI. IP (immunoprecipitation) antibodies were used during the 

pull-down reaction, while IB (Immunoblotting) antibodies were used during subsequent western blotting 

analysis.  

 

Lysis Buffer  IP: pull-down 

antibody  

Pull-down Bead  IB: 2° antibody  

1X Cell signaling lysis buffer  Rabbit α 

TGFBRI  

G-sepharose  Goat α Rabbit-HRP  

0.5% TNTE  Dynabead  Mouse α Rabbit Light-chain-specific-

HRP  

1X Cell signaling lysis buffer  Goat α 

TGFBRI  

G-sepharose  True blot α Goat-HRP  

1X Cell signaling lysis buffer  Rat α TGFBRI  G-sepharose  Goat α Rat Light-chain-specific- HRP  

Dynabead  

1X Cell signaling lysis buffer  Rabbit α Par6  G-sepharose  Goat α Rabbit-HRP  

Mouse α Rabbit Light-chain-specific-

HRP  
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Appendix IV – Co-IP 

 

 

 

Figure 13. Immunoblotting following Co-IP of Par6 with TGFβRI. Monolayer cultures of GBAECs 

were treated with TGFβ1 (0.5 and 5 ng/mL; lanes 3 and 4, respectively), while controls were not treated 

with TGFβ1 (lanes 1 and 2). Following total cellular lysate collection rabbit monoclonal antibody against 

TGFβRI (V-22) was used to pull-down TGFβRI and any complexed Par6 protein (lanes 2, 3 and 4), while 

no pull-down antibody was used in the negative control (lane 1). Immunobloting procedure utilized the 

rabbit α TGFβRI (V-22) primary antibody, and a (A) goat α rabbit, or (B) mouse α rabbit light-chain 

specific (LCS) secondary antibody. 

 

 


