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ABSTRACT 
 

Modulation of Endothelial Cell Responses by Different TGFβ Isoforms 
and Oxygen Levels and Their Potential Impact on Angiogenesis 

 

Meghan Danielle Doerr                         Advisor: 
University of Guelph, 2014                        Dr. A.M Viloria-Petit 
 
Angiogenesis is vital for both normal tissue homeostasis and tumor progression via tumor 

angiogenesis.  This process is regulated by many factors including VEGF, TGFβ and 

oxygen levels. All of these factors are present in the tumor microenviroment, suggesting 

they might interact to govern tumor angiogenesis. Endothelial to Mesenchymal 

Transition (EnMT) may also play a role in angiogenesis because some of the same factors 

also regulate this process. In this study, it was first confirmed that TGFβ treatment with 

either isoform 1 or 2 at a 5 ng/mL dose preferentially activates SMAD2 and not SMAD1, 

the effector proteins of the TGFβ pathway, under normal or low oxygen conditions. This 

suggests that high doses of either isoform favor the TGFβRII/ALK5 pathway. Next it was 

determined how activation of this pathway affected protein levels of endothelial cell and 

EnMT markers. It was found that TGFβ treatment increased the levels of a key EnMT-

associated transcription factor, Snail, and decreased the levels of the adhesion protein, 

VE-cadherin. This response was consistent with an EnMT response. Lastly, it was 

determined how changes in these factors affected the angiogenic response of the bovine 

aortic endothelial cell line under study. It was found that treatment with either isoform of 

TGFβ in both oxygen conditions inhibited endothelial cell migration and cord formation, 

suggesting that TGFβ induced EnMT-like changes might not necessarily reflect the 

migratory and invasive components of an angiogenic response.  More studies are 

necessary to establish the role of Snail in angiogenic response to TGFβ. 
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Introduction 
 

Angiogenesis is a crucial process that regulates the level of oxygen and nutrients 

delivered to the tissue. It is a highly complex phenomenon, orchestrated by the 

interaction of many growth factors and environmental factors including, VEGF, TGFβ 

and hypoxia [1]. The VEGF signaling pathway is one of the major regulators of 

angiogenesis and thus this pathway is typically inappropriately activated during cancer 

progression [2]. Within the tumor microenvironment, all of the aforementioned regulators 

of angiogenesis are aberrantly activated, enabling cancer cells to recruit blood vessels 

through the process of tumor angiogenesis. Judah Folkman was the first to discover that 

in order for solid tumors to grow past 1 mm3 they need to acquire a stable blood supply 

[3].  Unfortunately once a tumor is connected to a blood vessel, not only does this enable 

tumor growth by providing the cancer cells with more nutrients and oxygen, it also 

provides a means for them to escape and colonize distant sites through metastasis [1]. 

Further, anti-angiogenic therapies have been proven inefficient in preventing cancer 

progression, highlighting the critical need to further understand the mechanism of 

angiogenesis in hopes to identify more suitable targets [4]. 

 As mentioned previously, TGFβ is one of the many regulators of angiogenesis.  

This pathway is highly context dependent in endothelial cells, whereby its effect can be 

modulated by many factors including the abundance of its different isoforms (TGFβ1, 2 

and 3) and also by which TGFβ receptor type 1 gets incorporated into the signaling 

pathway [5]. Also, this complexity could arise from TGFβ being part of a super family 

containing many ligands. All three TGFβ isoforms, through the use of murine knock-out 
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studies in vivo, have been demonstrated to play non-overlapping roles during 

angiogenesis [6]. However, the specific roles of each individual TGFβ isoform in adult 

angiogenesis have not been fully elucidated. Due to this pathway being context 

dependent, TGFβ exerts a biphasic effect on endothelial cells that line the blood vessels, 

where low doses of TGFβ promote endothelial cell migration and proliferation but at high 

doses it inhibits these processes. This has been attributed to the presence of two TGFβ 

type 1 receptors, the widely expressed ALK5 and the endothelial cell specific receptor 

ALK1 [7].  

HIF, the main effector protein of the hypoxia pathway, is one pathway responsible 

for driving the expression of VEGF-A to promote angiogenesis. Previous research has 

identified an active hypoxia response element (HRE) within its promoter and also 

implicated that TGFβ can work with hypoxia to enhance this transcriptional regulation 

[8]; providing evidence that these two factors present in the tumor microenvironment can 

work together to drive angiogenesis. In addition, a few studies have suggested that the 

hypoxia pathway itself regulates the expression and/or activation of TGFβ1, 2 and 3 [9-

11], implicating there could be a positive feedback mechanism in how these factors 

regulate angiogenesis, but this theory has not been fully explored.  

Another cellular process that has been relatively unexplored in the context of 

angiogenesis is EnMT. Two theories have been proposed as to where this cellular 

phenomenon could be playing a role in angiogenesis. The first states that EnMT could be 

occurring within the tip cells of the nascent vessel while the other suggests that EnMT 

might be how mural cells arise from the endothelium [12].  The goal of this thesis was to 
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begin to address these unsolved questions in hopes to provide more insight into how 

TGFβ and hypoxia can induce EnMT and how this fits into the process of angiogenesis.  
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Literature Review 
Overview	  
 

The tumor microenvironment is comprised of many different factors including 

signaling proteins and variable pH, glucose and oxygen levels, among others. Tumor 

cells and surrounding stroma cells secrete pro-angiogenic growth factors, such as 

Vascular Endothelial Growth Factor (VEGF), angiopoietins [13] and Transforming 

Growth Factor-Beta (TGFβ) [14], all of which influence the endothelial cell phenotype. 

Within the tumor, regions of low oxygen form due to the rapid increase of proliferation 

coupled with inadequate vascularization [15]. An in vitro study conducted in embryonic 

microvascular cells (HMEC-1) demonstrated that TGFβ and hypoxia work synergistically 

to induce VEGF expression [8]. This is just an example of how these two different 

components of the tumor microenvironment are able to work together to promote 

angiogenesis.  In the next sections, the concept of angiogenesis and how TGFβ signaling 

and hypoxia modulate this process will be reviewed. Also, evidences of the role of these 

two microenvironmental components in modulating a transition from an endothelial to 

mesenchymal (EnMT) phenotype are presented, and ultimately the possibility that this 

EnMT contributes to angiogenesis was explored.  

 

1. Basics of Angiogenesis 

	  
1.1 Physiologic	  and	  Pathologic	  Angiogenesis	  

	  
	  

Angiogenesis is the formation of new blood vessels from a pre-existing parental 

vessel.  It plays an important part in many physiological and pathological conditions. The 
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endothelium is normally quiescent in the adult, but it can be activated upon specific 

stimuli. Angiogenesis plays an important role in inflammation, tissue repair and female 

menstruation and pregnancy. Most importantly, angiogenesis is responsible for managing 

the oxygen and nutrient demand of the tissue [16].  Angiogenesis also plays a role in the 

etiology of many diseases; this can be due to insufficient or excessive angiogenesis. 

Insufficient angiogenesis can cause endothelial cell dysfunction, which in turn leads to 

vessel malformation or regression. It can also prevent revascularization, healing and 

regeneration [17]. When there are not enough blood vessels present, it can lead to 

diseases such as ischemic heart disease [18]. Some diseases caused by excessive 

angiogenesis include psoriasis [19] and tumor growth and metastasis [16]. Thus, 

angiogenesis is crucial for normal tissue function but when it functions improperly, it 

constitutes the basis for many diseases. 

 

1.2 Angiogenesis Mediators: Emphasis on Vascular Endothelial Growth Factor (VEGF) 

 

Angiogenesis is regulated by the homeostatic balance between pro- and anti-

angiogenic factors [20]. The most notable pro-angiogenic factors are members of the 

vascular endothelial growth factor (VEGF) signaling pathway. The VEGF family consists 

of many different homologous factors, with the most studied being vascular endothelial 

growth factor-A (VEGF-A) [21]. All of the VEGF polypeptides exert their physiological 

effect by binding to several type V receptor tyrosine kinases (RTKs), such as VEGFR1 

(Flt-1) and VEGFR2 (Flk-1) [22,23]. The complex interplay of VEGF family proteins 

with VEGF receptors and co-receptors is strictly required for shaping and maintaining the 
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functionality of blood vessels, and the coordinated signal output initiated by distinct 

VEGFs are central for proper vessel organization [24]. VEGF-A and VEGFR2 have the 

most documented role in angiogenesis.  VEGF-A controls many endothelial cell 

behaviors such as endothelial cell differentiation, migration, proliferation and survival. It 

also controls endothelial cell-cell junction formation. Due to VEGF-A regulating these 

cellular behaviors it comes as no surprise that it is a critical factor for the initiation and 

direction of sprouting angiogenesis [2]. VEGF-A mostly binds to and signals through the 

VEGFR2, but has been known to signal through the other receptor VEGFR1 [25].  

Expression of VEGF-A is regulated by several factors including hypoxia and growth 

factors, such as EGF-family members [26], Insulin-like growth factor-1 (IGF-1) [27] and 

TGFβ [8]. I will expand on VEGF modulation by TGFβ and hypoxia in later sections. 

 

1.3 Stages of Sprouting Angiogenesis: 

 

The complex process of sprouting angiogenesis can be broken down into broadly 

two phases, the activation phase and the resolution/maturation phase [28]. Upon pro-

angiogenic stimulation with VEGF-A, the normally quiescent endothelium is activated 

leading to enhanced vessel permeability and vasodilation. Permeability is mediated by the 

re-localization of platelet endothelial cell adhesion molecule (PECAM)-1 and vascular 

endothelial (VE)–cadherin from the cell membrane to the cytoplasm [29]. During the 

next step of the activation phase of angiogenesis, endothelial cells prepare to migrate in 

response to the VEGF gradient, for which they extend filopodia studded with VEGFR2 

[24]. The gradient is established by VEGF-A binding to components of extracellular 
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matrix (ECM), which establishes a path for the endothelial cell to follow. This gradient 

determines the overall directional growth of endothelial sprouts [30].  In order to 

accomplish migration, the mature parent vessel needs to destabilize by loosening 

endothelial cell contacts with each other and with the surrounding support structures 

[31,32], which is in part mediated by PECAM-1 and VE-cadherin re-localization, 

mentioned above [29].  Now that the endothelial cells are free to move, they need to clear 

a path through the surrounding sub-endothelial basement membrane. Here, endothelial 

cells utilize proteinases, such as matrix metalloproteinases (MMPs) to break down and 

reorganize the surrounding ECM [33].  The break down of the ECM, releases and 

subsequently activates a plethora of growth factors (e.g. bFGF, VEGF and TGFβ) 

[34,35]. Now that a path has been cleared, proliferating endothelial cells are able to 

migrate into the now open space according to the VEGF gradient, utilizing growth factors 

that were released from the ECM [36].  

As the endothelial cells migrate, they begin to form capillary sprouts through the 

process of tubulogenesis [2]. These newly formed capillaries will eventually join with 

nearby sprouts or vessels to form a primitive network. Once a connection is made, this 

nascent vessel begins lumen formation. There are two proposed methods of lumen 

formation, the first entails the formation and joining of vacuoles within the endothelial 

cells [37], while the second involves endothelial cell’s disruption of adhesion complex 

proteins (such as VE-cadherin and ZO-1) to form a slit lumen that eventually widens 

from the shear force of blood flow and growth [38]. These alternative processes of lumen 

formation have been both experimentally demonstrated and might not be mutually 

exclusive [39].  
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With the primitive vessel formed, it now enters the maturation phase of 

angiogenesis. Here, there is a cessation of endothelial cell proliferation and migration, 

and the basement membrane is reconstituted. Next, there is remodeling and pruning of 

the new vessel, specification of the vessel into veins and capillaries, and the recruitment 

of mural cells [30]. Although the process of vessel maturation is not yet fully understood, 

several angiogenesis modulators have been shown to play critical roles in vessel stability 

and/or mural cell recruitment.  These include angiopoietin 1 (Ang-1), plateled-derived 

growth factor (PDGF), TGFβ and thrombospondin-1 (TSP-1) [40]. TGFβ1 is activated 

upon contact between endothelial cells and mesenchymal cells both in vitro and in vivo 

[41,42,40]. This activation regulates many actions associated with vessel maturation 

including, inhibition of endothelial cell proliferation and migration, induction of pericyte 

differentiation, and production of basement membrane, highlighting TGFβ1 has a critical 

role in vessel remodeling and stability in both in vitro and in vivo models [41,43,44].  

Upon completion of the maturation phase, the endothelium returns back to its quiescent 

state.  

 

1.4 Tip and Stalk Cells – interplay between VEGF and Notch Signaling Pathways: 

 

During vessel branching, the nascent vessel is comprised of a heterogeneous 

population of endothelial cells denoted, leading tip and trailing stalk cells [45]. 

Stimulated by VEGF-A, tip cells produce long, dynamic filopodia, which they use to 

probe the environment for directional cues. These cells are highly motile, lumen-less and 

do not proliferate. The endothelial cells that follow the tip cells, termed stalk cells, 
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produce fewer filopodia and instead proliferate when stimulated with VEGF-A [30]. 

Stalk cells also form the vascular lumen [46], and they establish adherens and tight 

junctions to maintain the integrity of the new sprout [47].  Whether a cell becomes a tip 

or stalk cell is largely determined by the interplay between VEGF and Notch signaling. 

The Notch signaling pathway is a key regulator of cell fate, differentiation and patterning 

processes in a large variety of tissues and organisms [48,49]. This pathway is thought to 

work along the VEGF signaling pathway to determine endothelial cell fate within the 

newly forming vessel.  In response to VEGF, activation of VEGFR-2 upregulates Delta-

like ligand-4 (DLL4), a Notch ligand, expressed in tip cells [50,51]. Expression of DLL4 

inhibits surrounding cells’ ability to become tip cells because it interacts with the Notch 

receptor on the outside membrane of the cells in direct contact. Upon Notch activation, 

VEGFR2 is downregulated. Hence, these cells become less responsive to the sprouting 

activity of VEGF and become stalk cells [52]. Research has demonstrated endothelial 

cells continuously compete for the tip-cell position by fine-tuning their expression of 

VEGFR-2 and DLL4, indicating that this signaling cross talk is constantly re-evaluated as 

cells meet new neighbors [53]. As tip cells form connections with other sprouts or nearby 

capillaries they get incorporated into the endothelial lining of new vessels. Interestingly, 

the Notch pathway can act in a very transient, oscillating manner [54], which may 

promote the dynamic interconversion of tip and stalk cells. Thus, tip and stalk cell 

determination is transient, reversible and depends on the balance between pro-angiogenic 

factors (e.g. VEGF) and signals suppressing endothelial cell sprouting and proliferation 

(e.g. Dll4– Notch activity).  When the endothelium is transitioning from active to 

quiescent, tip cells adopt a phalanx phenotype that is non-proliferative, lumenized, and 
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immobile. Phalanx cells are similar to stalk cells, but differ from these cells by their 

reduced mitogenic response to VEGF and increased quiescence [55]. This phenotype 

promotes vessel integrity and stabilization by increasing cell adhesion and tapering the 

response to VEGF [56].  

Recently research cumulating in silico, in vitro and in vivo studies have also 

implicated the adhesion protein VE-cadherin has a new role during sprouting 

angiogenesis. Endothelial cells along the growing vasculature display two different types 

of cell-cell junction organization that can be either active or inhibited. Active junctions 

displayed irregular, serrated distribution of VE-cadherin, whereas inhibited junctions 

were characterized by straight, continuous staining of VE-cadherin. When junctions are 

active, there is a high turnover of VE-cadherin and weaker cell-cell contact, which 

enables higher cell motility and is preferentially associated with a tip cell phenotype.  

When VE-cadherin stability is increased, the junctions are inhibited causing the cells to 

have a more static phenotype, just like stalk cells [57].  This research suggests that VE-

cadherin is another important factor governing how tip and stalk cells behave.  

 

2. Angiogenesis in Cancer: 

 

The crucial role of angiogenesis during tumor progression and metastasis is well 

documented. Although angiogenesis is not an initiating factor of tumorigenesis, it is vital 

for promoting tumor progression. In order for a mass to grow past 1 mm3 it requires the 

formation of new blood vessels to support the increase in oxygen and nutrient needs 

[58,59,3]. These vessels are formed in response to enhanced production of pro-
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angiogenic factors (e.g., VEGF) and/or reduced expression of anti-angiogenic factors  

(e.g. TSP-1, endostatin, etc.) that are secreted from tumor and/or stroma cells within the 

mass [60]. Inappropriate secretion of these angiogenic mediators causes the angiogenic 

switch; whereby there are enough pro-angiogenic factors present to override the local 

inhibitory forces. This promotes the angiogenic activity of endothelial cells making up 

the newly formed vessel [13,61,59] and self-perpetuation of the activation phase of 

angiogenesis.  Endothelial cells are under constant angiogenic sprouting and are never 

able to enter the maturation phase, causing the blood vessels to be highly disorganized 

and leaky [62]. These vessel characteristics, in addition to the anti-tumor effects of the 

administration of endogenous (e.g., endostatin, Thrombospondin) and other chemical or 

biologic angiogenesis inhibitors (e.g., VEGF-targeting antibodies or small molecule 

inhibitors [4]) suggest that angiogenesis plays an important role in tumor progression. 

Thus, a better understanding of this process could lead to more efficient, anti-cancer 

therapies.  

 

3. Transforming Growth Factor-Beta (TGFβ) 

 

3.1 TGFβ Ligands:   

 

TGFβ is part of a large superfamily composed of 30 structurally related growth 

and differentiation factors including, activins, nodal and BMPs [63,64]. TGFβ is a potent 

pleiotropic cytokine that regulates mammalian differentiation, development, and 

homeostasis. Three TGFβ isoforms have been identified, which are expressed in nearly 
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all cell types and tissues [65]. Separate genes encode each isoform, which generates the 

pre-protein sequence consisting of a signal peptide (~30 kDa) and the “mature” TGFβ 

sequence (~12.5 kDa) [66]. After proteolytic processing, the TGFβ monomers utilize 

disulfide bonding to form homodimers; this results in the formation of the precursor 

molecule, pro‐TGFβ. The pro‐TGFβ dimer is then further processed to yield a small 

latent complex (SLC) consisting of the mature TGFβ protein and a latency associate 

peptide (LAP) [67]. The SLC then binds onto the large latent TGFβ binding protein 

(LTBP) to yield the large latency complex (LLC) [68]. Once secreted, the LLC interacts 

with various extracellular matrix (ECM) components to allow TGFβ to become deposited 

in the ECM. Within the ECM, latent TGFβ is stored, where it remains biologically 

unavailable until its activation [69,34]. Latent TGFβ is activated by several factors, 

including proteases [70], thrombospondin-1[71], reactive oxygen species [72], and 

integrins (αvβ6 and αvβ8) [73]. Mature TGFβ is released by these factors through several 

means including, separating it from the latency-associated proteins, modification of latent 

complex conformation or degradation of latent TGF-β binding protein [34].  

Knockout (KO) studies of TGFβ signaling mediators have elucidated their diverse 

function in vascular development. Specifically, KO studies on the different TGFβ 

isoforms have demonstrated they have different, non-overlapping roles [6].  Mice 

deficient in TGFβ1 die in utero due to vascular defects, including the formation of weak, 

aberrantly formed capillaries, and this was attributed to problems with endothelial cell 

differentiation [74]. TGFβ2-null embryos display, among other developmental defects, 

severe cardiac malformations, which were found to result from defective EnMT [75]. 

TGFβ3-null mice displayed delayed pulmonary development and cleft palate [76]. These 
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KO studies have demonstrated each isoform’s importance during development, but have 

not fully expanded it to the adult body.  

 

3.2 Canonical TGFβ Signaling: 

 

TGFβ signaling is mediated through canonical (SMAD-dependent) and non-

canonical (SMAD-independent) pathways to regulate transcription, translation, protein 

synthesis, and post-translational modifications [77]. Even though the downstream effects 

of TGFβ are heavily context dependent, its signaling pathway is partially conserved in 

many cell types [5]. During the canonical signaling pathway, TGFβ ligands bind to the 

type 2 TGFβ receptor (TβRII) with high affinity, this in turn, recruits the type 1 TGFβ 

receptor (TβRI). These receptors both contain transmembrane serine/threonine kinase 

domains. TβRII’s kinase domain is constitutively active but TβRI kinase activation 

depends on being close to TβRII for activation. Once in close proximity, TβRII is able to 

phosphorylate the GS domain of TβRI [78]. There are 2 different types of TβRI, activin-

like kinase-5 (ALK5) and activin-like kinase-1 (ALK1). ALK5 is widely expressed 

across all cell types, whereas expression of ALK1 is restricted to the endothelium. Upon 

TβRI phosphorylation, nuclear effector proteins called receptor-smads (R-smads), can 

now bind. This association enables their activation via phosphorylation of SMAD2/3 by 

ALK5 or SMAD1/5 by ALK1. The now phosphorylated SMAD proteins dissociate from 

the SMAD Anchor for Receptor Activation (SARA) protein and hetero-oligomerize with 

co-SMAD4. Association with SMAD4 enables nuclear translocation and interaction with 

different transcriptional modulators. Depending of which transcriptional modulator is 
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incorporated into this complex, it can serve as either an activator or suppressor of 

transcription [5]; highlighting another example of how context dependent this pathway is.  

 

3.3 TGFβ in Angiogenesis: 

 

TGFβ has a well-documented role in angiogenesis due to its ability to regulate 

endothelial cell behavior. TGFβ signaling has a complex, biphasic effect on endothelial 

cell migration and proliferation. Research has demonstrated that low doses of TGFβ 

promote endothelial cell proliferation and migration, whereas high doses are inhibitory 

[79].  Goumans et al., further explored this theory though the use of an in vitro scratch 

wound and proliferation assay on Bovine Aortic Endothelial cells (BAECs). They found 

that activation of ALK1 and ALK5 have opposite effects on cell migration and 

proliferation. By performing a dose response experiment it was noted that low doses of 

TGFβ (0.25 ng/mL – 0.5 ng/mL) promoted, whereas high doses (≥ 5 ng/mL) of TGFβ 

inhibited migration and proliferation. They attributed this biphasic effect to the activation 

of ALK1 at lower concentrations and ALK5 at higher concentrations [7]. This study was 

further expanded to theorize that due to ALK1’s permissive effect on endothelial cell 

behavior, this receptor could have a more pronounced role during the activation phase of 

angiogenesis. In contrast, due to ALK5’s inhibitory effect, this receptor is though to be 

more important during the resolution phase [7]. Another attribute contributing to the 

complexity of the pathway is TGFβ is part of a very large superfamily. By cells having a 

multitude of ligands and receptors to signal through, they are able to fine-tune the 

signaling outcome. For example, ALK5 is activated by TGFβ whereas the physiological 
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ligands for ALK1 also include BMP9 and BMP10 [80]. It is also important to note that 

these ALK receptors do not act independent of each other. ALK5 is needed for the 

incorporation and activation of ALK1 within the signaling complex, but in turn ALK1’s 

presence inhibits ALK5’s activity within this complex [81]. Research has also implicated 

endoglin as being partially responsible for the activation of ALK1 over ALK5. Endoglin 

is a type III TGFβ receptor, which serves as a co-receptor for type I/II receptors and is 

primarily expressed in endothelial cells [82]. These initial findings were complemented 

by overexpression and knock down studies, where it was observed that endoglin over 

expression promoted ALK1’s signaling but inhibited ALK5’s. When Endoglin was 

knocked down, there was impaired ALK1 signaling [83]. Overall, TGFβ’s role in 

angiogenesis is highly complex, as depicted by the biphasic effect it has on endothelial 

cell behavior, thus more research is still needed to understand this mechanism. 

 

3.4 TGFβ in Disease 

 

Aberrant TGFβ signaling has been implicated in many different diseases, such as 

Hereditary Haemorrhagic Telangiectasia (HHT) [5] and cancer [84,85]. HHT, a human 

vascular disorder, has been directly linked to mutations in ALK1 or the endoglin 

receptor. In contrast, TGFβ role in cancer is much more complex. In the early stages of 

tumorigenesis, it acts as a potent inducer of growth arrest, but in the later stages this 

pathway becomes severely deregulated causing TGFβ to promote tumor growth and 

progression [84-86]. This functional switch has been termed the TGFβ paradox [87]. It 

has been proposed, that this switch is due to cancer cells mutating at the later stages to the 
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point they no longer respond to the tumor-suppressive effects of TGFβ.  Cancer cells can 

also secrete large amounts of TGFβ into their surrounding environment, and utilize its 

positive signaling outcomes to promote their proliferation, survival and invasiveness. 

TGFβ in the later cancer stages can promote tumor cell invasion and metastasis through 

the process of epithelial to mesenchymal transition (EMT). It can also cause endothelial 

cells to undergo endothelial to mesenchymal transition (EnMT), which could help explain 

the increase in cancer-associated-fibroblasts observed in most tumors [88].  TGFβ can 

also promote tumor angiogenesis indirectly [89,90], and create an immunosuppressive 

tumor microenvironment [91].  TGFβ’s role in tumor angiogenesis was illustrated by in 

vivo experiments with kinase mutants of ALK5. It was found that ALK5 signaling in 

tumor cells upregulated MMP-9, a valuable MMP for the angiogenic process [92].  

Overall, it is apparent that TGFβ has many roles in tumor progression; hence it is 

imperative that these mechanisms are further studied. 

 

4. Hypoxia 

 

Hypoxia, defined as low oxygen conditions, is a key regulator of both 

angiogenesis and EnMT [93,94]. Low oxygen conditions are sensed through the 

regulation of hypoxia-inducible factors (HIF). HIF1 is a heterodimer comprising an 

oxygen-labile alpha-subunit (HIF-1α) and a constitutively expressed beta subunit 

(HIF1β or ARNT) [95,96]. Under well-oxygenated conditions, the Von Hippel-Lindau 

(VHL) protein binds HIF-1α to target it for proteasomal degradation [97]. VHL binding 

is dependent upon hydroxylation of a specific proline residue within HIF-1α by a member 
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of the Prolyl Hydroxylase (PHD) family, PHD2. PHD2 uses oxygen as a substrate, and 

hence, its activity is inhibited under hypoxic conditions [98]. This inhibition of PHD2 

allows for the stabilization of HIF1α, enabling HIF1 to translocate into the nucleus and 

modulate transcription of hypoxia-response genes that contain hypoxia-response elements 

(HRE) [99]. Apart from hypoxia, HIF1α protein can be stabilized by the activation of 

oncogenes such as, RAS and SRC [100] and inactivation of tumor suppressor genes such 

as, VHL and PTEN [101,100]. Functional HIF1 has been shown to activate the 

transcription of multiple factors pertaining to angiogenesis, glycolysis and TGFβ 

signaling [9,8,102,11].  

 

4.1 Hypoxia’s Interaction with TGFβ: 

 

Hypoxia regulates the expression of TGFβ ligands both indirectly and directly. 

For example, hypoxia has been linked to the increased expression and activation of 

TGFβ2 in Human Umbilical Vein Endothelial Cells (HUVEC) through its interaction 

with thrombospondin-1, a known activator of latent TGFβ [9]. Also, hypoxia can regulate 

the expression of TGFβ3 in human trophoblast as depicted by antisense inhibition of 

HIF-1α expression causing inhibited expression of TGFβ3[11].  Although in the case of 

TGFβ3, it was undetermined if this was a direct or indirect effect, suggesting future work 

is needed to expand on this. Most of the work investigating HIF1’s interaction with 

TGFβ1 has also alluded to their cooperation. Research has shown that smooth muscle cell 

conditioned media with the addition of TGFβ1 lead to an increase in the angiogenic 

potential of Bovine Capillary Endothelial  (BCE) cells as demonstrated by the increase in 
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tube formation. Further, pre-incubation of this conditioned media with a TGFβ IgG 

prevented this effect, indicating that TGFβ1 is a critical pro-angiogenic factor secreted by 

smooth muscle cells under low oxygen conditions.  Lastly, this research group 

demonstrated that hypoxia does not directly increase the expression of TGFβ1 but rather 

affects its level post-transcriptionally [103]. Which could suggest hypoxia’s effect on 

TGFβ1 works in a mechanism similar to what has been seen between TGFβ2 and 

hypoxia. In contrast to this work, another research group demonstrated in 293T cells that 

HIF1α directly drives the expression of TGFβ1 by binding to a HRE within its promoter 

[10]. This discrepancy between cell lines again highlights how context dependent this 

pathway is.  Interestingly, it has also been previously reported that HIF1 and TGFβ 

cooperate with each other to promote angiogenesis by driving the expression of VEGF-A 

and Endoglin. To drive expression of endoglin, HIF is able to complex with Smad3 and 

Sp1 (another transcription factor).  It was proposed that in this case Sp1 serves as a 

docking site for Smad3 because in this region of the promoter there are no Smad binding 

elements [104].  Cooperation of HIF1 and TGFβ to drive VEGF-A expression in Human 

Microvascular Endothelial Cells (HMEC-1) has been attributed to a direct interaction 

between HIF1 and Smad3 on the VEGF-A promoter, which contains active binding sites 

for both transcription factors [8]. Taken together, this data suggest that HIF1 is able to 

regulate the levels of TGFβ isoforms present and that this synergistic behavior can 

subsequently modulate angiogenesis via regulation of VEGF-A and Endoglin.   
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4.2 Hypoxia in Angiogenesis:  

It has long been observed that hypoxia is tightly linked to angiogenesis. When a 

tissue is experiencing low oxygen conditions it sends out signals to recruit new blood 

vessels to help bring the oxygen levels back to normal. In vivo studies in mice have 

further alluded to this close relationship.  Mice lacking functional HIF-1α die by 

embryonic day 10.5 with vascular defects, cardiac malformations, and impaired 

erythropoiesis. This demonstrates that all three components of the circulatory system are 

dependent upon HIF-1 for normal development [105]. Angiogenesis is a complex 

process, involving multiple gene products expressed by different cell types, all 

contributing to an integrated sequence of events [106]. Consistent with a major role for 

hypoxia in the overall process of angiogenesis, a large number of genes involved are 

independently responsive to hypoxia in vitro. For example, VEGF and DLL4 contain 

HREs within their promoters [107-109]. Due to hypoxia regulating many genes 

associated with angiogenesis, it comes as no surprise that hypoxia also regulates 

individual cellular processes that together contribute to angiogenesis. For instance, 

hypoxia has an important role in regulating migration of endothelial cells during 

angiogenesis. As mentioned previously, in order to migrate, endothelial cells must 

degrade the surrounding ECM and this is achieved through the upregulation of MMPs 

such as MMP-2, which is a direct transcriptional target of HIF-1α [110]. 
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4.3 Hypoxia in cancer: 

 

Research over the years has demonstrated hypoxia’s inevitable role in tumor 

progression.  In cancers where it is possible to directly measure tumor oxygenation by 

Eppendorf microelectrode, such as cervical cancer [111] and soft tissue sarcoma, [112] 

the average oxygen level is about 1.5% compared to 3-5% in normal adult tissue. Solid 

tumors contain hypoxic regions due to high rates of cell proliferation coupled with the 

formation of vasculature that is structurally and functionally abnormal [3]. Experimental 

manipulations that increase HIF1α expression result in increased tumor growth, whereas 

loss of HIF activity results in decreased tumor growth [113]. As mentioned above, 

aberrant HIF activation is caused by genetic alterations in human cancers, most notably 

VHL loss of function [101]. HIFs activate transcription of genes that play key roles in 

critical aspects of cancer biology, including stem cell maintenance [114], endothelial-

mesenchymal transition [115], vascularization [116], invasion and metastasis [117], and 

radiation resistance [118].  

 

5. Endothelial to Mesenchymal Transition (EnMT): 

 

As an integral part of the vascular system, the endothelium can be described as a 

single-cell layer of mostly squamous epithelium that provides the inner cell lining of 

blood vessels. Endothelial cells can exhibit a wide range of morphological variability 

depending on the local tissue’s physiologic needs [119]. Furthermore, in pathologic 

states, the endothelium can be affected in a number of different ways; the most 
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interesting is an extreme form of endothelial plasticity known as endothelial-to-

mesenchymal transition (EnMT). Endothelial-to-mesenchymal transition may be initiated 

by autocrine and/or paracrine signals originating from within the surrounding tissue, such 

as TGFβ or microenvironmental factors such as hypoxia [115] in response to vascular 

injury.  EnMT has been described as a specialized form of epithelial to mesenchymal 

transition (EMT), a cellular process that has been widely studied due to its role in tumor 

metastasis. Recent research has demonstrated these cellular processes work through 

similar pathways given they both give rise to cells that have a similar mesenchymal 

phenotype. In this review the focus will be on EnMT, but will refer to EMT’s mechanism 

if an EnMT equivalent has not yet been documented. 

 

5.1 EnMT Markers and EnMT-Promoting Signaling 

 

During EnMT, endothelial cells separate from an organized cell layer, become 

fibroblastoid, and invade the underlying tissue. This mesenchymal phenotype can be 

characterized by loss of endothelial markers, such as CD31 (also known as platelet 

endothelial cell adhesion molecule-1 (PECAM-1)) and the loss of cell–cell junctions 

(VE-cadherin-dependent adherens junction, and ZO-1/2 and Occludin-dependent tight 

junctions). Also this phenotype is characterized by the acquisition of invasive and 

migratory properties, and gain of mesenchymal markers, such as fibroblast-specific 

protein 1 (FSP1), vimentin, fibronectin, collagen types I and III and/or α-smooth muscle 

actin (αSMA) [120,121,88,122]. 
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Endothelial cells undergo EnMT when exposed to TGFβ, Notch ligands, and 

hypoxia in vitro [122,88,123-126,93]. These studies have led to a clearer picture of the 

mechanisms driving this cellular process. The role of TGFβ and notch signaling in EnMT 

was further elucidated in in vivo studies, where they found that endothelial cells’ ability 

to undergo EnMT was modulated in response to manipulations of the TGFβ or Notch 

pathways [122,88,123,6]. It is also likely that other signaling pathways interact with 

TGFβ and Notch to mediate EnMT. For example, VEGF, Wnt/β-catenin and BMP have 

been implicated in EnMT during cardiac development [120]. Different TGFβ isoforms 

have been demonstrated to have different roles during EnMT. TGFβ2 has a better-

documented role in driving EnMT [127-129], whereas TGFβ1 seems to be the main 

effector of EMT [130]. Further, TGFβ1 is more likely to cause endothelial cell 

proliferation due to Endoglin promoting ALK1 as opposed to ALK5 signaling [83].  This 

highlights how these isoforms can have different roles during EnMT, making it important 

to study both of them. 

 

5.2 EnMT-Associated Transcription Factors: 

 

Many transcription factors (TF) have been implicated in regulation of EnMT, 

these include members of the Zinc finger family (Snail and Slug), Zeb1, Zeb2, and the 

WNT family (β-catenin) [131,132]. Hence these factors have been called EnMT-

associated transcription factors. Research has demonstrated an increased expression of 

the Snail family of transcriptional repressors, Snail and Slug, within endothelial cells that 

undergo EnMT [123,133]. Complementing this research, TGFβ is known to increase the 
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expression of Snail, and this is mediated via a SMAD-Binding Domain (SBD) in the 

Snai1 promoter [134]. The Snail promoter also contains a hypoxia response element 

(HRE), suggesting that hypoxia also regulates the expression of this factor and could 

work with TGFβ to regulate Snail-driven EnMT [135].  The subcellular localization of 

Snail is critical for its transcriptional function [136]. Research has demonstrated that its 

localization is controlled via phosphorylation by GSK-3β and that this phosphorylation 

causes Snail’s nuclear export into the cytoplasm where it can be targeted for proteosomal 

degradation [137]. Snail upregulation during EMT is involved in disrupting cell–cell 

junctions, via downregulation of E-cadherin and other junctional proteins [138-140]. 

During EnMT, Snail and Slug are similarly believed to downregulate VE-cadherin, the 

endothelial cell equivalent to E-cadherin [141]. This downregulation in turn, leads to the 

disruption of adheren junctions, allowing endothelial cells to delaminate and migrate. 

Another role of Snail during EMT is to promote cell survival, although this has not yet 

been documented during EnMT. Research has suggested that the TGFβ paradox could 

occur in part due to TGFβ regulation of Snail. In an elegant study it was found that 

alteration of the expression of Snail could modulate hepatocyte cell death in response to 

TGFβ, where forced expression of Snail conferred apoptosis-resistance but silencing of 

this gene restored the cell death response [142].  The role of Zeb proteins has yet to be 

defined in EnMT, but during EMT both ZEB1 and 2 proteins repress the E-cadherin 

gene, promoting tumor invasion in epithelial tumors [143,144]. Importantly, previous 

research demonstrated that Zeb2 conditional knock-out in mice resulted in variable heart 

defects, such as ventricle wall thinning. This was attributed to failure in hematopoietic 

stem cells differentiation and migration programs, highlighting the importance of Zeb2 
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during vascular development [145]. During EMT, β-Catenin disassociates from E-

Cadherin and enters the cytoplasm. There, it can either translocate into the nucleus to 

drive EMT-related transcription or be targeted for degradation by GSK3β [146]. 

Similarly in endothelial cells, β-Catenin interacts with VE-Cadherin [147] and although 

undefined this may suggest a similar role for this protein during EnMT.   

 

5.3 EnMT in Disease: 

 

Previous studies of EnMT have focused mainly on embryonic development of the 

heart, where this process was first discovered [148]. However, recent evidence suggests 

that EnMT can occur in the adult body under pathological settings, such as cardiac 

fibrosis and cancer [122,88].  Using two different mouse models, studies by the Kalluri 

group [88] concluded that EnMT accounts for a significant proportion (up to 30-40%) of 

cancer-associated fibroblasts (CAFs). The endothelial origin of these CAFs was 

demonstrated by their co-expression of PECAM-1 along side αSMA. These experiments 

suggest that EnMT is an important mechanism for CAF recruitment to the tumor stroma. 

CAFs can alter the tumor microenvironment, and play an important role in tumor 

progression. Specifically, CAFs can deposit various extracellular matrix molecules and 

also secrete paracrine factors that directly affect how different cell types behave within 

the tumor. In addition, CAFs release potentially oncogenic signals, such as TGFβ, and are 

also a main source of VEGF [149].  Hypoxia has also been hypothesized to have a role in 

EnMT-dependent formation of fibroblasts [150]. Hypoxia has previously been linked to 

EMT and metastasis [151]. Therefore, it is likely that as tumors grow larger and become 
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more hypoxic, a higher incidence of CAF formation through EnMT will occur [152]. 

Since both TGFβ and hypoxia have roles during CAF formation individually, it is 

important to see if these factors are working together to cause this phenomenon. 

Interestingly, TGFβ signaling is also known to regulate EnMT during heart formation 

[153], where it plays a role in EnMT-dependent cardiac cushion thickening [122]. This, 

together with TGFβ’s abundance in tumors [88], suggests that TGFβ-induced EnMT may 

potentially play a role in tumor progression via its participation in tumor angiogenesis. 

Nevertheless, the molecular mechanism of EnMT in tumors has not yet been specifically 

studied, but is likely to involve similar pathways as described in the setting of cardiac 

fibrosis [122].  

 

5.4 EnMT in Angiogenesis: 

 

It has been previously hypothesized that EnMT may be involved in angiogenic 

sprouting by enabling tip cells to migrate into adjacent tissue [88]. This theory is backed 

by several key similarities between tip cells and cells undergoing EnMT, such as motility, 

and morphology. Also, at the angiogenic front, tip cells are exposed to growth factors, 

such as TGFβ and interstitial matrix molecules, which differ from their normal vascular 

basement membrane components [154]. It is possible that in response to these 

environmental factors, a small subset of endothelial cells undergo EnMT. In addition, 

previous studies have demonstrated that pericytes may arise from the endothelium itself 

[155].  Pericytes are an important component of mature vessels and have the ability to 

transdifferentiate into vascular smooth muscle cells; hence EnMT may be important in 
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stabilizing the nascent vessel during the late stage of angiogenesis. Specifically, EnMT 

may be another mechanism for recruiting such mural cells during angiogenesis 

[12,126,155]. Lastly, Slug has been demonstrated to play a role in angiogenesis due to 

siRNA-mediated knockdown of this factor causing impaired sprouting angiogenesis 

[156]. This research was the first to demonstrate that a transcription factor previously 

known to be important for EMT/EnMT plays a role in angiogenesis, highlighting a 

potential link between these two processes. The endothelium is highly dynamic and 

heterogenous by nature, thus future studies will need to address EnMT in the context of 

this inherent variation in endothelial phenotypes.  

 

In summary, angiogenesis is a highly complex process that is affected by many 

different signaling pathways including, VEGF, Notch, TGFβ and hypoxia.  VEGF causes 

endothelial cells to migrate or proliferate depending on which other pathways it is 

interacting with. The role of TGFβ in angiogenesis is not as clearly defined as VEGF 

because TGFβ has a biphasic effect on endothelial cell migration and proliferation. 

Similar to TGFβ, hypoxia also has a critical role in governing the angiogenic response.  

Low oxygen conditions have been linked to increased expression of VEGF-A and TGFβ 

isoforms, suggesting hypoxia can affect both angiogenesis and TGFβ signaling, but this 

relationship needs to be further elucidated.  Interestingly, both TGFβ and hypoxia have 

been implicated separately in the regulation of factors involved in EnMT, such as Snail. 

Although little work has been done investigating if these factors work together to govern 

this response.  This study was designed to address some of the missing pieces within our 

current knowledge highlighted within this literature review. Specifically, this research 
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aimed to investigate how TGFβ and hypoxia present within the microenvironment can 

work together to promote EnMT and how this might impact angiogenic response to 

TGFβ. 
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Rationale 

 
 

Angiogenesis has a well-documented role in cancer progression through it being 

aberrantly induced by factors found within the tumor microenvironment [157].  Tumor 

angiogenesis can be induced by both hypoxia and TGFβ separately, but little work has 

been done investigating how these factors could interact with each other to modulate an 

angiogenic response. The TGFβ pathway is highly context dependent and has manifested 

a biphasic effect on how endothelial cells respond [7]. This context dependency could 

stem from not only TGFβ being able to signal through multiple isoforms and receptors 

but also could be through its interaction with the hypoxia pathway. Also, although 

angiogenesis has been studied extensively the full process is not completely understood. 

Other mechanisms, such as EnMT could be occurring during angiogenesis as suggested 

by them both causing endothelial cells to behave similarly [12]. With this is mind, I 

hypothesize that the EnMT response to TGFβ and its impact in angiogenesis depends 

on the isoform type and oxygen level present in the tumor microenvironment 

 

Objective 1: 

Evaluate the signaling patterns of endothelial cells in response to TGFβ isoforms 1 and 2 

in the presence of low and high oxygen levels. 
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Objective 2: 

Examine the expression of endothelial cell markers and EnMT-associated transcription 

factors in response to TGFβ isoforms 1 and 2 in the presence of low and high oxygen 

levels. 

 

Objective 3: 

Investigate how conditions determined by the TGFβ isoform and oxygen level modulate 

angiogenic response using established in vitro assays.  
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Material and Methods 

 

Antibodies and Growth Factors 

 

The source, catalog number and dilutions for each specific antibody were as follow: from 

Cell Signaling Technology: SMAD2 (#3103) 1:1000, phospho-SMAD2 (S465/467, 

#3101) 1:500, SMAD1 (6944) 1:1000, phospho-SMAD1/5 (Ser463/465, #9516) 1:1000, 

β–catenin (#8480) 1:20,000, Snail (#3879) 1:1000, Slug (#9585) 1:1000, Zeb1 (#3396) 

1:1000, Lamin A/C (#2032) 1:2000, VEGFR2 (#2472) 1:1000; from Santa Cruz 

Biotechnologies: ZO-1 (sc-33725) 1:4000, Zeb2 (sc-48789) 1:2000, ALK5 (sc-398) 

1:500, PECAM (sc-1505) 1:200, VE-cadherin (sc-6458) 1:2000: from Sigma-Aldrich: α-

tubulin (#T5168) 1:1000000. Secondary antibodies used were goat-anti mouse HRP 

(A0168) 1:10,000, mouse anti-rabbit HRP (A0545) 1:10,000, rabbit anti-goat (A5420) 

1:25,000 or 1:50,000, all from Sigma-Aldrich; goat anti-rat HRP (AP136P) 1:4000 

(Millipore) and from Molecular Probes, Life Technologies: Alexa-Fluor-conjugated 

secondary antibodies, donkey anti-rabbit (A-21206) and donkey anti-mouse (A10036) (5 

µg/mL concentration). Growth factors/hormones included: rhTGFβ1, rhTGFβ2, 

rhVEGFA, and rhBMP-9 (all from Invitrogen, Life Technologies). 

 

Cell Lines and Culture Conditions  

 

Primary Bovine Aortic Endothelial Cells (BAECs) were isolated from the aorta 

(macrovessel) of a single donor at the Ontario Veterinary College, and were grown and 
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maintained as monolayers in high glucose DMEM (Thermoscientific) supplemented with 

5% fetal bovine serum (FBS; Invitrogen) and 1 mM Sodium Pyruvate (Sigma). Media 

was changed every 3-4 days. Cells were used in experiments between passages 5-10. 

Once confluency was reached, cells were either passaged or plated into an experiment. 

To passage BAECs, monolayers were washed once with PBS and then trypsinized using 

a 0.05 % Trypsin and 0.53 mM EDTA (Invitrogen) solution. Cells were collected through 

centrifugation at 400 g for 4 min, and resuspended in fresh complete media. Cells were 

re-plated with a split ratio of 1:4.  Cells to be used for experiments were serum starved 

for 24 hours prior to treatment, by washing the monolayer with PBS and then adding 

starve media (DMEM supplemented with 0.2% FBS, 1 mM sodium pyruvate). Cells were 

maintained in a humidified incubator at 37°C in the presence of 5% CO2 and 95% 

atmospheric air (21% O2). The representative normoxia oxygen concentration of 21% 

was chosen based on this standard tissue culture condition, which is used for most in vitro 

studies worldwide; although normal tissue oxygenation in vivo is estimated to be between 

3-5% O2.  The oxygen levels to represent hypoxia was chosen because 1% oxygen was 

within the range of what has been previously documented within tumor cells in vivo 

[111,112]. To achieve hypoxic culture conditions, cells were incubated in a hypoxia 

modulator chamber (Stemcell Technologies) purged with gas (1% oxygen, 5% CO2, 90% 

nitrogen balance) at a rate of 20 L/min for 10 minutes. At 10 minutes, the chamber was 

sealed and placed in the incubator.   

 

 

 



	  

	   32	  

Immunofluorescence Staining 

 

Endothelial cells were maintained under standard culture conditions as aforementioned. 

Sub-confluent monolayers were trypsinized in a solution of 0.05% Trypsin/0.53 mM 

EDTA (Invitrogen), trypsin was neutralized by the addition of DMEM plus 5% FBS 1 

mM sodium pyruvate. Cells were then centrifuged 400 g for 4 minutes, resuspended in 

complete media, and plated as a single cell suspensions on 1:1 PBS diluted growth factor 

reduced Matrigel (BD Biosciences) in 8-chamber slides (BD Biosciences). At 85% 

confluency cells were washed with PBS and starve media was added. After 24 hours, 

media was replaced with fresh starve media plus treatment for 6 hours. Treatments 

consisted of 5 ng/mL of TGFβ1 or TGFβ2. Immunofluorescence (IF) was performed 

following a modified version of the Cell Signaling protocol 

[http://www.cellsignal.com/common/content/content.jsp?id=if]. Briefly, 3D cultures in 8-

well glass chamber slides (BD Biosciences) were washed twice with ice-cold PBS per 

chamber, after which cultures were fixed with 4% Paraformaldehyde (EMS) in PBS for 

15 minutes at room temperature. The fixed cultures were then washed three times with 

PBS and permeabilized with 0.2% Triton-X (Bio-Rad) in PBS for 10 minutes, followed 

by three washes with PBS. Permeabilized cultures were blocked for one hour at room 

temperature using blocking buffer consisting of 5% normal donkey serum (Sigma) and 

0.2% Triton™ X-100 (Bio-Rad) solubilized in PBS. Primary antibody was then diluted in 

antibody dilution buffer consisting of 1% BSA (Santa Cruz) and 0.3% Triton™ X-100, 

and added to the fixed cultures overnight at 4 °C. Next day, fixed cultures were washed 3 

times with PBS then incubated with Alexa-Fluor-conjugated secondary antibodies diluted 
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in antibody dilution buffer for 1 hour at room temperature in the dark. Following 

incubation with secondary antibody, cultures were washed three times in PBS, followed 

by a 5 minute incubation with 0.3 µM 4', 6’-diamidino-2- phenylindole (DAPI) (Sigma-

Aldrich) in PBS. The chambers were then removed, and slides were mounted with 

coverslips using Prolong Gold® (Promega) to preserve the fluorescence.  All slides were 

analyzed using an Olympus FV1200 confocal microscope (Olympus).  

 

Treatment and Western Blotting 

 

For analysis of protein expression, 80% confluent endothelial cells were serum starved 

with reduced serum media for 24 hours, after which the spent media was changed to fresh 

reduced serum media containing TGFβ1 (0.5 and 5 ng/mL) or TGFβ2 (0.5 and 5 ng/mL) 

for 6 hours in normal (21% oxygen) or hypoxic (1% oxygen). Two collection methods 

were employed, nuclear cytosolic fractionation and whole cell lysis. Nuclear/Cytoslic 

fractionation was carried out as per manufacture’s instructions (BioVision Research 

Products). For whole cell lysis, cells were lysed with protein lysis buffer containing 20 

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

sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, and 1 µg/mL 

leupeptin (Cell Signaling) supplemented with 1 mM PMSF, 2 µg/mL aprotinin (all from 

Sigma-Aldrich), 1 mM Na3VO4 (New England Biolabs), and 1 % phosphatase inhibitor 

cocktail 2 (Sigma-Aldrich). Protein samples were resolved on 7.5%, or 10% 

polyacrylamide (Bio-Rad) gels and then transferred to a PVDF membrane (Roche), 

washed twice with Tris Buffered Saline plus 0.01 % Tween (TBS-T) and then blocked 
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for one hour with either 5% milk in TBS-T, 5% BSA in TBS-T or 1 % BSA/ 5% milk in 

TBS-T. Membranes were incubated with primary antibody diluted in blocking solution 

overnight at 4°C. Next day, membranes were washed 3 times per 10 min with TBS-T, 

and then incubated with a HRP-secondary antibody for 1 hour at room temperature. 

Membranes were then washed 3 times per 10 min in TBS-T following secondary 

antibody incubation. Immunoglobulin-antigen complexes were incubated with Luminata 

chemiluminescence reagent (Roche) for 1 min and exposed on a Chemidoc™ MP Image 

System (Bio-Rad). Images captured were quantified using Image Lab software (Bio-

Rad). Protein loading was normalized using bands for α-tubulin or lamin A/C. Relative 

phosphorylation levels were normalized to native protein bands. 

 

Quantitative Real-Time PCR (qRT-PCR)  

 

RNA was isolated from BAEC cells by homogenization in Trizol (Life Technologies) on 

ice followed by the Aurum total isolation RNA kit (Bio-Rad). cDNA synthesis was 

performed using the iScript cDNA synthesis kit (Bio-Rad) with 1 µg total RNA. The 

cDNA that was obtained was diluted 1:4 in nuclease free water and 4 µl of diluted cDNA 

was added to reaction mixes (10 µl) containing 5 µl SsoFast Eva Green Supermix (Bio-

Rad) and 500 nM of each primer. Primer sequences were obtained from primer blast 

(NCBI), and are as follows: bovine VEGFR2 F 5’- TCCGAAGGCTCAAACCAGAC -

3’, VEGFR2 R 5’- ATCGGAGGAGAGCTCAGTGT-3’, Snail F 5’- 

GCAGCTATTTCAGCCTCCTG -3’, Snail R 5’- TTCTGGGAGACACAGTGGTG -3’. 

Primers were optimized using an eight point standard curve and temperature gradient to 
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determine primer efficiency. Acceptable efficiency was deemed between 90% and 105%. 

Amplicon product size was confirmed by agarose gel electrophoresis.  qRT-PCR 

amplifications were carried out using a CFX-96 (Bio-Rad) as follows: an initial 

denaturation step (2 minutes at 95°C), followed by 40 cycles of 5 seconds at 95°C and 5 

seconds at 62°C. Data was expressed as relative gene expression normalized to HPRT 

mRNA, which was determined to be a suitable housekeeping gene. 

 

Matrigel Cord- Formation Assay 

 

Analysis of endothelial cell’s ability to form cord like structures was performed using µ-

angiogenesis slide (Ibidi), and according to manufacture’s instructions. Briefly, µ-

angiogenesis slides were coated with full growth factor Matrigel (1:1 diluted in 

Endothelial Growth medium (EGM; Lonza) and placed in incubator to solidify. Once 

gels were formed (~ 30 minutes), 8,000 cells/well were resuspended in EGM 

supplemented with 5% FBS, Bovine Brain Extract (BBE), human Endothelial Growth 

factor (hEGF), hydrocortisone and gentamicine (All from Lonza, as a kit) plus the 

specific growth factors used for treatment. Cells were then seeded on top of the solidified 

Matrigel. Treatments included, 5 ng/mL VEGF-A, 5 ng/mL TGFβ1 or 2. Slides were then 

placed in the incubator either exposed to 21% oxygen or hypoxia (1% O2) for 6 hours, 

after which the slides were imaged using phase-contrast microscopy (Olympus CKX41) 

at a low magnification (4X objective) for analysis. The whole growth surface was 

captured in one view. Analysis of captured images was performed using WimTube 

(Wimasis). 
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Scratch Wound Migration Assay 

 

For analysis of cells’ migratory ability, endothelial cells were plated as monolayers in 24 

well plates. Once cells were 80% confluent, they were serum starved with reduced serum 

media (0.2% FBS, 1 mM Sodium Pyruvate) for 24 hours. Following starvation, the 

monolayer was wounded using a P100 tip, washed with PBS to remove cellular debris 

and the different treatments were added in fresh starve media. Treatments included, 5 and 

50 ng/mL VEGF-A, 5 ng/mL TGFβ1 or 2. Images were taken at 0, 4, 6, 8 and 12 hours. 

Three images were taken per well at the same location for all time points. Analysis of cell 

migration was done by measuring the width of the wound using Image J software (NIH). 

Wound width was normalized to t=0 time point to determine the relative distance cells 

had migrated at each given time.  

 

Statistical Analysis 

 

Means were calculated and plotted along with standard error bars. All statistical analyses 

were done using GraphPad Prism software version 5.0 (GraphPad), and only in the cases 

where at least 3 replicate experiments were performed. Data were first analyzed by a 

Kruskal Wallis non-parametric one-way ANOVA. Significant differences between means 

were subsequently determined using the Dunn's multiple comparisons test and were 

considered statistically significant when the p value was less than 0.05. Three biological 

replicates were included for all experiments, with the exception of immunofluorescence 

data, which were tested in one independent experiment and in the time course study, 
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where TGFβ2 has only 2 replicates. qRT-PCR, scratch wound and cord formation assay 

experiments additionally included three technical replicates per run. 
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Results 

Characterization of TGFβ Receptors and Endothelial Cell Markers in Bovine Aortic 

Endothelial Cells 

 

To demonstrate that the primary cells generated were indeed Bovine Aortic 

Endothelial Cells (BAEC) and were appropriate to address the hypothesis, the expression 

of endothelial markers and TGFβ receptors (TβRs) were examined. The cells expressed 

Alk5 (TβRI), TβRII and Endoglin (an endothelial-specific TβRIII), and no significant 

changes in these proteins were observed in response to TGFβ1 treatment in normoxia 

(Figure 1A, B). The cells also expressed endothelial cell (EC) markers VEGFR2 and 

PECAM/CD31 [56]. In normoxia, 6-hour TGFβ1 treatment causes a non-significant 

reduction in both of these markers at the highest concentration (5 ng/mL). Similar 

expression patterns of TβRI (ALK5), TβRII, and Endoglin were observed under hypoxia  

(Figure 1C,D). However, PECAM shows no reduction in response to 5 ng/mL TGFβ1, 

while VEGR2 shows nearly 50% reduction in protein levels at this concentration of 

TGFβ1 (p<0.05 for VEGFR2). Similar results were seen when the cells were treated with 

the second isoform of TGFβ  (TGFβ2).  No changes in TβRI, TβRII or Endoglin were 

observed in normoxia. A significant reduction of about 50% in both EC markers, 

VEGFR2 and PECAM was observed when BAEC were treated with 5 ng/mL TGFβ2 for 

6 hours (Figure 2A, B, p<0.05).  In hypoxia, TβRII protein levels remain unchanged in 

response to TGFβ2 treatment (Figure 2C,D). PECAM protein levels show no significant 

change in hypoxia, whereas VEGFR2 shows a 50% reduction in protein level compared 

to the untreated control when treated with 5 ng/mL TGFβ2 (p<0.05 for VEGFR2).  These 
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results confirm the endothelial origin of the cells and their appropriateness as a system to 

study the effect of hypoxia on endothelial cell response to TGFβ isoforms 1 and 2.  

 

TGFβ 1 and 2 Signaling Kinetics in Normoxia Versus Hypoxia 

 

Levels of SMAD 1 and 2 activation in BAEC were analyzed at 2, 6 and 24 hours 

in response to 5 ng/mL TGFβ1, TGFβ2 in both normoxic (21% oxygen) and hypoxic (1% 

oxygen) conditions (see Materials and Methods for details). To ensure BAECs were 

indeed exposed to hypoxic culture conditions a qRT-PCR was performed on samples 

exposed to high and low oxygen in the absence of TGFβ treatment to investigate the 

expression of GLUT-1, a known gene that is activated under low oxygen conditions 

[102]. There was a significant increase in GLUT-1 mRNA under hypoxic culture 

conditions, demonstrating treatment effectiveness (Appendix Figure 1, p<0.05). BMP-9 

(10 ng/mL) was used as a positive control for SMAD1 activation [80]. Also, due to the 

small sample size with TGFβ2 (n=2), statistical analysis was not performed during this 

study and the results with this isoform were graphed separately. In normoxia, both TGFβ 

isoforms strongly induce the activation of SMAD2 compared to the untreated control and 

10 ng/mL BMP-9 (Figure 3A, B, C, p<0.05 for TGFβ1). TGFβ2 was a relatively stronger 

activator of SMAD2 at the earlier time point (2 hours), and had a relatively longer lasting 

effect on SMAD2 activation, when compared to TGFβ1 at the 24 hours time point. BMP-

9 induced SMAD2 activation only at the 2-hour time point, but this effect was negligible 

compared to the induction observed with TGFβ1/2. As expected, the reverse was 

observed for SMAD1 activation, which occurs primarily in response to 10 ng/mL BMP-9 
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at all time points, and to a much lesser extent in response to TGFβ1 and TGFβ2, but only 

at the 2-hour time point. BMP9’s effect on SMAD1 can be seen up to 24 hours but 

weakens over time (Figure 3A, B). Similar results were obtained under hypoxia. The only 

difference was enhanced SMAD2 activation by TGFβ1 as compared to TGFβ2 at the 6 

hours time point (Figure 4A, B, C, p<0.05 for TGFβ1). These data suggest that there are 

no major differences in the general kinetics of SMAD2 and SMAD1 activation in 

response to TGFβ isoforms 1 and 2 in normoxic versus hypoxic conditions, but hypoxia 

enhances the response to TGFβ1, particularly at the 6-hour time point. Results from this 

section and from the following studies up to those presented in Figure 8 are summarized 

in Table 1. 

 

Time-Dependent Effects of TGFβ 1 and 2 on EnMT Markers in Normoxia Versus 

Hypoxia 

 

To begin addressing the possibility that an EnMT response influences the 

outcome of TGFβ signaling in endothelium, I examined protein levels of EnMT-

associated transcription factors Snail and Slug and their downstream target VE-cadherin 

after 2, 4, and 6 hours of treatment with 5 ng/mL TGFβ1, TGFβ2 and 10 ng/mL BMP-9 

in both normal and low oxygen conditions. Due to the small sample size with TGFβ2 

treatment (n=2), statistical analysis was only performed on TGFβ1 and BMP-9. Snail 

levels increase in response to all treatments under normoxia, at all time points, but this 

effect was only significant for TGFβ1 at the 6-hour time point (Figure 5A and 5B, 

p<0.05). In low oxygen conditions, all treatments enhanced Snail levels at the 2- and 6-
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hour time points. This effect was significant for BMP-9 at 2 hours, but at 6 hours it was 

only significant for TGFβ1 (Figure 6A and 6B, p<0.05). As compared to Snail, Slug 

induction by both TGFβ isoforms under normoxia was weaker or virtually nonexistent at 

the 2- and 6-hour time points and was only significant for TGFβ1 at the 2-hour time 

point, while the most pronounced increase in Slug was seen in response to 10 ng/ mL 

BMP-9 at 24 hours (Figure 5A and 5C p<0.05). Neither TGFβ1 nor TGFβ2 significantly 

enhanced Slug expression (~2 fold) under hypoxia, while BMP-9, similarly to normoxia, 

induces Slug significantly (~5 fold) at the 24-hour time point (Figure 6A and 6C, 

p<0.05). Under both oxygen conditions, VE-cadherin protein levels significantly increase 

in response to 10 ng/mL BMP-9 but only at 2 hours. However, VE-cadherin protein 

levels significantly decrease in response to TGFβ1 under hypoxia (Figure 5A, D and 6A, 

D, p<0.05) at the 6-hour time point.  

 

Time-Dependent Effects of TGFβ 1 and 2 on EC Markers in Normoxia Versus 

Hypoxia 

 

To investigate whether any of the aforementioned changes in EnMT markers 

paralleled changes in the EC markers and EC receptors that can potentially influence 

TGFβ signaling outcome, the protein levels of PECAM-1, VEGFR2 and TβRIII 

(Endoglin) were measured under the same treatment conditions and time points. Again, 

due to the small sample size with TGFβ2 (n=2), statistical analysis was only performed 

on TGFβ1 and BMP-9. Neither TGFβ isoform affects PECAM-1 expression under 

normoxia or hypoxia, but PECAM levels decreased significantly in response to BMP-9 
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after 24 and 6 hours treatment in normoxia and hypoxia, respectively (Figure 7A, 7B, 8A 

and 8B, p<0.05). In normoxia, Endoglin levels show no significant change in response to 

any treatment. In contrast, when treatment is administered under hypoxic conditions 10 

ng/ mL BMP-9 treatment for 2 hours causes a significant increase in endoglin protein 

levels (Figure 7A, 7C, 8A and 8C, p<0.05).  VEGFR2 protein levels showed a reduction 

in response to both TGFβ isoforms in both normal and hypoxic oxygen conditions at 6 

and 24 hours. Although the statistical significance of this effect could only be verified   

for TGFβ1 at 6 hours under normal oxygen conditions (Figure 7D, p<0.05), it should be 

noted that TGFβ2 caused a more pronounced reduction (~70%) in VEGFR2 at the 24 

hours time point under both normal and low oxygen conditions (Figure 7A, 7G, 8A and 

8G).  Taken together with the time-dependent SMAD2 activation, and the expression of 

EnMT markers, these results suggest that the 6-hour time point shows the most obvious 

differences between TGFβ isoforms, as well as the most significant responses to TGFβ1 

and/or TGFβ2 when normoxic versus hypoxic conditions are compared. To verify results 

obtained by western blot at this time point, VEGFR2, and Snail were selected for 

quantitative real time-PCR (qRT PCR) analysis after 6 hours of treatment with 5 ng/mL 

of either TGFβ isoform under normoxic and hypoxic conditions. Similar to what was 

observed at the protein level, VEGFR2 mRNA expression decreased by ~50% and 60% 

in response to TGFβ1 and TGFβ2, respectively. This effect was equivalent in both 

oxygen levels and was significant for TGFβ2 (Figure: 9A TGFβ2 p<0.05). Snail mRNA 

level significantly increased in response to both TGFβ1 and TGFβ2 regardless of oxygen 

conditions, but this effect was only significant for TGFβ1 and was slightly enhanced by 
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hypoxia (Figure: 9B, p<0.05).  Based on all aforementioned results, all subsequent 

treatments were done for 6 hours. 

 

SMAD2 Subcellular Localization Study:  

 

To explore if the significant increase in activated SMAD2 seen previously 

correlates with changes in its subcellular localization, nuclear/cytosolic fractionation was 

performed on samples treated with either TGFβ isoforms in both normal and hypoxic 

oxygen conditions. Nuclear localization of pSMAD2 is imperative for it transcriptional 

function [64]. In normoxia, an increasing dose response was observed, but only 5 ng/mL 

TGFβ1 caused a significant increase (~30 fold) in activated SMAD2 nuclear signal when 

compared to control (Figure 10A, B, p<0.03). Interestingly at this same dose, an even 

stronger increase in pSMAD2 nuclear signal was observed in hypoxia (~50 fold increase) 

when compared to untreated control (Figure 10C, D, p<0.03). A similar, yet weaker 

SMAD2 activation was seen when BAEC were treated with the second isoform, TGFβ2 

under the same conditions. In normal oxygen conditions there was a ~10 fold increase in 

pSmad2 nuclear localization compared to the untreated control when treated with 5ng/mL 

TGFβ2 (Figure 11A, B, p<0.05).  The same increase in nuclear signal of about 10 fold 

was observed with the same treatment under low oxygen conditions (Figure 11C, D, 

p<0.05). Here it seems TGFβ2 does not have any different effects on SMAD2 

localization between each oxygen condition. Further, it is important to note that 

regardless of treatment pSMAD2 is only ever detected in the nucleus and never the 

cytoplasm. This is true even in untreated, although weakly, suggesting there could be 
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mild autocrine TGFβ signaling occurring. Overall, these data also suggest that TGFβ1 is 

more efficient at increasing SMAD2 nuclear translocation than TGFβ2 in both oxygen 

conditions, particularly at the 5 ng/mL dose. To confirm SMAD2 nuclear translocation, 

an immunofluorescence assay was performed. In line with what was observed via 

nuclear-cytoplasmic fractionation, treatment of 5 ng/mL TGFβ1 or 2 under both oxygen 

conditions resulted in SMAD2 (green) moving from the cytoplasm into the nucleus as 

depicted by the overlap of SMAD2 signal with DAPI (blue), a nuclear stain (Figure 12A, 

B).  

 

EnMT-Associated Transcription Factor Localization Study: 

 

Similar to pSMAD2, localization of EnMT-associated transcription factors is also 

important for their function as transcriptional modulators and these factors require 

nuclear translocation in order to function properly [131]. Hence, subcellular localization 

of EnMT-associated transcription factors was analyzed in nuclear/cytosolic fractioned 

samples in response to either TGFβ isoform in both normoxia and hypoxia at the 

aforementioned time point. High dose (5 ng/mL) TGFβ1 treatment, under normal oxygen 

conditions resulted in a 3.5 fold increase in nuclear localized Snail (Figure 13A, B, 

p<0.05).  In contrast to Snail, Slug nuclear localization remained unchanged regardless of 

treatment dose in normoxia (Figure 13A, C).  Another member of the EnMT-associated 

transcription factor family, Zeb1, showed a similar trend to Snail when treated with 

TGFβ1 under normal oxygen conditions. 5ng/mL treatment resulted in a 2.5 fold increase 

in its nuclear signal (Figure 13A, D, p<0.05). In contrast, Zeb2 nuclear protein levels 
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were unaffected by TGFβ1 treatment in normoxia (Figure 13A, E). Snail nuclear 

localization in hypoxia was similar to what was seen in normoxia.  5 ng/mL TGFβ1 

treatment resulted in a 4-fold increase compared to the untreated control (Figure 13F, G, 

p<0.05). In contrast to what was observed in normoxia, Slug nuclear signal showed a 

dose-dependent, albeit no statistically significant increase in nuclear localization in 

response to TGFβ1 (Figure 13F, H), while the TGFβ1-induced increase in Zeb1 nuclear 

localization was similar to that observed in normoxia but lacked statistical significance 

(Figure 13F, I). Interestingly, in the case of Zeb2, hypoxic conditions resulted in a 

significant decrease at the highest dose of TGFβ1 (Figure 13F, J, p<0.05). These data 

suggests that the oxygen level present influences TGFβ1’s regulation of both Slug and 

Zeb proteins’ localization. Also, with respect to Snail, it seems that TGFβ1’s effect is 

enhanced by low oxygen conditions. Analysis of nuclear/cytosolic samples treated with 

TGFβ2 resulted in similar results as compared to the isoform 1. Snail nuclear localization 

significantly increased in response to 5 ng/mL TGFβ2 in both oxygen conditions, (4 fold 

increase for normal and 3.5 fold increase in hypoxia) (Figure 14A, B, F, G, p<0.05). Slug 

nuclear levels did not change under normoxia, but they increased up to 2 fold in response 

to TGFβ2 treatment under low oxygen conditions (Figure 14A, C, F, H). In the case of 

Zeb1, TGFβ2 treatment of 0.5 or 5 ng/mL in either oxygen condition did not significantly 

change the level of nuclear translocation, although there was a weak dose response under 

both oxygen conditions (Figure 14A, D, F, I).   In contrast to Zeb1, Zeb2 still shows a 

decreasing trend in response to TGFβ2, and this effect was significant under low oxygen 

conditions, similar to what was seen with TGFβ1 (Figure 14A, E, F, J, p<0.05). Taken 

together this data suggest that both TGFβ isoforms cause similar effects on Snail, Slug, 
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Zeb1 and Zeb2’s nuclear translocation. Lastly, it is important to note that all of these 

transcription factors are expressed, albeit at lower levels, under basal conditions, and are 

only being detected in the nucleus. Although the basal levels are unexpected, the nuclear 

localization could be explained by the presence of nuclear localization sequences that 

favor their nuclear accumulation in the absence of cytoplasmic sequestration/degradation 

signals like what has been demonstrated for Snail [136]. Nuclear translocation of Snail in 

response to both TGFβ isoforms and oxygen levels was confirmed through the use of 

immunofluorescence (IF). Under low oxygen levels, Snail staining (green) was 

cytoplasmic in untreated cells, but upon TGFβ stimulation of either isoform Snail 

staining co-localized with DAPI (blue) in addition to the cytoplasm, suggesting Snail was 

being shuttled into the nucleus (Figure 15A, B).  These data further demonstrates that 

both TGFβ1 and 2 treatments increase Snail nuclear translocation. One important 

difference between the IF and western blot data is that there was cytoplasmic staining 

seen in the Snail IF but this was not detected in the western blot. This could be caused by 

the presence of Matrigel used during the IF. Matrigel provides a basement membrane-like 

support structure that can change how the cells behave due to it mimicking in vivo more 

appropriately [158]. Alternatively, this could be explained by these assays having 

different sensitivities.  Localization of another EMT-associated transcription factor, β-

catenin [146], was also assessed by immunofluorescence. It was observed that in the 

absence of treatment, β-catenin localized solely to the membrane under both normoxic 

and hypoxic oxygen conditions.  Treatment with 5 ng/mL of either TGFβ isoform caused 

β-catenin to dissociate from the membrane and increase its cytoplasmic localization 

(Appendix Figure 2A, B).  Interestingly, β-catenin was never observed in the nucleus, 
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suggesting it is not acting as a transcriptional modulator in this case. Still, the 

morphological change seen in the endothelial cells where they lost their typical 

cobblestone morphology and took on a more elongated, separated phenotype is still 

consistent with an EnMT response. Due to β-catenin’s lack of nuclear staining it is 

apparent that this TF is not driving this response and its change in localization may be a 

byproduct of the dissolution of adherens junctions.  

 

Changes in Adhesion Protein Levels in Response to TGFβ: 

 

In the previous section, changes in EnMT-associated transcription factors in 

response to both TGFβ isoforms and under different oxygen levels were observed. To 

further investigate how these changes translate into an EnMT response, it was next 

investigated how cell-cell adhesion protein levels change under the same conditions. In 

order to do this, levels of VE-cadherin and ZO-1 were analyzed because previous work 

has demonstrated an inverse relationship between Snail transcriptional activity and these 

adhesion proteins’ expression level [141]. Under normal oxygen conditions, treatment 

with either TGFβ1 dose caused no significant changes in VE-cadherin or ZO-1 (Figure 

16A, B, C). In contrast, during hypoxic oxygen conditions both adhesion proteins show a 

50% decrease in protein level in response to 5 ng/mL TGFβ1 when compared to the 

untreated control. However, only VE-cadherin showed a significant reduction (Figure 

16D, E, F, p<0.05). This reduction in VE-cadherin protein level is consistent with an 

EnMT response and again highlights the potential cooperation between TGFβ1 and 

hypoxia.  Treatment with the second TGFβ isoform yielded similar results as TGFβ1 
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under normal oxygen conditions, whereby there was no significant change in either VE-

cadherin or ZO-1 protein levels in response to treatment of 0.5 or 5 ng/mL TGFβ2 

(Figure 17A, B, C). Also, this treatment under low oxygen conditions caused no 

significant change in ZO-1 protein levels (Figure 17D, F).  Interestingly in hypoxia, 5 

ng/mL TGFβ2 caused a significant increase in VE-cadherin (Figure 17D, E, p<0.05), 

suggesting that TGFβ1 and 2 might have different roles in the regulation of this protein 

under low oxygen conditions.  Overall, this data suggests that TGFβ treatment of either 

isoform mainly affects VE-cadherin protein levels instead of ZO-1 and that this response 

was only seen when treatment was administered under low oxygen conditions.   

 

Functional Angiogenic Assays Study: 

 

Angiogenesis is a complex process comprised of many different steps including 

cell migration and tube formation [2]. Thus, to see how all of the previous data translated 

into an angiogenic response, a scratch wound-migration and Matrigel cord formation 

assays were performed.  BAEC’s ability to migrate was measured after 6, 8 and 12 hours 

of treatment with either TGFβ isoform under normal oxygen conditions, VEGF-A 

treatment was included as a positive control because it is a known inducer of endothelial 

cell migration and tubulogenesis [28]. At 6, 8 and 12 hours, 5 ng/mL TGFβ1 and 2 in 

normoxia caused a reduction in migration, but this effect was only significant in response 

to TGFβ1 at 8 and 12 hours (Figure 18A, C, D, E, p<0.01). These data suggest that in 

normoxia, both TGFβ isoforms inhibit endothelial cell migration, but TGFβ1 is more 

effective than TGFβ2. A similar inhibitory effect by TGFβ was seen during the Matrigel 
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cord formation assay performed at 6 hours in both normal and low oxygen conditions. In 

order to assess cord formation two parameters were measured, total cord length and total 

number of branching points. These parameters were chosen because they analyze the 

activity of tip and stalk cells, where total cord length measures stalk cell elongation of the 

cord and total number of branching points measures how often an endothelial cell 

branches off and starts a new cord. In normoxia, significant reductions in both parameters 

were seen in response to 5 ng/mL TGFβ1 and 2 (Figure 19A, B, C, p<0.05 for TGFβ1 

and p<0.01 for TGFβ2).  Treatment in hypoxia rendered similar results to what was seen 

in normoxia, whereby there was still a reduction in both cord length and number of 

branching points. For total cord length both isoforms caused a reduction, but this was 

only significant for 5 ng/mL TGFβ1 (Figure 19A, D, p<0.05). Also in hypoxia, the 

number of branching points was significantly reduced in response to both TGFβ isoforms  

(Figure 16A, E, p<0.01 for TGFβ1 and p<0.05 for TGFβ2). These data suggest that under 

normal oxygen condition TGFβ2 is a stronger inhibitor of cord formation, but when 

treatment is administered under low oxygen conditions TGFβ1 is more effective. Again, 

this highlights that hypoxia mainly enhances the effect TGFβ1 has on endothelial cell 

behavior. Overall this functional data suggest that high doses of TGFβ inhibits 

angiogenesis, which is consistent with what has been observed previously [159,7].  
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Figure 1: Characterization of TGFβ Receptors and Endothelial Cell Markers in Bovine Aortic 
Endothelial Cells (BAEC) in Response to TGFβ1. Monolayer cultures of BAEC were treated with 
0.5 and 5 ng/mL TGFβ1 for 6 hours.  (A) Representative Western blot and (B) Densitometry analysis 
shows the effect of TGFβ1 on TβRII, Activin-like Kinase 5 (ALK5), Endoglin (TβRIII), Vascular 
Endothelial Growth Factor Receptor 2 (VEGFR2) and PECAM under normal oxygen conditions (n=3) 
at 6 hrs. (C) Representative Western blot and (D) Densitometry analysis shows effect of TGFβ1 on 
ALK5, Endoglin, VEGFR2 under hypoxic oxygen conditions (n=3) at 6 Hrs. p<0.05 by a non-
parametric analysis of variance (ANOVA) coupled with a Dunns comparison of multiple means post 
test. All densitometry is normalized to loading control α-Tubulin, then normalized to untreated to give 
relative changes.  
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Figure 2: Characterization of TGFβ Receptors and Endothelial Cell Markers in Bovine Aortic 
Endothelial Cells in Response to TGFβ2. Monolayer cultures of BAEC were treated with 0.5 and 5 
ng/mL TGFβ2 for 6 hours. (A) Representative Western blot and (B) Densitometry analysis shows effect of 
TGFβ2 on TβRII, ALK5, Endoglin (TβRIII), VEGFR2 and PECAM under normal oxygen conditions (n=3) 
at 6 hrs. (C) Representative Western blot and (B) Densitometry analysis shows effect of TGFβ1 on ALK5, 
Endoglin, VEGFR2 under hypoxic oxygen conditions (n=3) at 6 Hrs. p<0.05 by a non-parametric analysis 
of variance (ANOVA) coupled with a Dunns comparison of multiple means post test. All densitometry is 
normalized to loading control α-Tubulin, then normalized to untreated control to determine relative 
changes.   
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Figure 3: TGFβ1 and 2 Signaling Kinetics in Normoxia. Monolayer cultures of BAEC were treated with 
5 ng/mL TGFβ1 (T1) and 2 (T2), and 10 ng/mL BMP-9 (B9) for 2, 6 and 24 hours. (A) Representative 
Western blot depicting pSmad2, Smad2, pSmad1 and Smad1 and (B) Densitometry analysis shows Smad1 
and 2 activation in response to treatment of TGFβ1 and BMP-9 under normal oxygen conditions at 2, 6, 
and 24 hours (n=3). p<0.05 by a non-parametric analysis of variance (ANOVA) coupled with a Dunns 
comparison of multiple means post test. (C) Densitometry analysis depicting Smad1 and Smad2 activation 
in response to the TGFβ2 treatment, under normal oxygen conditions at the same time points (n=2). The 
level of Smad activation was determined by first standardizing it to normalized Smad2 levels and then 
compared between control and treatments. UT= untreated, T1= 5 ng/mL TGFβ1, T2=5 ng/mL TGFβ2, 
B9= 10 ng/mL BMP-9. 
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Figure 4: TGFβ1 and 2 Signaling Kinetics in Hypoxia. Monolayer cultures of BAEC were treated with 5 
ng/mL TGFβ1 (T1) and 2 (T2), and 10 ng/mL BMP-9 (B9) for 2, 6 and 24 hours.  (A) Representative 
Western blot depicting pSmad2, Smad2, pSmad1 and Smad1 and (B) Densitometry analysis shows Smad1 
and 2 activation in response to treatment of TGFβ1 and BMP-9 under low oxygen conditions at 2, 6, and 24 
hours (n=3). p<0.05 by a non-parametric analysis of variance (ANOVA) coupled with a Dunns comparison 
of multiple means post test. (C) Densitometry analysis depicting Smad2 and Smad1 activation in response 
to the TGFβ2 treatment, under hypoxic oxygen conditions at the same time points (n=2). The level of Smad 
activation was determined by first standardizing it to normalized Smad2 levels and then compared between 
control and treatments. UT= untreated, T1= 5 ng/mL TGFβ1, T2=5 ng/mL TGFβ2, B9= 10 ng/mL BMP-9. 
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Figure 5: Time-dependent effects of TGFβ1 and 2 on EnMT Markers in Normoxia. Monolayer cultures 
of BAEC were treated with 5 ng/mL TGFβ1 (T1) and 2 (T2), and 10 ng/mL BMP-9 (B9) for 2, 6 and 24 
hours.  Representative Western blot (A) and densitometry analysis shows Snail (B), Slug (C) and Vascular 
Endothelial- Cadherin (VE-Cadherin) (D) response to TGFβ1 and BMP-9 treatment under normal oxygen 
conditions (n=3) at 2, 6 and 24 hrs. p<0.05 by a non-parametric analysis of variance (ANOVA) coupled 
with a Dunns comparison of multiple means post test. Densitometry analysis shows Snail (E), Slug (F) and 
Vascular Endothelial- Cadherin (VE-Cadherin) (G) response to TGFβ2 treatment under normal oxygen 
conditions (n=2) at 2, 6 and 24 hrs. All densitometry is normalized to loading control α-Tubulin, then 
compared to untreated control to obtain relative fold changes. UT= untreated, T1= 5 ng/mL TGFβ1, T2=5 
ng/mL TGFβ2, B9= 10 ng/mL BMP 	  	  
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Figure 6: Time-dependent effects of TGFβ1 and 2 on EnMT Markers in Hypoxia. Monolayer cultures 
of BAEC were treated with 5 ng/mL TGFβ1 (T1) and 2 (T2), and 10 ng/mL BMP-9 (B9) for 2, 6 and 24 
hours. Representative Western blot (A) and densitometry analysis shows Snail (B), Slug (C) and Vascular 
Endothelial- Cadherin (VE-Cadherin) (D) response to TGFβ1 and BMP-9 treatment under hypoxic oxygen 
conditions (n=3) at 2, 6 and 24 hrs. p<0.05 by a non-parametric analysis of variance (ANOVA) coupled 
with a Dunns comparison of multiple means post test. Densitometry analysis shows Snail (E), Slug (F) and 
Vascular Endothelial- Cadherin (VE-Cadherin) (G) response to TGFβ2 treatment under low oxygen 
conditions (n=2) at 2, 6 and 24 hrs. All densitometry is normalized to loading control α-Tubulin, then 
compared to untreated control to obtain relative fold changes. UT= untreated, T1= 5 ng/mL TGFβ1, T2=5 
ng/mL TGFβ2, B9= 10 ng/mL BMP 
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Figure 7: Time-Dependent Effects of TGFβ1 and 2 on EC Markers in Normoxia. Monolayer cultures of 
BAEC were treated with 5 ng/mL TGFβ1 (T1) and 2 (T2), and 10 ng/mL BMP-9 (B9) for 2, 6 and 24 
hours. (A) Representative Western blot and densitometry analysis shows PECAM (B), Endoglin (C) and 
VEGFR2 (D) in response to TGFβ1 and BMP-9 treatment under normal oxygen conditions (n=3). p<0.05 
by a non-parametric analysis of variance (ANOVA) coupled with a Dunns comparison of multiple means 
post test. Densitometry analysis PECAM (E), Endoglin (F) and VEGFR2 (G) in response to TGFβ2 
treatment under normal oxygen conditions (n=2). All densitometry is normalized to loading control α-
Tubulin, then compared to untreated control to yield fold changes. UT= untreated, T1= 5 ng/mL TGFβ1, 
T2=5 ng/mL TGFβ2, B9= 10 ng/mL BMP-9. 
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Figure 8: Time-Dependent Effects of TGFβ1 and 2 on EC Markers in Hypoxia. Monolayer cultures of 
BAEC were treated with 5 ng/mL TGFβ1 (T1) and 2 (T2), and 10 ng/mL BMP-9 (B9) for 2, 6 and 24 
hours. (A) Representative Western blot and densitometry analysis shows PECAM (B), Endoglin (C) and 
VEGFR2 (D) in response to TGFβ1 and BMP-9 treatment under low oxygen conditions (n=3). p<0.05 by a 
non-parametric analysis of variance (ANOVA) coupled with a Dunns comparison of multiple means post 
test. Densitometry analysis PECAM (E), Endoglin (F) and VEGFR2 (G) in response to TGFβ2 treatment 
under hypoxic oxygen conditions (n=2). All densitometry is normalized to loading control α-Tubulin, then 
compared to untreated control to yield fold changes. UT= untreated, T1= 5 ng/mL TGFβ1, T2=5 ng/mL 
TGFβ2, B9= 10 ng/mL BMP-9. 
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Table 1: Summary of Time Course Experiments. Table summarizing changes in protein levels of 
activated SMAD (Figure 3, 4), EnMT (Figure 5, 6) and endothelial cell (Figure 7, 8) markers over time in 
response to TGFβ1, TGFβ2 and BMP-9 in both oxygen conditions. Each directional arrow represents at 
least a 2-fold change. N.C. = No change and * denotes p<0.05.  
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Figure 9: Real Time PCR Analysis of VEGFR2 and Snail Expression Levels in Response to TGFβ1 
and TGFβ2 Treatment Under Normal and Low Oxygen Conditions. Graphs depicting relative CT 
values shows VEGFR2 mRNA levels in (A) Normoxia and Hypoxia. Graphs depicting relative CT values 
shows Snail mRNA levels in (B) Normoxia and Hypoxia. Ct values were normalized to HPRT house 
keeping gene. Relative CT Values we calculated using the ∆∆Ct method of analysis. p<0.05 as determined 
by a non-parametric analysis of variance (ANOVA) coupled with a Dunns comparison of multiple means 
post test. 
 
 
 
 
 



	  

	   60	  

 

 
 
 
Figure 10: Smad2 Subcellular Localization in Response to TGFβ1.  Nuclear/Cytosolic samples 
depicting BAEC monolayer cultures response to TGFβ1 treatment under normal and low oxygen conditions 
at 6 hours. (A) Representative Western blot and (B) Densitometry analysis shows effect of TGFβ1 on 
pSmad2 localization under normal oxygen conditions (n=3) at 6 hrs. (C) Representative Western blot and 
(B) Densitometry analysis shows effect of TGFβ1 on pSmad2 localization under hypoxic oxygen 
conditions (n=3) at 6 Hrs. p<0.05 by a non-parametric analysis of variance (ANOVA) coupled with a 
Dunns comparison of multiple means post test. All densitometry is normalized to loading control Lamin 
A/C for the nuclear fractions and α-Tubulin for the cytoplasmic fractions. 
 
 
 
 
 
 



	  

	   61	  

 
 
 
Figure 11: Smad2 Subcellular Localization in Response to TGFβ2. Nuclear/Cytosolic samples depicting 
BAEC monolayer cultures response to TGFβ2 treatment under normoxic and Hypoxic oxygen conditions at 
6 hours. (A) Representative Western blot and (B) densitometry analysis shows effect of TGFβ2 on pSmad2 
localization under normal oxygen conditions (n=3) at 6 hrs. (C) Representative Western blot and (D) 
densitometry analysis shows effect of TGFβ2 on pSmad2 localization under hypoxic oxygen conditions 
(n=3) at 6 Hrs. p<0.05 by a non-parametric analysis of variance (ANOVA) coupled with a Dunns 
comparison of multiple means post test. All densitometry is normalized to loading control Lamin A/C for 
the nuclear fractions and α-Tubulin for the cytoplasmic fractions. 
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Figure 12:  Smad2 Subcellular Localization-Immunofluorescence. Immunofluorescence images (60X 
objective) depicting native Smad2 nuclear translocation in response to 5 ng/mL TGFβ1 and TGFβ2 under 
normal (A) and low oxygen (B) conditions after 6 hours.  Smad2 nuclear translocation occurs regardless of 
the oxygen level present, but in hypoxia there is an increase in cytoplasmic staining.  
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Figure 13: EnMT-Associated Transcription Factor Localization in Response to TGFβ1. 
Nuclear/Cytosolic samples depicting BAEC monolayer cultures response to TGFβ1 treatment under 
normoxic and Hypoxic oxygen conditions at 6 hours (A) Representative Western blot and densitometry 
analysis shows effect of TGFβ1 on Snail (B), Slug (C), Zeb1 (D) and Zeb2 (E) localization under normal 
oxygen conditions (n=3). (F) Representative Western blot and densitometry analysis shows effect of 
TGFβ1 on Snail (G), Slug (H), Zeb1 (I) and Zeb2 (J) localization under hypoxic oxygen conditions (n=3). 
p<0.05 as determined by a non-parametric analysis of variance (ANOVA) coupled with a Dunns 
comparison of multiple means post test. All densitometry is normalized to loading control Lamin A/C for 
the nuclear fractions and α-Tubulin for the cytoplasmic fractions. 
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Figure 14: EnMT-Associated Transcription Factor Localization in Response to TGFβ2. 
Nuclear/Cytosolic samples showing BAEC monolayer cultures response to TGFβ2 treatment under 
normoxic and Hypoxic oxygen conditions at 6 hours. (A) Representative Western blot and densitometry 
analysis shows effect of TGFβ1 on Snail (B), Slug (C), Zeb1 (D) and Zeb2 (E) localization under normal 
oxygen conditions (n=3). (F) Representative Western blot and densitometry analysis shows effect of 
TGFβ2 on Snail (G), Slug (H), Zeb1 (I) and Zeb2 (J) localization under hypoxic oxygen conditions (n=3). 
p<0.05 as determined by a non-parametric analysis of variance (ANOVA) coupled with a Dunns 
comparison of multiple means post test. All densitometry is normalized to loading control Lamin A/C for 
the nuclear fractions and α-Tubulin for the cytoplasmic fractions. 
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Figure 15: Snail Subcellular Localization in Response to TGFβ1 and 2. Immunofluorescence images 
(60X objective) depicting native Snail nuclear translocation in response to 5 ng/mL TGFβ1 and TGFβ2 
under low oxygen conditions after 6 hours. 
 
 
 
 



	  

	   66	  

 
 
Figure 16: Changes in Adhesion Protein Levels in Response to TGFβ1. Monolayer cultures of BAEC 
were treated with 0.5 and 5 ng/mL TGFβ1 6 hours under normal and low oxygen conditions. 
Representative Western blot (A) and densitometry analysis shows effect of TGFβ1 on VE-cadherin (B) and 
ZO-1 (C) under normal oxygen conditions (n=3). Representative Western blot (D) and densitometry 
analysis shows effect of TGFβ1 on VE-cadherin (E) and ZO-1 (F) under hypoxic oxygen conditions (n=3). 
p<0.05 as determined by a non-parametric analysis of variance (ANOVA) coupled with a Dunns 
comparison of multiple means post test. All densitometry is normalized to loading control α-Tubulin, then 
compared to untreated to determine relative fold change.  
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Figure 17: Changes in Adhesion Protein Levels in Response to TGFβ2. Monolayer cultures of BAEC 
were treated with 0.5 and 5 ng/mL TGFβ2 6 hours under normal and low oxygen conditions. 
Representative Western blot (A) and densitometry analysis shows effect of TGFβ2 on VE-cadherin (B) and 
ZO-1 (C) under normal oxygen conditions (n=3). Representative Western blot (D) and densitometry 
analysis shows effect of TGFβ1 on VE-cadherin (E) and ZO-1 (F) under hypoxic oxygen conditions (n=3). 
p<0.05 as determined by a non-parametric analysis of variance (ANOVA) coupled with a Dunns 
comparison of multiple means post test. All densitometry is normalized to loading control α-Tubulin, then 
compared to untreated to determine relative fold change.  
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Figure 18: TGFβ Treatment Effect on EC Migration/Proliferation in Normoxia. Scratch wound assay 
on BAECs depicting migration after 6, 8 and 12 hours of treatment with 5 and 50  ng/mL VEGF-A, 5 
ng/mL TGFβ1 and 2 in normoxia. Representative phase-contrast images using a 4X objective, depicting the 
migration of BAECs in response to treatment (A). Graph showing relative migration at 6 (B), 8 (C), and 12 
hours (D) of treatment in normal oxygen conditions. Relative migration was obtained by comparing wound 
width at the given time point versus the initial wound width and dividing it by two to account for both 
wound margins. Data is also represented as relative migration over time in response to treatments (E). 
p<0.01 as determined by a non-parametric analysis of variance (ANOVA) coupled with a Dunns 
comparison of multiple means post test (n=3). UT= untreated, 5V= 5 ng/mL VEGF-A, 50V= 50 ng/mL 
VEGF-A, T1= 5 ng/mL TGFβ1, T2=5 ng/mL TGFβ2. 
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Figure 19: TGFβ Treatment and Oxygen Level Effect on Endothelial Cell Cord Formation. Cord 
formation assay performed on matrigel in response to 5 ng/mL VEGF-A and 5 ng/mL TGFβ1 and 2 for 6 
hours in both normoxic and hypoxic oxygen conditions. (A) Representative image of Wimasis analysis 
output (A). Graphical representation of total cord length in response to treatment coupled with normal (B) 
and hypoxic (D) oxygen conditions and graphs depicting the total number of branching points in response 
to treatments under normal (C) and low (E) oxygen conditions. *p<0.05 and **p<0.01 as determined  by a 
non-parametric analysis of variance (ANOVA) coupled with a Dunns comparison of multiple means post 
test (n=3). 
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Discussion 

 

TGFβ Induces EnMT-Like Changes and Signals Primarily Through TGFβRII/ALK5 in 

BAECs 

 

In a quiescent state endothelial cells demonstrate apical-basal polarity and are 

tightly bound by adherens junctions (AJs) and tight junctions (TJs). Two major proteins 

of these junctions are VE-cadherin and ZO-1 in AJs and TJs, respectively. VE-cadherin is 

a vital component of the AJ, where it interacts with other anchor proteins, such as β-

catenin, to initiate cell-cell contacts and promote their maturation and maintenance. In 

contrast, ZO-1 is a main component of TJs, which control the passage of solutes and ions 

between cells [160,161]. Also in this state endothelial cells express unique markers such 

as, PECAM, TIE1, TIE2, von Willebrand factor (vWF), and cytokeratins [134]. During 

EnMT the levels of endothelial cell markers and adhesion proteins are drastically 

reduced. Their expression is replaced by mesenchymal markers such as, fibroblast-

specific protein-1 (FSP-1), alpha-smooth muscle actin (α-SMA), vimentin, and N-

cadherin. These changes in marker expression cause cells to lose the apical-basal polarity, 

adhesion and organized cobblestone morphology and take on a more elongated, 

migratory phenotype [162,12].  In this study, changes in the expression of endothelial cell 

adhesion proteins and markers in response to TGFβ1 and 2 under normal and low oxygen 

conditions were explored. It was found that only high doses of TGFβ1 under low oxygen 

conditions caused a significant decrease in the adhesion protein VE-cadherin, and a 

similar, albeit non-significant reduction in ZO-1 levels. This reduction in VE-cadherin 
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and ZO-1 levels is consistent with an EnMT response. Previous work by our research 

group has found that 5 ng/mL TGFβ1 under normoxic conditions caused a significant 

reduction in ZO-1 expression after 144 hours of treatment [163]. This suggests that 

TGFβ1 treatment could affect TJ proteins more dramatically after a longer exposure. 

Changes in PECAM, an endothelial specific marker, were observed in response to both 

TGFβ isoforms under normal oxygen conditions, indicating that these cells lose their 

endothelial cell characteristics when exposed to TGFβ. This additionally suggests that an 

EnMT-like response was occurring in BAECs because loss of endothelial cell 

characteristics is also a hallmark of EnMT. An essential mediator of angiogenesis 

expressed by endothelial cells is VEGFR2. Although this is not necessarily a marker of 

EnMT, a reduction in VEGFR2 in response to TGFβ1 and 2 under both oxygen 

conditions was consistently observed, suggesting that as these cells undergo EnMT-like 

changes, this vital receptor is also lost. This reduction is in agreement with previous 

findings showing a dose-dependent lost of VEGFR2 in response to TGFβ1 under 

normoxic conditions in BAEC [164]. One possible explanation for the loss of this 

receptor is that VEGF-A signaling inhibits EnMT [165,166], but the underlying 

mechanism as to how remains unknown [152].   

To further explore TGFβ induction of EnMT, EnMT-associated transcription 

factors Snail, Slug, Zeb1, Zeb2 and β-catenin levels and/or localization were assessed. 

The basal level of EnMT-associated TF in the nucleus could be an artifact of cell culture. 

In culture it is possible that I am selecting for cell survival inadvertently and one of the 

effects of these factors is to promote cell survival [12]. Regardless, TGFβ treatment is 

still causing a significant increase in some of these factors above the basal levels.  Recent 
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evidence has pointed towards Snail being critical during TGFβ-induced EnMT [128]. In 

this work, it was consistently observed that both TGFβ isoforms drastically increased 

Snail mRNA and protein levels and also its nuclear translocation. In absence of an 

optimized Snail promoter activity assay and time, Snail’s activity in the nucleus was 

indirectly measured by analyzing VE-cadherin protein levels. It is well known that Snail 

is able to inhibit the expression of cell-cell adhesion molecules during EnMT, especially 

VE-cadherin. In fact, in Human Dermal Microvascular Endothelial Cells (HDMEC), both 

Snail and Slug have the ability to bind the VE-cadherin promoter and inhibit its 

expression [141]. An increase in Snail was indeed seen with a significant decrease in VE-

cadherin at 6 hours in response to TGFβ1, and coupling that with the increase in Snail 

nuclear localization suggests that this protein is also serving its functional role as a 

transcriptional modulator to govern TGFβ-induced EnMT.  In contrast, Slug protein 

levels or nuclear translocation only increased under hypoxia in response to TGFβ1/2 

treatment, and this increase was half of that observed for Snail. This could be due to Slug 

being mainly activated by Notch signaling pathway as opposed to TGFβ [167]. Given the 

recently demonstrated role of Slug in angiogenesis [156], this suggests that the role 

played by TGFβ in angiogenesis might be more dependent on Snail as compared to Slug.   

Zeb1/2 are known repressors of E-cadherin in epithelial cells undergoing EMT, 

but little is known about their role in endothelial cells. In this study it was found that in 

response to both TGFβ isoforms Zeb1 increases in both normoxia and hypoxia, while 

Zeb2 protein levels significantly decrease in hypoxia. Interestingly, the Zeb proteins have 

previously been found to have opposing roles in regulation of TGFβ signaling in 

epithelial cells, through their direct interaction with Smad1, 2 and 3. It was found that 
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Zeb-1 synergizes with Smads to regulate a number of functions including transcription, 

whereas Zeb-2 repressed Smad functions [168]. This could explain why TGFβ treatment 

is causing a significant reduction in Zeb2 protein nuclear localization.  

Although unable to assess the protein levels of β-catenin via western blotting in 

this study, changes in its localization were observed via immunofluorescence.  β-catenin 

has been demonstrated to interact directly with both the C-terminal region of VE-

cadherin’s cytoplasmic tail and α-catenin, to aid in the structural organization and 

function of VE-cadherin by linking it to actin [169]. The immunofluorescence performed 

showed that upon treatment with either TGFβ isoform and oxygen condition, β-catenin’s 

membrane localization was lost and staining became only cytoplasmic. This could be due 

to the decrease in VE-cadherin protein available at the AJ site. Interestingly, β-catenin 

was never seen in the nucleus, indicating it may not serve as an EnMT-associated 

transcription factor, as previously reported during EMT [146]. Even so, its disassociation 

from the membrane could be consistent with an EnMT response because upon the 

adherens junction’s dissolution, membrane associated β-Catenin is freed and able to join 

the preexisting cytoplasmic β-Catenin pool where it is either degraded or translocated 

into the nucleus, depending on the activity of GSK3β [169]. Alternatively a time point of 

6 hours could be either too early or too late for capturing β-Catenin nuclear translocation 

and different time points could be more appropriate.  

 

To elaborate on the type of TGFβ signaling observed during the aforementioned 

changes in endothelial cell adhesion proteins, EnMT markers and EnMT-associated 

transcription factors, as well as the phospho-active status of TGFβ signaling proteins 
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were analyzed. By demonstrating the expression of TβRI (ALK5), TβRII and the 

endothelial-specific TβRIII (Endoglin) by the BAECs used in this study, it was first 

confirmed that these cells are capable of fully responding to TGFβ.  The activation of 

SMAD2 in response to TGFβ1 and 2 under both oxygen conditions demonstrates that 

treatment is inducing the TβRII/ALK5 signaling arm of the TGFβ pathway [81]. 

Although unable to find a suitable ALK1 antibody to determine its expression, the 

activation of SMAD1 in response to a well-documented ligand, BMP9 [80], indirectly 

suggests that this receptor is expressed and functional. Further, the non-overlapping 

nature of the EnMT-like responses discussed above and ALK1 activation, suggests that 

these responses are mainly driven by TGFβRII/ALK5. This points to a similar 

mechanism between TGFβ-induced EnMT and EMT [87]; the later relying on ALK5 

signaling in the absence of input by ALK1, an endothelial specific receptor that is not 

present on epithelial cells [7].  Overall, the results suggest that EnMT-like changes occur 

in BAECs and they are caused by TGFβRII/ALK5 as opposed to TGFβRII/ALK1 

signaling. A direct way to demonstrate this in follow-up experiments will be to use 

specific inhibitors of ALK1 and ALK5, and examine the impact of these inhibitors on the 

expression of EnMT markers in response to TGFβ1/2.  

Finally, it is important to point out that in the BAECs under study, TGFβ1 is a 

stronger inducer of EnMT markers, which is contradictory to what was previously 

believed [128,130]. This discrepancy could come from the fact that these research groups 

never looked at TGFβ1 or 2’s effect on EnMT under hypoxia. In fact, findings from this 

study suggest isoform-specific responses, some of which become only evident under the 

influence of hypoxia.  For instance, TGFβ1 caused a significant decrease in VE-cadherin 
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protein levels, whereas TGFβ2 treatment caused a significant increase in this protein at 6 

hours in hypoxic conditions. In most cases observed in this study TGFβ1 effect was 

enhanced by hypoxia, whereas TGFβ2 was less affected. It is possible that HIF1 may be 

directly or indirectly affecting the expression of TGFβ1 ligand or its signaling mediators 

(through transcriptional or post-translational means) to amplify TGFβ1’s response. 

Previous work in human kidney cells (293T) has demonstrated that HIF-1α directly 

regulates the expression of TGFβ1 through an HRE located within its promoter [10]. 

Alternatively, other work has demonstrated HIF1 has an indirect role in regulating the 

expression of other TGFβ isoforms (TGFβ2 and 3) in HUVEC and trophoblast 

respectively [9,11]. Overall, this indicates that it is possible for HIF1 to regulate TGFβ1’s 

expression directly or indirectly in endothelial cells, but more research is needed to 

confirm this. Importantly, the possibility of a positive impact of hypoxia on TGFβ2 

signaling shouldn’t be discarded in more complex scenarios, where positive modulators 

of TGFβ2 signaling might be present.  For instance, it has been shown that hypoxia is 

able to enhance Thrombospondin-1 (TSP1) induced TGFβ2 activation, leading to 

enhanced signaling [9]. Whether this scenario is likely to occur in a pro-angiogenic 

environment, where TSP1 is usually downregulated due to its inhibitory effects on 

angiogenesis [170,171] remains to be determined.  Taken together, all results provide 

evidences for both functional redundancy and specificities of TGFβ isoforms 1 and 2 in 

adult vascular endothelium, and thus complement the initial discoveries of such 

specificities in the developing vasculature, via knockout studies [6].  
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EnMT in Angiogenesis 

 

One avenue that has been relatively unexplored in the context of mechanisms 

underlying angiogenesis is EnMT. The few studies where this cellular process has been 

investigated, primarily built up a body of generic evidence suggesting a link 

[134,12,155], which remains to be demonstrated. Two theories that have been proposed 

to address this potential link are, that tip cells are undergoing some form of EnMT during 

sprouting angiogenesis [134] or, that EnMT may play a role in vessel stabilization 

through its role in mural cell differentiation and activity [12,155].  

The first theory of tip cells utilizing EnMT comes from the fact that, endothelial 

cells undergoing EnMT share several characteristics with tip cells involved in 

angiogenesis. For example, morphologically and behaviorally they are very similar in the 

sense that they are both elongated fibroblast-like cells that are highly motile. Also, 

similar pathways have been implicated in the regulation of their phenotype, such as TGFβ 

[93] and hypoxia [151].  TGFβ regulates EnMT transcription factors such as Snail and 

Slug [134] and these transcription factors play a role in down-regulating VE-cadherin; an 

essential component of adherens junctions. This down-regulation of VE-cadherin is 

critical for both EnMT [122] and sprouting angiogenesis, since instability of VE-cadherin 

has been attributed to an active cell-cell junction, which enables tip cell migration [57]. In 

this study we observed a reduction in VE-cadherin that is compatible with a tip cell 

phenotype. Granted, future studies looking at the localization of VE-cadherin in an in 

vitro or in vivo model of angiogenesis, where the tip versus stalk cells could be identified, 
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would be a better model for confirming this. The major issue with this theory is that tip 

cells require VEGFR2 in order to respond to the VEGF gradient created during 

angiogenesis. This gradient is crucial to govern the movement of the tip cell to the area 

that needs better vascularization. The data presented here demonstrates that cells 

undergoing TGFβ-induced EnMT have a significant reduction in VEGFR2 protein levels, 

and this might make them non-responsive to the VEGF-A gradient. Since the decrease in 

VEGFR2 observed in response to TGFβ1 was seen in monolayer cultures, it remains to 

be determined whether this occurs during actual angiogenesis.  Nevertheless, the negative 

correlation found between SMAD2 activation and VEGFR2 expression in vessels of 

colorectal cancer xenografts suggests this mechanism might operate in vivo [164].  In 

agreement with this, the involvement of ALK5 signaling in VEGFR2 downregulation 

[164], and the demonstrated role of EMT in promoting cell survival via Snail [172], one 

might speculate that ALK5-driven signaling, including EnMT, might still contribute to 

the sprouting phase of angiogenesis possibly by impeding the excessive generation of tip 

cells, while preventing cell death.   

 

Endothelial cells undergoing EnMT typically lose their endothelial characteristics 

and take on a more mesenchymal phenotype, which includes the expression of smooth 

muscle actin. Another cell type that is involved in angiogenesis and expresses smooth 

muscle actin are vascular smooth muscle cells and pericytes, which leads us into the next 

theory. This second theory is supported by the documented role of TGFβ during the final 

maturation phase of angiogenesis, and is more in line with the results obtained in this 

study.  Several pieces of evidence from previous studies have collectively demonstrated 
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that mural cells necessary for vessel stabilization can arise from endothelial cells, and this 

could occur via EnMT [12,126,155].  Prior to these, other studies demonstrated that 

TGFβ1 is activated upon the interaction of endothelial and mesenchymal cells 

[40,173,42] and that this mediates many processes involved in vessel maturation, such as 

inhibition of endothelial cell proliferation and migration, and induction of pericyte 

differentiation [41,43,44].  A similar inhibitory effect was observed with TGFβ on 

endothelial cell migration in vitro in a scratch wound assay but pericyte recruitment was 

not assessed in this study.  This data is also in line with TGFβ treatment being more so 

affiliated with the resolution phase of angiogenesis as demonstrated by a few key 

findings. It is known that TGFβ/ALK5 signaling has a more important role during the 

resolution phase of angiogenesis, whereas ALK1 is more so involved in the activation 

phase [134]. High doses of TGFβ are known to signal through ALK5 and inhibit 

endothelial cell migration and proliferation, whereas low doses of TGFβ activate ALK1 

and promote these cellular behaviors [7]. Another piece of evidence from this study that 

suggest TGFβ’s role in the resolution phase was seen by TGFβ treatment inhibiting cord 

formation. Finally, the downregulation of VEGR2 caused by TGFβ also supports this 

factor’s role in the resolution phase.  It has been demonstrated that pericytes utilize 

Platelet Derived Growth Factor (PDGF) and not VEGFR2 to participate in endothelium 

stabilization. To stabilize the newly formed endothelial vessels, endothelial cells release 

PDGF-B to chemoattract PDGF receptor-β (PDGFR-β)-expressing pericytes [1].  The 

lack of VEGFR2’s role in pericyte recruitment coincides with high doses of TGFβ 

inhibiting VEGFR2 expression and protein levels. Overall, this points to TGFβ-induced 
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EnMT having a role in vessel stabilization during the maturation/resolution phase of 

angiogenesis. 

The significant increase in Snail levels and nuclear localization coupled with a 

reduction in cord formation ability also further points to TGFβ-induced EnMT’s role 

during the maturation phase of angiogenesis. This could be due to TGFβ-induction of 

Snail occurring though TβRII/ALK5, which was previously mentioned to be more active 

during the later stages of angiogenesis. Also, the inexistent and weak increase in Slug 

nuclear localization induced by TGFβ under normoxic and hypoxic conditions, 

respectively, suggest that the EnMT-like changes observed in this study are probably not 

mediated by this EnMT-associated transcription factor. Coupled with TGFβ inhibiting 

cord formation, this suggests that Slug also has no role in this inhibitory effect and thus 

no role during the resolution phase of angiogenesis. In agreement with this, previous 

findings indicates that Slug is involved in the activation phase of angiogenesis, as 

demonstrated by impaired cord formation resulting from its knock out [156]. Overall, 

these data suggest that Snail might play a role during the resolution phase, whereas Slug 

plays a role during the activation phase, possibly indicating opposite roles of these factors 

in angiogenesis. 
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Summary and Conclusions 

 

Angiogenesis has long been known to enable tumor growth and metastasis, but 

the specific mechanisms governing this process, are only partially understood. Cancer 

cells are able to secrete pro-angiogenic factors into the tumor microenvironment to 

promote angiogenesis [157]. Clinically, endothelial cells are believed to be a more 

suitable target to stop tumor growth and spread because compared to cancer cells, they 

are genomically stable. Thus, are less likely to develop resistance to anti-angiogenic 

therapies [17]. Due to the significance of VEGFR2 in angiogenesis, many researchers 

have designed anti-angiogenic therapies around blocking signaling mediators of the 

VEGF pathway. Unfortunately, this strategy has been highly inefficient in the clinics [1].  

Due to cancer cells being highly unstable, anti-VEGF/VEGFR therapies can select for 

cancer cells that express other pro-angiogenic factors besides VEGF, such as basic 

fibroblast growth factor or epidermal growth factor (a potent inducer of additional pro-

angiogenic factors) [174], and VEGF-C [175,176]. In addition, recent studies have 

highlighted other signaling ligands that are inappropriately overexpressed in tumors and 

can modulate angiogenesis both independently and due to signaling crosstalk with VEGF, 

such as TGFβ. Aberrant TGFβ signaling is able to decrease the expression of VEGFR2 in 

endothelial cells and may yield anti-VEGFR2 therapies obsolete [164].  Thus, it is crucial 

to further understand how TGFβ regulates angiogenesis, in hopes to enhance the efficacy 

of current anti-angiogenic strategies or to discover alternatives. With this goal in mind, 

this study investigated the effect of hypoxia, a known inducer of angiogenesis, on the 

expression of EnMT-associated markers by TGFβ isoforms 1 and 2 in BAECs. 
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This study demonstrated that treatment with TGFβ isoforms 1 and 2 under both 

normal and low oxygen conditions preferentially leads to the activation of SMAD2, one 

of the effector SMADs of the TGFβRII/ALK5 signaling pathway. It was observed that 

activation of this pathway parallels EnMT-compatible changes in EnMT-associated 

transcription factors and endothelial cell markers, including the adhesion proteins VE-

cadherin and ZO-1. This suggests that TGFβ treatment causes BAECs to undergo EnMT-

like changes. It was also found that hypoxia preferentially enhances the effects of TGFβ1 

treatment and not TGFβ2. Hypoxia enhancing TGFβ1’s effect is in support of previous 

work implicating HIF1 and TGFβ can act synergistically together to regulate 

angiogenesis, but the lack of cooperation with TGFβ2 is against other research that 

alluded to their positive interaction [9,103]. Lastly, this study looked at how these 

changes relate to the angiogenic response of BAECs, using a scratch/wound assay and a 

cord formation assay. The inhibitory effect of TGFβ in these assays suggests that TGFβ-

induced EnMT, and particularly Snail, potentially play a role during the resolution phase 

of angiogenesis. Granted, these results do not necessarily rule out the possibility that 

EnMT could also play a role during the activation phase, by preventing excessive tip cell 

generation while still promoting cell survival, hence future studies are still needed. 

This is the first study to systematically address the role of hypoxia in modulating 

endothelial cell response to TGFβ isoforms 1 and 2 in the context of EnMT, and the first 

to show hypoxia-modulated isoform specificity, as well as the significantly enhanced 

upregulation of Snail as compared to Slug, by TGFβ isoforms 1 and 2 in endothelial 

cells.  
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Future Directions 

 

The findings summarized above highlight the necessity of a number of 

complementary experiments that need to be performed to elucidate both the mechanisms 

involved in TGFβ-induced EnMT and the role that this EnMT plays in angiogenesis. 

First, it is important to investigate how other mesenchymal markers are being affected 

during this putative TGFβ-induced EnMT, because not all the spectrum of EnMT-

associated markers were evaluated in this study. This would include looking at the 

expression levels of Vimentin, N-cadherin and α-Smooth Muscle Actin [121], as well as 

other tight junction proteins, to demonstrate whether or not TGFβ-induced EnMT is 

cadherin-specific. In this regard, Claudin-5, an endothelial cell specific tight junction 

protein, would be a worthwhile contender to look at [169].  Further, it would be 

beneficial to investigate how the levels of adhesion proteins, including ZO-1, change in 

response to both TGFβ isoforms and oxygen levels at later time points (e.g., from 24-144 

hours), to expand on previous work from our laboratory [163]. Another place to expand 

this work would be to further investigate VE-cadherin changes. It would be important to 

see if EnMT-associated transcription factors are actually regulating this protein at the 

mRNA level, because previous work has demonstrated that it contains a Snail binding 

site within its promoter [141]. It is also imperative to follow up on my β-catenin data by 

performing a co-localization immunofluorescence to see how VE-cadherin and β-catenin 

change in response to treatments. This would confirm the proposed theory as to why β-

catenin is dissociating from the membrane into the cytoplasm.   
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Apart from expanding the data on cell-cell adhesion molecules, it is necessary to 

elucidate the mechanism as to how TGFβ1 and hypoxia cooperate to enhance TGFβ1’s 

effect. It is still unknown whether this is a direct effect like what has been demonstrated 

for TGFβ1 in epithelial cells[10], or an indirect effect like TGFβ2 or 3 [9,11]. To begin 

addressing the mechanism could use in silico methods to locate putative hypoxia 

response elements within TGFβ1’s promoter and them mutate them to see if this 

synergistic response is still seen. Lastly, to complement this study it would be optimal to 

confirm if the TGFβ-induced reduction observed in VEGFR2 actually occurs during 

angiogenesis in vivo. This could be demonstrated via double VEGFR2/PECAM 

immunofluorescence of tumor xenografts [164] obtained from mice with conditional 

modifications to TGFβ1 expression/signaling.  Finally, to address the hypothesis that 

Snail and Slug play opposite roles during TGFβ-induced angiogenesis, our laboratory is 

currently knocking down Snail in BAEC, with the expectancy that this might result in 

enhanced TGFβ-dependent cord formation. This will be complemented with similar 

experiments involving Slug. An alternative in vivo study could involve the manipulation 

of Slug and Snail expression/activity using morpholinos [177] in a TGFβ-induced 

chorioallantoic membrane model [178]. All together, these strategies will ultimately aid 

in establishing the stage-specific role of TGFβ-induced EnMT in angiogenesis, as well as 

the particular meaning of VEGR2 downregulation and Snail upregulation during this 

process.  
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Appendices 
 
Appendix I: Supplementary Figures 

 
Appendix Figure 1: Hypoxia Control. Glut1 mRNA expression in normoxia compared 
to hypoxia in untreated BAECs. p<0.05 as determined by a Wilcoxon matched-pairs 
signed rank test. Ct values were normalized to HPRT house keeping gene. Relative CT 
Values we calculated using the ∆∆Ct method of analysis.  
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Appendix Figure 2: Localization of β–Catenin in Response to TGFβ1 and 2 in 
Normal and Low Oxygen Conditions. Immunofluorescence images (60X objective) 
depicting β-catenin cytoplasmic localization in response to 5 ng/mL TGFβ1 and TGFβ2 
under normal (A) and low oxygen (B) conditions after 6 hours 
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Appendix II: Preparation of Materials 
 
7.5% Acrylamide SDS-PAGE 2 X 1.5 mm Gels 
Resolving Gel: 
11 ml Distilled water 
3.72 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 (10 g APS dissolved in 100 ml distilled water) 
 
10% Acrylamide SDS-PAGE 2 X 1.5 mm Gels 
Resolving Gel: 
9.7 ml Distilled water 
5 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 
 
Once resolving gel is polymerized, add the stacking gel: 
3.2 ml distilled water 
500 µl 40% acrylamide-bis solution 
1.26 ml Tris buffer (0.5 M, pH 6.8) 
50 µl 10% SDS 
5 µl TEMED 
50 µl 10% APS 
 
Electrophoresis Buffer 
30.25 g Tris-base 
144.1 g Glycine 
100 ml 10% SDS 
Dissolve in water to a volume of ~800 ml. Adjust pH to 8.3. Adjust final volume to 1 L. 
Store at room temperature 
 
8X Protein Loading Buffer 
400 mM Tris-HCl (pH 6.8) 
16% SDS 
0.8% Bromophenol blue 
40% Glycerol 
0.4 M DTT 
 
TBS (10X) 
24.2 g Tris-base 
80 g NaCl 
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Dissolve in water to a volume of ~800 ml. Adjust pH to 7.6. Adjust final volume to 1L. 
Store at 
room temperature. 
 
Towbin Solution 
30.25 g Tris-base 
144.1 g Glycine 
Dissolve in water to a final volume of 1L. Store at room temperature. 
 
Transfer Buffer 
100 ml Towbin solution 
200 ml Methanol 
2.5 ml 10% SDS 
Adjust volume to 1L with water. Chill at 4°C and use immediately. 
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Appendix III  – Chemical List and Suppliers Chemical Supplier 
 
Acrylamide/Bis solution (40%)  Bio-Rad, Hercules, CA 
Alexa Fluor donkey anti-mouse 546 IgG Invitrogen, Camarillo, CA 
Alexa Fluor donkey anti-rabbit 488 IgG  Invitrogen, Camarillo, CA 
ALK5 (TGFβRI) Santa Cruz Biotechnology, Santa Cruz, CA 
α-Tubulin mouse mAb  Sigma-Aldrich, St. Louis, MO 
Aprotinin  Sigma-Aldrich, St. Louis, MO 
APS  Bio-Rad, Hercules, CA 
β-Catenin Cell Signaling, Danvers, MA 
BM Chemiluminescene Kit  Roche Diagnostics, Indianapolis, IN 
Bromophenol blue  Sigma-Aldrich, St. Louis, MO 
BSA  Santa Cruz Biotechnology, Santa Cruz, CA 
DMEM  Thermo Scientific, Rockford, IL 
DMSO  Fisher Scientific, Nepean, ON 
Donkey Serum Sigma-Aldrich, St. Louis, MO 
DTT  Fisher Scientific, Nepean, ON 
FBS  Invitrogen, Camarillo, CA 
Goat anti-mouse HRP  Sigma-Aldrich, St. Louis, MO 
Goat anti-rabbit HRP  Sigma-Aldrich, St. Louis, MO 
Goat anti-rat HRP  Millipore, Billerica, MA 
Matrigel (Growth Factor Reduced) BD Biosciences, Bedford, MA 
Matrigel BD Biosciences, Bedford, MA 
Na3VO4  New England Biolabs, Ipswich, MA 
PBS  Lonza, Walkersville, MD 
PECAM-1 mAb Santa Cruz Biotechnology, Santa Cruz, CA 
PFA  Electron Microscopy Sciences, Hatfield, PA 
Phosphatase Inhibitor Cocktail 2  Sigma-Aldrich, St. Louis, MO 
Phospho-Smad2 rabbit pAb  Cell Signaling, Danvers, MA 
Phospho-Smad1/5 rabbit pAb  Cell Signaling, Danvers, MA 
PMSF  Sigma-Aldrich, St. Louis, MO 
Prolong Gold  Invitrogen, Camarillo, CA 
Recombinant Human TGFβ1  Invitrogen, Camarillo, CA 
Recombinant Human TGFβ2  Invitrogen, Camarillo, CA 
Recombinant Human VEGF-A Invitrogen, Camarillo, CA 
Recombinant Human BMP-9 Invitrogen, Camarillo, CA 
SDS  Fisher Scientific, Nepean, ON 
Slug Rabbit mAb Cell Signaling, Danvers, MA 
Smad2 mouse mAb  Cell Signaling, Danvers, MA 
Smad1 Rabbit mAb  Cell Signaling, Danvers, MA 
Snail rabbit mAb Cell Signaling, Danvers, MA 
TEMED  Sigma-Aldrich, St. Louis, MO 
Tris-base  Fisher Scientific, Nepean, ON 
Tris buffer (1.5 M)  Bio-Rad, Hercules, CA 
Tris buffer (0.5 M)  Bio-Rad, Hercules, CA 
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Triton-X  Bio-Rad, Hercules, CA 
Tween-20  Fisher Scientific, Nepean, ON 
VE-Cadherin mAb Santa Cruz Biotechnology, Santa Cruz, CA 
Rabbit anti-Goat HRP Sigma-Aldrich, St. Louis, MO 
Zeb1 rabbit mAb Cell Signaling, Danvers, MA 
Zeb2 rabbit mAb Santa Cruz Biotechnology, Santa Cruz, CA 
ZO-1 rat mAb  Santa Cruz Biotechnology, Santa Cruz, CA 
 
 
 
	  
 


