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Abstract 
The endothelial receptor tyrosine kinase (RTK) Tie1 was discovered over 20 

years ago, yet its precise function and mode of action remain enigmatic. To shed light on 

Tie1’s role in endothelial cell biology, we investigated a potential threonine 

phosphorylation site within the juxtamembrane domain of Tie1. Expression of a non-

phosphorylatable mutant of this site (T794A) in zebrafish (Danio rerio) significantly 

disrupted vascular development, resulting in fish with stunted and poorly branched 

intersomitic vessels. Similarly, T794A-expressing human umbilical vein endothelial cells 

formed significantly shorter tubes with fewer branches in three-dimensional Matrigel 

cultures. However, mutation of T794 did not alter Tie1 or Tie2 tyrosine phosphorylation 

or downstream signaling in any detectable way, suggesting that T794 phosphorylation 

may regulate a Tie1 function independent of its activity as a kinase. Although T794 is 

within a consensus Akt phosphorylation site, we were unable to identify a physiological 

activator of Akt that could induce T794 phosphorylation, suggesting that Akt is not the 

physiological Tie1-T794 kinase. However, the small GTPase Ras-related C3 botulinum 

toxin substrate 1 (Rac1), which is required for angiogenesis and capillary morphogenesis, 

was found to associate with phospho-T794 but not the non-phosphorylatable T794A 

mutant. Pharmacological activation of Rac1 induced downstream activation of p21-

activated kinase (PAK1) and T794 phosphorylation in vitro, and inhibition of PAK1 

abrogated T794 phosphorylation. Our results provide the first demonstration of a 

signaling pathway mediated by Tie1 in endothelial cells, and they suggest that a novel 



 

 

v 

feedback loop involving Rac1/PAK1-mediated phosphorylation of Tie1 on T794 is 

required for proper angiogenesis.  
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1. Background and Overview 

1.1 Signaling pathways in the Vasculature 

The mammalian vasculature is a highly complex and dynamic system composed 

of the large arteries and veins which shunt blood directly to and from the heart, as well as 

the small arterioles and capillaries which supply oxygen and nutrients to nearly every 

tissue in the body. While cells of the mature, adult vasculature often exist in a quiescent 

state, they are constantly integrating signals from the bloodstream and surrounding 

tissues. The signaling pathways that regulate maintenance and remodeling of the 

vasculature are often very subtle, transient, local events which are tightly regulated. 

These signaling pathways often impact multiple cell types, including the endothelial cells 

(ECs) that line the inner lumen of blood vessels, as well as the smooth muscle cells and 

pericytes that cover the vessel (Figure 1).  
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Figure 1: Blood vessel structure 

A). A transverse cross-section and B). a longitudinal cross-section of a blood vessel 
comprised of an inner lumen through which blood flows; endothelial cells that line the 
inner diameter of the lumen; a basement membrane consisting of connective tissues and 
extracellular matrix proteins; and smooth muscle cells and pericytes that aid in vessel 
integrity and tonicity.  
 
 
 
 

Among the many cues to which the mature vessels might respond, perhaps the 

best studied response is that of angiogenesis, or the growth of new blood vessels from 

pre-existing vessels. The signals coordinating angiogenesis are very complex and involve 

several steps including secretion of an angiogenic signal from a site of injury or hypoxia; 

response of a nearby vessel to break down part of the vessel membrane; proliferation and 

migration of ECs toward the angiogenic signal; rearrangement of the ECs to form a 

rudimentary tube; recruitment of perivascular smooth muscle cells and pericytes; and 

reformation of vessel tight junctions to restore bloodflow to the area of injury/hypoxia. 

When wound healing is complete and these neovessels are no longer needed, there is 
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often a prolonged period of vascular regression during which unnecessary blood vessels 

are pruned back. The signaling pathways that influence these processes have been 

extensively studied for decades, yet the intricate regulation and crosstalk between these 

pathways are incompletely understood.  

 

1.1.1 Developmental Angiogenesis 

Perhaps the most critical part of embryonic development is the establishment of 

the vasculature. So important and sensitive is this process that even minor perturbations 

or imbalances in key signaling molecules can result in abnormal vascular development 

and often embryonic lethality. Vasculogenesis, the de novo growth of blood vessels, 

begins very early in embryonic development with the differentiation of the mesoderm 

into angioblasts. The cells of the mesoderm, which are committed to the vascular fate at 

gastrulation, are called hemangioblasts. These precursors further differentiate into 

endothelial cells and hematopoietic cells [1]. Dividing angioblasts give rise to daughter 

cells, which clump together and eventually merge with other clumps by sprouting 

angiogenesis. Liquefaction within these angioblast clumps begins to form the vessel 

lumen.  Endothelial cells arise from vacuoles formed at the margins of the angioblast 

clumps, and red blood corpuscles (RBCs) appear to bud from the endothelial lining. Buds 

of RBCs amass and begin to take on a reddish color as they begin to produce 

hemoglobin, and these cellular collections are subsequently referred to as blood islands 
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[1]. RBCs are eventually released and begin to circulate even before the vasculature is 

fully formed. 

Developmental vasculogenesis and angiogenesis have been studied for centuries 

by observing vessel growth in chicken and quail embryos. By assessing chick embryo 

blastodiscs shortly after fertilization, blood vessel formation and regression could be 

tracked throughout different developmental stages. The development of two antibodies, 

MB1 and QH1, that labeled presumptive ECs in the developing quail embryo allowed 

researchers to track cells of angioblastic origin  [2-4]. Using these antibodies, scientists 

were able to observe that angiogenesis occurs in an antero-posterior gradient, so that by 

the 7-somite stage, the anterior two-thirds of the embryo contains blood vessels while the 

posterior third is still undergoing vasculogenesis. Using these antibodies while tracing EC 

proliferation (via BrdU), it was also found that the intersomitic arteries arise by 

angiogenesis whereas the dorsal aortae form by vasculogenesis (angioblasts segregate 

from lateral plate mesoderm). Quail to chick embryonic transplantation studies showed 

that angioblasts transplanted into different vascular beds often get incorporated into that 

vascular bed suggesting that angioblast migration is largely determined by the local 

environment [5]. 

Besides contributing to our understanding of developmental angiogenesis, several 

of these developmental models have since been adapted to assess the effects of other 

influences, like genetics and pharmacological agents, on angiogenesis. For instance, 

chick embryo chorioallantoic membrane (CAM) development and vascular patterning is 
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susceptible to various pharmacological agents. While CAM assays are relatively quick in 

vivo model of angiogenesis, the main drawback to these studies lies in the potential for a 

pharmacological agent to have drastically different effects in mammalian versus non-

mammalian systems. The advances in mouse genetics and specialized angiogenesis 

assays, such as those assessing normal and aberrant retinal vascularization, have 

contributed to a much better understanding of mammalian embryonic vascularization and 

allowed for pharmacological intervention in mammalian disease models. However, 

mouse models are much more expensive, both in time and cost. As a result, zebrafish 

have become a very useful tool for quickly studying the influence of pharmacological 

agents and genetic modifications on developmental angiogenesis. 

 

1.1.2 Endothelial cell biology 

As mentioned above, all ECs are of hemangioblast origin, however the ECs of the 

arteries and veins are molecularly different and contribute to the distinct morphologies of 

arteries and veins. There are even differences in ECs destined for arterial versus venous 

fates even before vessel formation. For instance, arterial ECs express more neuropilin1 

(NRP1) to facilitate VEGF signaling, and Notch1 is highly expressed in mature ECs as 

well as in angioblasts, which commits ECs to an arterial fate. Arteries are often larger and 

display higher levels of smooth muscle cell coverage than veins [6]. Conversely, veins 

are thinner and covered by fewer SMCs, and venous ECs highly express EphB4, which 

also plays a role in this distinction [7].  
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In general, ECs line blood and lymphatic vessels in a monolayer of cells aligned 

in elongated spindles according to the direction of flow. ECs are generally very flat cells, 

which spread out to form tight junctions with adjacent ECs, and thus protect against 

vascular leak. Though the main purpose of all vascular ECs is to promote vascular 

integrity and stability, the vascular EC population is incredibly heterogeneous in terms of 

morphology, contractility, and baseline level of “activation” (i.e. expression of 

proinflammatory markers). ECs are intricately involved in several normal processes of 

vascular maintenance, and EC dysfunction plays a key role in several disease processes. 

For instance, vascular permeability is necessary to allow immune cell trangsmigration, 

but excess permeability can result in chronic edema or even hemorrhage. ECs also 

contribute to blood pressure regulation by sensing and generating signals of 

vasoconstriction and vasodilation in the bloodstream and surrounding tissues, namely 

through the production of nitric oxide (NO).  

EC activation is a process by which several inflammatory adhesion molecules 

(ICAM, VCAM, E-Selectin) are expressed on the cell surface in response to cytokines 

and/or turbulent flow. Activation facilitates recruitment and adhesion of leukocytes to 

mediate an inflammatory response. Endothelial activation also plays a role in platelet 

activation and clotting by aiding in recruitment and assembly of clotting factors. 

Unsurprisingly, overabundant EC activation can cause aberrant clotting and chronic 

inflammation, which contributes to atherosclerosis and other vascular diseases [8,9].  
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1.1.3 Vascular growth and maintenance  

The majority of vascular growth occurs during embryonic development or shortly 

thereafter. New blood vessels may grow as the organism grows, but in general the mature 

vasculature exists in a quiescent, or “inactive”, state. Quiescent cells of the vasculature, 

especially ECs, proliferate very little except in the case of injury or ischemia. However, 

the terms “quiescent” and “inactive” are very misleading in this case. Though quiescent 

ECs do not proliferate, they display a higher-than-expected glycolysis rate in order to 

generate enough energy to maintain tight junctions and continually integrate signals from 

the bloodstream [10]. Though it may seem that they are doing very little, existing in and 

maintaining a quiescent state is critical for proper vascular endothelial function. In fact, 

endothelial dysfunction (i.e. inappropriate proliferation or activation) is a major 

contributing factor to many vascular diseases. ECs exist in this quiescent state in part 

because of widespread peri-endothelial expression of angiopoietin1 (Ang1), which 

promotes EC survival and promotes tight junction integrity but has little impact on 

proliferation [11,12]. Though they do not proliferate much at baseline, ECs still retain the 

ability to do so when activated by appropriate cues. 

Vascular maintenance, for the most part, involves maintaining and regulating EC 

tight junctions and acutely sensing and responding to changes in ion and protein 

composition in the blood. This involves intricate coordination of vesicular trafficking, 

modulation of cell-cell junctions, and cytoskeletal rearrangements. Vascular ECs have a 

remarkable ability to create a surface that promotes blood fluidity while adapting to 
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changes in blood pressure, yet are able to respond to pro-thrombotic and clotting factors 

in an instant, when necessary. Vascular ECs also have to communicate with other cell 

types (immune and mural cells) as well as adjacent endothelial cells, and regulate 

transport of macromolecules, solutes, and cells across the endothelium [13]. In addition 

to hormonal and chemical signals in the bloodstream, vascular ECs also incorporate 

signals of physical forces, such as blood pressure and direction of blood flow, through 

several mechanotransduction pathways. Resultant changes in EC or SMC expression and 

contractility may be transient or warrant substantial changes to the vessel architecture, 

depending on the strength and duration of these physical forces [14]. In these ways, 

maintenance of the quiescent vasculature is much more complicated than just maintaining 

cells in a “resting” or non-proliferative state. 

Active vascular growth, or angiogenesis, occurs fairly infrequently in the healthy 

adult vasculature, except in the cases of wound healing and ovarian folliculogenesis. In 

these cases, as well as in pathological cases of angiogenesis, the stabilizing effects of 

Ang1 are countered by angiopoietin2 (Ang2), which has an overall destabilizing effect on 

the vasculature. The consequences of Ang2-mediated destabilization depend largely on 

the presence of vascular endothelial growth factor (VEGF). Both Ang2 and VEGF may 

be locally secreted by injured or hypoxic tissues as a sort of distress call to neighboring 

vessels. ECs stimulated by both Ang2 and VEGF secrete matrix metalloproteinases 

(MMPs), which initiate the breakdown of the vessel basement membrane and induce EC 

proliferation and migration towards the source of VEGF secretion [15]. These signals 



 

 

9 

also result in recruitment and assembly of peri-endothelial cells to re-establish blood flow 

to the ischemic or injured tissue. Upon assembly of the neovessel, Ang1 expression 

increases once again to promote tight junction formation and coverage by pericytes and 

smooth muscle cells. ECs and SMCs then transition back to a less proliferative, quiescent 

phenotype. After blood flow is restored, VEGF secretion abates and stimulation of ECs 

by Ang2 alone results in EC apoptosis and vascular regression (Figure 2). 
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Figure 2: Vascular destabilization resulting in angiogenesis 

Upon receipt of vascular destabilization (Ang2) and angiogenic cues (VEGF), the 
basement membrane of a mature vessel is broken down by matrix mettaloproteinases and 
EC and SMC tight junctions are loosened. ECs migrate and proliferate in the direction of 
VEGF secretion and fibroblasts and pericytes are recruited to form a new vessel, 
restoring blood flow to the ischemic/injured tissue. After blood flow is restored, VEGF 
secretion abates and Ang2 expression promotes regression of unneeded vessels. (Figure 
courtesy of C. Kontos) 
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1.2 Receptor Tyrosine Kinases (RTKs) 

Within the human genome, 58 receptor tyrosine kinases (RTKs) have been 

identified and can be divided into 20 subfamiles [16]. The main function of all RTKs is to 

receive extracellular signals and transmit them intracellularly, thus all RTKs share a 

similar molecular structure comprised of an extracellular ligand-binding domain, a single 

transmembrane pass, and a cytosolic kinase domain. Diversity among the subfamilies of 

RTKs is conferred mainly through variations in the number and order of extracellular 

structural domains, the most common of which include immunoglobulin-like (Ig) 

domains, epidermal growth factor (EGF)-like domains, cysteine-rich domains, L 

domains, and fibronectin type-3 (FN3) domains. There is also some diversity between 

subfamily kinase domains, some of which consist of a single kinase domain while others 

have a split or bi-lobed kinase. The length and function of other cytosolic peptide chains, 

including the carboxyl-terminus, the juxtamembrane region, and the kinase insert 

domain, may also contribute to the diversity of the subfamilies of RTKs and their 

functions. RTKs may also differ in their expression patterns, ligand-dependent or 

independent homo- or hetero-multimerization, and means of inactivation or regulation, all 

of which will be discussed below. 
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1.2.1 Signaling and regulation 

Most RTKs are activated by growth factors and, as a result, regulate cellular 

processes like proliferation, migration, differentiation, cell-cycle progression, survival, 

and metabolism. The result of RTK activation often depends on where the receptor and 

ligand are expressed. For instance, some RTKs, such as the insulin receptor, are 

expressed in multiple body tissues while others are localized primarily to one cell type, 

such as the Tie and VEGF receptors, which are expressed mainly in ECs. 

For most RTKs, kinase activation requires ligand binding, which induces receptor 

dimerization or multimerization, bringing two or more kinase domains in close proximity 

to one another. In most cases, RTK ligands themselves are dimeric or multimeric, and 

each receptor binds one ligand molecule. However, there are some notable exceptions to 

this ligand-mediated dimerization paradigm. For instance, the insulin receptors exist as 

disulfide-linked dimers, and ligand binding induces a conformational change that 

facilitates kinase activation [17]. The angiopoietin receptor, Tie2 (discussed below), can 

exist in a heteromultimeric complex with Tie1 at baseline, which dissociates upon Ang1 

binding, resulting in Tie2 activation [18]. Regardless of multimerization status, ligand 

binding is necessary to induce the proper cytosolic conformational changes that lead to 

kinase activation.  

Once ligand has bound, receptor autophosphorylation proceeds in two stages. The 

first stage often involves relief from an auto-inhibitory mechanism. RTKs can be auto-

inhibited by their carboxyl-terminal tails, activation loops, kinase insert or 
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juxtamembrane domains, or a combination of two or more domains. Phosphorylation 

must proceed in a specific order through particular tyrosine residues to relieve inhibition, 

usually by displacing one or more auto-inhibitory domains from the ATP-binding site, 

substrate binding site, or catalytic cleft. This first stage of auto-phosphorylation serves to 

increase the catalytic activity of the kinase upon ligand binding. The second stage of 

receptor activation involves phosphorylation of tyrosine residues, often in the C-tail, 

which then serve as docking sites for phosphotyrosine binding proteins. 

Signal transmission by RTKs usually occurs by phosphorylation of tyrosine 

residues within the cytosolic domain of adjacent RTKs and phosphorylation of tyrosine 

residues on proteins that subsequently associate with RTKs. Associated proteins typically 

interact with phosphorylated tyrosine residues via phosphotyrosine binding (PTB) or Src-

homology-2 (SH2) domains. PTB and SH2 domains are expressed by many families of 

proteins, including the growth-factor receptor-binding (GRB) proteins and several 

families of protein tyrosine phosphatases (PTPs, discussed below), therefore there is 

often substantial overlap among different receptors’ binding partners and signaling 

pathways. However, different isoforms of the same phosphotyrosine binding protein may 

convey some level of substrate specificity by recognizing specific phosphorylation 

patterns or sequences surrounding the phosphorylated tyrosine residue [19]. There are 

also some RTK binding partners that specifically interact with only one or two closely 

related receptors. For instance, the FGF-receptor-substrate (FRS) proteins interact only 

with the FGF and NGF receptors [20]. 
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After docking of a PTB or SH2 domain-containing protein, there is frequently an 

additional tyrosine phosphorylation event on the docking protein itself or on a protein 

recruited with the docking protein [20]. The pathways activated downstream of RTKs 

may vary depending on the ligand/receptor combination, the tyrosine phosphorylation 

pattern, and the cellular context of the activation. There are several pathways, however, 

that are commonly activated to mediate canonical RTK/growth factor receptor functions. 

For instance, the phosphatidylinositol-3 kinase (PI3K)/Akt pathway (discussed below) is 

frequently activated to mediate cellular proliferation and survival. Similarly, the mitogen 

activated protein kinase (MAPK) pathway is frequently activated and may influence cell 

cycle regulation, apoptosis, and cytoskeletal rearrangement, depending on which up- or 

downstream pathways are activated. In this way, there is often the potential for crosstalk 

between and among RTK-mediated pathways, exponentially increasing the diversity in 

the strength and duration of cellular responses. 

Given the typical pro-survival/proliferative effects of RTK activation, regulation 

of the activating signal is absolutely essential. In fact, it is well documented that RTKs 

that display ligand-independent activation can act as oncogenes and contribute to 

chemotherapeutic tumor resistance. As a result, there are several mechanisms in place to 

ensure that RTKs are appropriately inactivated following signal transduction. 
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1.2.1.1 Regulation by protein tyrosine phosphatases 

Perhaps the most obvious means of regulating an RTK is by dephosphorylation of 

the activating phosphotyrosine residues. Accordingly, several families of protein tyrosine 

phosphatases (PTPs) comprise an important set of RTK binding partners. Both 

membrane-bound receptor-type PTPs (RPTPs) and cytosolic non-receptor PTPs have 

been identified as interacting partners for RTKs. Different PTP isoforms may display a 

preference for one family of RTKs or another, however there are also families of PTPs 

that are generally thought of as promiscuous phosphatases, dephosphorylating 

phosphotyrosine residues non-specifically. In addition to dephosphorylating RTKs, some 

PTPs actually contain constitutively phosphorylated tyrosine residues of their own which 

effectively compete for binding of SH2- and PTB-containing proteins necessary for RTK 

downstream signaling [21]. 

 

1.2.1.2 Receptor Internalization 

Another mechanism of RTK regulation is receptor internalization. Some receptors 

are ubiquitinated shortly after activation and are subsequently internalized and 

proteasomally degraded. Others are internalized and inactivated before being recycled 

back to the plasma membrane. Conversely, some receptors, such as the EGF and VEGF 

receptors, require internalization for proper signaling from within endosomes or even 

translocation to the nucleus. Interestingly, internalization can also serve as a means to 

sequester ligand from binding other receptors. This is demonstrated by the inhibitory 
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VEGF receptor, VEGFR1, which binds VEGF ligand with a higher affinity than the 

activating receptor, VEGFR2, but is quickly internalized and degraded, effectively 

reducing overall VEGF-mediated activation of VEGFR2. Internalization may proceed 

through either the clathrin-dependent pathway or caveolae, and many receptors are 

continually internalized at some baseline rate even in the absence of ligand. Upon ligand 

stimulation, however, internalization may occur on the order of minutes to hours. 

Additionally, some of the common phosphotyrosyl docking proteins, such as GRB2, may 

actually aid in recruiting some of the internalization machinery [22]. In this way, RTK 

activity can be modulated simply by regulating the abundance of receptor at the cell 

surface. 

 

1.2.1.3 Juxtamembrane phosphorylation 

As mentioned earlier, the juxtamembrane (JM) region plays a role in 

autoinhibition in some RTKs. EPHB2, for instance, has two tyrosines in its JM region 

that must be phosphorylated in order for ligand-mediated kinase activation and that also 

serve as docking sites for SH2 domain-containing proteins. Indeed, a similar requirement 

for JM tyrosine phosphorylation have also been observed for the insulin receptor, MUSK 

receptor, as well as several PDGF receptor family members [23]. Serine/threonine JM 

phosphorylation has also been observed on the IGF, EGF, FGF, and PDGF receptors [24-

28]. These Ser/Thr phosphorylation events are generally thought to be inhibitory, either 

by preventing ligand-mediated activation or by negatively regulating tyrosine kinase 
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activity. The mechanisms behind these phosphorylation events are not well understood, 

however, several Ser/Thr kinases have been shown to phosphorylate different RTKs, 

including casein kinase 1, protein kinase C, and Ca2+/calmodulin-dependent kinase. 

Later, the possibility of both Akt and p21-activated kinase 1 (PAK1)-mediated Tie1 JM 

phosphorylation will be discussed. 

 

1.2.2 Endothelial RTKs  

As mentioned earlier, ECs are constantly integrating signals from the 

bloodstream, therefore endothelial cell-expressed RTKs are a very important component 

of the EC signaling machinery. Among these receptors are the vascular endothelial 

growth factor receptors (VEGFR), the fibroblast growth factor receptors (FGFR), the 

tyrosine kinase with immunoglobulin and EGF-like domains (Tie) receptors, platelet-

derived growth factor receptors (PDGFR), the insulin receptor, and the Eph receptors. 

Each receptor-ligand family plays a very important role in EC quiescence, 

growth/remodeling, and responses to blood-borne stimuli. For instance, the FGF 

receptors are upregulated at sites of injury or ischemia and promote EC and fibroblast 

proliferation and recruitment. FGF stimulation also promotes EC organization into tube-

like structures. Similarly, FGF2 is involved in the differentiation of angioblasts from the 

embryonic mesoderm [29]. The PDGF receptor also plays a role in differentiation as well 

as fibroblast proliferation. PDGF-BB was shown to promote smooth muscle cell (SMC) 

differentiation from VEGFR2-expressing EC cells, and mice lacking PDGF-BB showed 



 

 

18 

impaired pericyte and SMC recruitment [30], demonstrating crosstalk between EC RTK 

pathways. 

Among the endothelial-expressed RTKs, the VEGFRs and Tie receptors have 

been of particular interest as therapeutic targets because of their limited expression on 

cells of hematopoietic origin. Both VEGFR and Tie receptor activation have crucial roles 

in developmental angiogenesis and remodeling, and inappropriate activation of both 

receptors have been implicated in several vascular diseases, including cancer, venous 

malformations, and retinopathies.  

 

1.2.2.1 Vascular Endothelial Growth Factor (VEGF) 

Vascular endothelial growth factor (VEGF) was first cloned in the early 1990s but 

the effects of the so-called Vascular Permeability Factor (VPF) had been a topic of great 

interest to vascular biologists for about 10 years prior. VPF was shown to induce 

endothelial proliferation, migration, and permeability and was secreted from a number of 

tumor cell lines [31].  

Nearly 30 years later we know that the VEGF family is actually comprised of 

multiple proteins encoded by 5 separate genes including VEGFA (the commonly used 

name for VPF), VEGFB, VEGFC, VEGFD, and placenta growth factor (PlGF). Some of 

these ligands can be alternatively spliced or differentially processed, greatly increasing 

the complexity of their signaling potential. Adding to that complexity are three VEGF 
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receptor family members (VEGFR1-3), which can homo- or heterodimerize with the 

various VEGF ligands (Figure 3) [32]. 

 

 

 

Figure 3: VEGF receptor/ligand pairings 

The five VEGF-family ligands differentially bind the three VEGF receptors and promote 
homo- and heterodimerization. Certain ligands can also bind the soluble versions of 
VEGFR1 and VEGFR2, which can act as ligand decoys. Stars indicate protoeolytic 
processing necessary for interaction with VEGFR2. 
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VEGFR1 (also called Flt1) is expressed in ECs, smooth muscle cells, monocytes, 

and macrophages, among other cell types, and can bind to VEGFA, VEGFB, and PlGF. 

VEGFR1 has a high affinity for VEGFA yet is activated only weakly compared to 

VEGFA-mediated VEGFR2 activation. In fact, although VEGFR1 is required for 

vascular development, its kinase activity is dispensable suggesting that VEGFR1 plays a 

role as a decoy receptor. However, VEGFR1 may have some influence on actin 

rearrangement, migration, and formation of EC tube-like structures via activation of PI3K 

and Akt [33]. 

VEGFR2 (also known as KDR or Flk1) is also expressed in ECs, especially 

during development and angiogenesis, as well as in retinal progenitor cells, 

hematopoietic cells, and megakaryocytes. A soluble VEGFR2 (sVEGFR2) isoform is 

also expressed in the heart, spleen, skin, kidney, ovary, and plasma and may act as a 

VEGF scavenger. VEGFR2 can bind to VEGFA as well as the proteolytically processed 

forms of VEGFC and VEGFD. Though VEGFA binds VEGFR2 with a lower affinity 

than VEGFR1, VEGFR2 activation potently initiates pro-angiogenic responses such as 

vascular permeability and EC survival, proliferation and migration [32]. VEGFR2 

activation results in a plethora of tyrosine phosphorylation events and subsequently 

activation of multiple downstream effector molecules, including Ras, MAPK, focal 

adhesion kinase (FAK), protein kinase C (PKC), and small GTPase Rac1 (discussed 

below). As such, VEGF is often implicated in diseases of aberrant angiogenesis, 

including retinal neovascularization and cancer. 
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1.3 The Tie receptors 

The Tyrosine kinases with Immunoglobulin and EGF homology domains (TIE) 

receptors were first identified in 1992. Tie1 was first identified by two separate groups 

looking for novel, endothelial cell-specific RTKs using degenerate primers against 

known regions of homology amongst kinases in a polymerase chain reaction (PCR) 

screen of an endothelial cell cDNA library. Sequence analysis revealed Tie1 to be a 

single pass transmembrane receptor mapping to human chromosome 1 (mouse 

chromosome 4 [34]) containing an immunoglobulin (Ig) domain, followed by three EGF 

homology domains, another Ig domain, and three fibronectin type-3 (FN-3) repeats in its 

extracellular domain and a two-lobed kinase in its cytosolic domain [35]. In this original 

characterization, Tie1 was also found to be endogenously expressed in several endothelial 

cell lines and appeared to be tyrosine phosphorylated when exogenously over-expressed 

in NIH-3T3 fibroblasts, leading to its classification as an endothelial receptor tyrosine 

kinase (RTK). Shortly thereafter, Tie2, originally designated Tek, was identified by PCR 

from murine embryonic heart cDNA. Tie2 was mapped to mouse chromosome 4 (human 

chromosome 9) and localized to the endocardium, vascular endothelium, and endothelial 

progenitor cells [36]. Sequence comparison quickly revealed Tie1 and Tie2 to be 

homologs of a new family of receptor tyrosine kinases [37]. Subsequent knockout studies 

in mice revealed that both receptors are necessary for embryonic vascular development 

but appear to play distinct roles in this process. In studies from two separate groups, mice 
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lacking Tie1 displayed vascular integrity defects resulting in edema and localized 

hemorrhage, resulting in death between embryonic days (E) 13.5-15.5 or in the 

immediate perinatal period depending on the genetic background of the mice. 

Conversely, Tie2-deficient mice died earlier in gestation (E10.5) and displayed 

inadequate vascular network formation [38,39]. After these initial findings, study of the 

two receptors diverged somewhat, mainly because the Tie2 ligands had been identified, 

whereas Tie1 remains, to this day, an orphan receptor. 

 

1.3.1 Tie2 

1.3.1.1 Signaling and function 

Even before the identification of the Tie2 ligands, it became clear that Tie2 likely 

functioned in a similar way to most RTKs. An autophosphorylated soluble Tie2 kinase 

domain was used to screen a mouse embryo expression library and was found to associate 

with two not-so-surprising partners; Growth factor receptor-bound protein 2 (GRB2) and 

the SH2-containing protein tyrosine phosphatase (SH-PTP2/Shp2) [40]. Both GRB2 and 

SH-PTP2 contain Src-homology 2 (SH2) domains which were known to bind to 

phosphotyrosine-containing sequences and, as their names suggest, had already been 

shown to associate with other growth factor receptor tyrosine kinases such as the EGF, 

PDGF, and insulin receptors [41-44]. In this study, it was shown that Tie2 

autophosphorylation was necessary for association of GRB2 and SH-PTP2 and that these 

two adapters bound to specific phospho-tyrosine residues. It was also shown that 
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mutation of three C-tail tyrosines was not sufficient to abolish the phospho-tyrosine 

signal entirely, suggesting the presence of one or more tyrosine phosphorylation sites 

outside of the C-tail. This finding suggested that Tie2 could be differentially 

phosphorylated by various stimuli to induce multiple downstream signaling pathways.  

Shortly thereafter, the Tie2 ligand Angiopoietin-1 (Ang1) was identified by a 

secretion-trap cloning method where an endothelial cell cDNA library of secreted ligands 

was transfected into cells, fixed, and stained with the Tie2 extracellular domain fused to 

the Fc domain of human IgG1 (Tie2-Fc). Isolation, amplification, and sequencing of 

cDNA from Tie2-Fc positive cells revealed the ligand to be Ang1 [45]. Interestingly, 

unlike most growth factors, Ang1 did not appear to induce a proliferative response in 

cultured endothelial cells despite evidence of Tie2 tyrosine phosphorylation. Instead, it 

was found that Tie2 activation promoted EC survival, both in vivo and in vitro through 

association with the p85 subunit of Phosphatidyl-inositol-3 kinase (PI3K) and subsequent 

activation of the Akt and Survivin pathways [12,11,46]. Loss of Tie2 in vivo impaired 

embryonic EC survival, resulting in local areas of hemorrhage [47]. Similarly, Tie2 

knockdown in vitro displayed impaired adhesion of ECs in tissue culture, resulting in 

apoptosis [48]. Additionally, Ang1-mediated activation of Tie2 initiated survival 

responses against oxygen and glucose deprivation in neural progenitor cells [49].  

Ang1-mediated activation of Tie2 was also shown to promote EC migration and 

sprouting through recruitment of downstream-of-kinase-related protein (Dok-R) and the 

non-catalytic region of tyrosine kinase adapter protein-1 (Nck), resulting in p21-activated 
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kinase 1 (PAK1) activation, as well as activation of RhoA and Rac1, contributing to 

cytoskeletal rearrangements [50,51]. Migration was also facilitated by PI3K-mediated 

phosphorylation of focal adhesion kinase (FAK), and Ang1-mediated secretion of 

plasmin and matrix metalloproteinase-2 (MMP-2) aided in initiation of EC sprouting 

[52,53]. Additionally, Ang1 was later shown to be a chemo-attractant for migrating ECs 

and bovine aortic ECs plated on collagen formed tube-like structures when treated with 

fibroblast growth factor (FGF) or Ang1 [48,54]. 

Along with its effects on survival and migration, Ang1 was shown to have a 

strong suppressive effect on inflammation. Ang1 reduced expression of several 

inflammatory adhesion molecules such as ICAM, VCAM, E-Selectin, and IL8, and 

reduced adherence and EC-transmigration of leukocytes [55-57]. These effects were 

found to be mediated through activation of Tie2 and subsequent binding to A20 binding 

inhibitor of NF-kb activation-2 (ABIN-2), which was identified as a Tie2 interactor by a 

yeast two-hybrid screen. ABIN-2 binding was dependent upon Ang1-mediated Tie2 

activation and resulted in NF-kB inhibition (Figure 4) [58].  
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Figure 4: Tie2 signaling pathways 

Ang1-mediated Tie2 activation promotes association with several SH2- and PTB-
domain-containing proteins and activates anti-inflammatory, migratory, and survival 
pathways, depending on the context. 
 
 
 
 
 
 

Given Ang1’s pro-survival and anti-inflammatory roles, not surprisingly, Ang1 

has been shown to promote vascular stability. Ang1 expression in mouse skin resulted in 

more stable, less leaky vessels, even when challenged with potent promoters of vascular 

leak like VEGF and histamine [59]. This effect is in part due to Ang1/Tie2’s ability to 

strengthen tight junctions, as well as Ang1’s ability to induce expression of delta-like 4 

(Dll4) in confluent ECs, activating the Notch signaling pathway. Ang1 induced activation 

of Dll4/Notch signaling results in extracellular deposition of collagen type IV, which also 
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promotes vascular stabilization [60,57]. Ang1’s importance in vascular stability was 

further emphasized by studying its expression in the developing and mature vasculature 

as well as the phenotypes of mice lacking Ang1. In situ hybridization in mouse embryos 

suggested the importance of Ang1 expression in early heart development and in the rest 

of the vasculature as it matures. Accordingly, Ang1 knockout mice displayed defects in 

heart development similar to Tie2 knockout mice, as well as defects in vascular 

complexity [61]. Additionally, ECs from Ang1 null mice appeared to be poorly 

associated with the extracellular matrix and surrounding cells suggesting an important 

interaction between Ang1/Tie2 and the extracellular environment [61]. 

While Ang1 proved to be important for vascular branching and sprouting in 

developmental angiogenesis and maintenance of mature vessels, Angiopoietin-2 (Ang2), 

identified by a homology screen shortly after Ang1’s identification, was initially thought 

to be an antagonist of Ang1/Tie2 signaling and was found to be expressed only in the 

adult vasculature at sites of vascular remodeling [62]. While Ang1 acted as an EC 

chemo-attractant, Ang2 not only lacked chemotactic qualities but also antagonized 

Ang1’s chemotactic abilities [54]. However, Ang1 and Ang2 both promoted EC tube 

formation in HUVECs plated on fibrin, and Ang2 was able to induce Tie2 tyrosine 

phosphorylation after a longer treatment period. This was the first indication that Ang2 

could be a context-dependent agonist or antagonist (Figure 5) [63]. In support of this 

notion, at physiological concentrations Ang2 could activate Tie2, Akt, and Erk and 

mediate survival but not migration or wound healing. Additionally, whereas VEGF 
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treatment together with Ang1 augmented Ang1’s signal, VEGF treatment along with 

Ang2 ablated its ability to activate Tie2 [64]. The influence of VEGF on Ang2 signaling 

was further demonstrated in vivo where Ang2 plus VEGF resulted in increased vessel 

diameter and increased sprouting, EC proliferation, and migration, whereas Ang2 alone 

induced vascular regression. [15,62]. Ang2’s ability to play different roles in vascular 

stabilization or regression dependent upon the presence or absence of VEGF 

demonstrates the elegant complexity of the signaling involved in vascular maintenance 

and remodeling. 
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Figure 5: Ang2-mediated Tie2 activation 

Though the Ang2 ligand antagonizes Ang1/Tie2 binding and downstream actions, Ang2 
itself can activate Tie2 and promote Akt-mediated survival over longer periods of time, 
suggesting that Ang2 can also act as weak Tie2 agonist. 
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Once it became clear that Tie2 was capable of responding differentially to diverse 

stimuli, the focus turned to elucidating the regulatory mechanism of Tie2 and the tyrosine 

phosphorylation patterns responsible for distinct downstream signaling pathways. 

Characterization of an inherited familial venous malformation revealed that mutation of 

arginine 849 to tryptophan (R849W) resulted in overabundant Tie2 kinase activity [65]. 

This effect was partially mediated through differential activation of the signal tranducers 

and activators of transcription (STAT) proteins. STAT1 is uniquely activated by the 

Tie2-R849W mutant whereas STAT3 and STAT5 are activated by wild-type Tie2 as well 

as the R849W mutant [66]. However, sequence alignment with other RTKs suggested 

that R849 was not part of the Tie2 catalytic domain [40,65]. Based on a similar mutation 

found in the FGFR, the authors hypothesized that mutation of R849 to a large 

hypdrophobic tryptophan might hyperactivate Tie2 by blocking the mouth of the catalytic 

site, prohibiting auto-inhibition by Tie2’s C-tail [65]. This conclusion was later 

confirmed when the Tie2 cytosolic domain was crystallized and it was shown that the 

Tie2 activation loop exists in an “active-like” state, the nucleotide binding loop prevents 

ATP binding by adopting a self-inhibitory state, and the C-tail blocks substrate binding at 

baseline. Phosphorylation of Y992 in the activation loop and Y1108 in the C-tail upon 

Ang1 activation displaces the auto-inhibitory C-tail and frees the substrate binding 

pocket. [67,68]. This mechanism of auto-inhibition was confirmed by deletion of the C-

tail which resulted in higher levels of both basal and ligand-mediated Tie2, Akt, and Erk 

activity which resulted in improved cell survival. [69] 
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Previous work had already identified tyrosines 1101 and 1112 in the C-tail as 

important autophosphorylation sites necessary for GRB2 and SH-PTP2 association [40]. 

Two simultaneous yeast two-hybrid screens further emphasized the importance of these 

C-tail tyrosine residues when it was shown that the p85α subunit of PI3K associates with 

Y1101 and Dok-R associates with Y1107 [70,51,71]. Several other similar proteins, 

including GRB4, GRB7, and GRB14, have also been shown to bind to one or more 

phosphorylated tyrosines, demonstrating the potential complexity of the Tie2 signaling 

network [46]. 

 

1.3.1.2 Regulation of Tie2 

Because Tie2 was shown to be involved in multiple pathways and connected to an 

array of adaptor proteins, investigations next focused on differential means of Tie2 

regulation. An initial assumption that Ang1 and Ang2 might differentially bind Tie2 

proved false when they were found to both bind a previously unrecognized N-terminal Ig 

loop and the first EGF-like domain and to compete for binding with each other [72]. 

Interestingly, SDS-PAGE and rotary metal-shadowing transmission electron microscopy 

(RMSTEM) revealed that in order to activate Tie2, Ang1 must form large multimers 

(trimers, tetramers, and pentamers) whereas Ang2 usually forms dimers, suggesting that 

multimerization may play an important regulatory role in Tie2 activation [73]. Hetero-

multimerization of Tie2 with Tie1 is another potential means of regulation and will be 

discussed below. 
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Tie2 regulation may also be influenced by expression of Tie2 and/or the 

Angiopoietins within certain cell types and their localization within the cell. For instance, 

tip cells of sprouting ECs downregulate Tie2 but strongly express Ang2 which induces 

EC sprouting and phosphorylation of FAK [74]. Conversely, in sparsely growing cells 

substrate-bound Ang1 induces Tie2 translocation to cell-matrix contacts and clustering 

with Tie1 and VE-PTP, whereas in confluent cells Ang1 activation induces Tie2 

translocation to cell-cell contacts and in mobile cells to the cell’s trailing edge [75].  

In addition to its responses to the Angiopoietins, Tie2 can also be regulated by 

VEGF, which has been shown to induce cleavage of Tie2, resulting in extracellular 

release of a soluble Tie2 (sTie2) fragment (75kDa) in an MMP-, p38-MAPK-, and PI3K-

dependent manner. This sTie2 fragment is able to scavenge Ang1/2 from the 

media/bloodstream and prohibit the survival and/or angiogenic cues they usually convey 

[76]. It has also been proposed that Tie2 is activated following VEGF-mediated 

proteolytic cleavage of Tie1 and formation of a Tie1 endodomain. Whether Tie2 

activation is a direct effect of the Tie1 kinase or an effect of relief from some form of 

Tie1-mediated inhibition is still unclear [77]. 

 

1.3.1.3 Tie2 as a therapeutic target 

Given that Tie2 expression is relatively limited to endothelial cells and that it 

plays important roles in angiogenesis and vascular stability, Tie2 and the Angiopoietins 

have been viewed as appealing therapeutic targets for diseases involving abnormal 
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vasculature. For instance, plasma concentrations of sTie2, Ang2, and VEGF are 

significantly increased in patients with peripheral artery disease (PAD) [78], and Tie2 

protein and mRNA expression are also increased after hypoxia, or treatment with TNFα, 

and IL1β [79], suggesting that the Ang/Tie pathway may be upregulated as a means of 

compensation in atherosclerotic and inflammatory diseases. Expecting to demonstrate 

Ang2’s destabilizing effect and contribution to atherosclerosis, Ahmed et al. delivered 

systemic Adenoviral-Ang2 to apoE-/- mice on a Western diet. Surprisingly, AdAng2 

inhibited atherosclerotic plaque formation, macrophage content, and LDL oxidation and 

promoted nitric oxide (NO) release from ECs [80]. Though at the time, Ang2’s effects on 

inflammation were yet unknown, it was presumed that the high concentration of Ang2 

protected against atherosclerosis by activation of Tie2 and its known survival and anti-

inflammatory pathways. This suggested that activation of Tie2, even by means of its 

context dependent agonist/antagonist Ang2, might be beneficial in certain disease states. 

Tie2 has also been targeted in the context of tumor angiogenesis under several 

different hypotheses. The first hypothesis which led to the development of anti-

angiogenic therapies, namely targeting the VEGF pathway, assumed that one could kill a 

tumor by inhibiting angiogenesis, thereby cutting off the tumor’s blood supply. Initially, 

these studies seemed to be very successful when combined with cytotoxic therapies in 

preclinical models of colorectal, lung, ovarian, and pancreatic cancers, dramatically 

inhibiting tumor growth [81,82]. Using this idea, systemic overexpression of Ang2 was 

also used to promote vascular regression and inhibit tumor angiogenesis and growth [83]. 
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However, using these approaches in humans, tumor growth initially slowed but 

eventually the tumors became hypoxic and developed resistance to VEGF blockade and 

often became more aggressively metastatic [84-86]. As a result, another hypothesis was 

developed which involved stabilizing the tumor vasculature to reduce hypoxia and 

improve delivery of chemotherapeutic agents. Tie2 has been a popular target for this 

approach, leading to the development of tools aimed at either activating Tie2 or reducing 

the concentration of circulating Ang2, such as soluble Tie2 receptor domains, Ang2 

aptamers, and anti-Ang2 antibodies or “peptibodies” [87-89], all of which have shown 

some efficacy in reducing tumor growth in preclinical models. 

Another setting in which Tie2-mediated vascular normalization has been 

relatively successful is in diseases of retinal neovascularization such as diabetic 

retinopathy and age-related macular degeneration. In models of corneal 

neovascularization after injury, both the soluble Tie2 receptor domain and Ang2 aptamer 

have been shown to reduce neovessel growth [90,91]. More recently, VE-PTP inhibition 

has been targeted as a way to promote Tie2 activity. In preclinical studies, VE-PTP 

inhibition significantly reduced neovascular area and vascular permeability in several 

models of retinal and corneal neovascularization [92]. This reagent, called AKB-9778, 

has been shown to be safe in phase I clinical trials for diabetic retinopathy and has 

advanced to phase II trials, which are currently underway.  
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1.3.2 Tie1 

1.3.2.1 Signaling and function 

The TIE gene on mouse chromosome 4, encoding the ~150kDa Tie1 protein, is 

composed of 23 exons. The Tie1 promoter is active primarily in endothelial cells in areas 

of vasculogenesis and angiogenesis, especially in the lungs, kidneys, coronary arteries, 

aortic valve cusps, arteries, and capillaries of developing mouse embryos [34,93]. Tie1 

and Tie2 are also expressed on hematopoietic stem cells (HSCs) [94], and a smaller 

(110kDa) splice variant of Tie1 is has also been found on platelets and is upregulated 

during platelet activation [95], suggesting the Tie receptors may also contribute to other 

aspects of EC differentiation and activation. However, Tie1 has been studied primarily in 

the adult and developing blood and lymphatic vasculature because of its expression there 

and because the hemorrhage and edema observed in Tie1 knockout mouse embryos 

suggest an important role in vascular maintenance [39,38]. 

As with most angiogenic factors, spatial and temporal embryonic expression of 

Tie1 is critical for proper vascular development. Tie1 knockout mice develop normally 

until ~E15.5, suggesting that Tie1 is not required for early vasculogenesis as evidenced 

by normal formation of the intersomitic vessels and major arteries. Tie1 plays a more 

important role in later angiogenic sprouting, maturation, EC survival, and proliferation as 

evidenced by fewer angiogenic sprouts and fewer ECs in the capillary plexus beyond day 

E15.5 [96]. This lack of ECs diminishes the integrity of the vessels resulting in the 

hemorrhage observed in knockout mice. 
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Tie1 null and hypomorphic mice also display abnormal lymphatic vasculature 

which precedes the blood vascular defects and contributes to the severe edema in 

knockout mice [97]. Tie1 null and hypomorphic mutants develop dilated, disorganized 

lymphatic vessels due to an early increase in lymphatic endothelial cell (LEC) 

proliferation and, later, increased LEC apoptosis, suggesting the possibility of distinct 

signaling pathways in the lymphatic and blood vasculature. Reduced Tie1 expression also 

impaired dermal lymphatic vascular patterning and function as well as lymphatic valve 

development, suggesting that lymphatic development may be more sensitive to Tie1 dose 

than blood vascular development [98,99]. 

Interestingly, Tie1 also exhibits polarized expression in the sinus venosus during 

the early stages of venous system development in conjunction with Ang1. Ang1/Tie1 

double-knockouts display right-hand side venous formation defects, whereas the left-

hand side develops normally [100]. The mechanism behind this finding has not been well 

studied, but may involve a role for the Tie receptors and their ligands in primary cilia 

function [101]. 

While Tie1 is clearly important in vascular development and maturation, its 

functions and mechanisms of action are still under investigation. Since its discovery over 

twenty years ago, a directly binding ligand has yet to be identified, and much of the 

downstream signaling that has been elucidated is controversial since it is often necessary 

to use artificial model systems to attempt to evaluate Tie1 signaling. Using these systems, 
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however, there are a few important facts that have been gleaned about Tie1 signaling and 

function. 

Since there is no known activating ligand for Tie1, many investigators questioned 

whether Tie1’s kinase was actually functional. As a result, several groups utilized Tie1-

kinase fusion proteins to address this question with varying results. For instance, a GST-

Tie1 fusion protein produced in insect cells displayed readily detectable tyrosine 

phosphorylation as well as association with the p85 subunit of PI3K, whereas a kinase 

dead mutant (K866R) did not. Additionally, when the extracellular domain of the CSF1-

receptor (c-fms) was fused to the cytosolic domain of Tie1, CSF1 stimulation in 3T3 cells 

induced weak Tie1 tyrosine phosphorylation, downstream activation of PI3K and Akt, 

and Akt-mediated survival (Figure 6A) [102]. In contrast, a similar fusion protein 

consisting of the ligand binding domain of the nerve growth factor (NGF) receptor, TrkA, 

and the Tie1 kinase was not phosphorylated by NGF stimulation in endothelial cells, 

whereas a similar TrkA/Tie2 fusion protein was phosphorylated and could phosphorylate 

associated proteins [103]. The disparity between these two experiments could be due to 

the native multimerization states necessary for activation of each receptor [104,105]. One 

could speculate that Tie1 displayed detectable tyrosine phosphorylation as a c-fms-fusion 

protein because it formed higher order multimers, if for no other reason than more Tie1 

kinases were brought in close proximity, facilitating autophosphorylation. However, it is 

more likely simply a difference in the robustness of the experimental systems. 
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Several studies have also tried to activate full-length Tie1, again with varying 

results. Two separate reports demonstrated that Tie1 could be phosphorylated by Ang1. 

One of these groups also showed that Ang4 and Cartilage oligomeric matrix protein 

(COMP)-Ang1, a more soluble form of Ang1, can also induce Tie1 tyrosine 

phosphorylation and association with Tie2 (Figure 6B). This group claimed that Tie1 

phosphorylation was enhanced by the presence of Tie2 but Tie2 was not required for Tie1 

activation [106]. In contrast, another group demonstrated that Ang1 induced Tie1 

phosphorylation in a Tie2-kinase dependent manner and suggested that Tie1 was actually 

phosphorylated by Tie2 rather than by autophosphorylation [107]. In this later paper, the 

difference in Tie2-dependence was rationalized by the fact that different cell types and 

different concentrations of ligand were used to examine Tie1 phosphorylation. Whether 

the Tie1 kinase plays an active role in Tie1 or Tie2 function is still unclear. 

 

1.3.2.2 Tie1 regulation 

One means by which Tie1 is regulated is through proteolytic cleavage. When 

analyzed by SDS-PAGE, Tie1 appears as a doublet of glycosylated cell surface receptor 

(~150kDa) and as a non-glycosylated intracellular pool (~135kDa). After treatment with 

phorbol 12-myristate 13-acetate (PMA), it was found that the larger 150kDa form 

disappears but a ~100kDa fragment collects in the supernatant. This cleavage event is a 

result of intramembrane proteolysis and produces a soluble Tie1 (sTie1) fragment 

consisting of the Tie1 extracellular domain. PMA-mediated sTie1 shedding was found to 
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be dependent on protein kinase C (PKC) pathway activation [108]. Tie1 cleavage was 

also induced by the inflammatory cytokines VEGF and TNFα. VEGF-mediated 

proteolysis was not PKC-dependent, but rather membrane-associated metalloprotease 

cleavage of Tie1 occurred between amino acids E749/S750 [109,110].   

Several groups have demonstrated that the purpose of Tie1 cleavage is to 

modulate Tie2 activity. After cleavage and release of the sTie1 extracellular fragment, 

there remains a membrane-tethered 45kDa Tie1 endodomain fragment, which has been 

shown to co-immunoprecipitate with Tie2 [109]. It was also shown that Tie2 appeared to 

be more responsive to Ang1 after PMA or VEGF-mediated Tie1 cleavage, and even more 

so when Tie1 was altogether absent [111]. Additionally, the Tie1 endodomain is further 

processed by γ-secretase to yield a 42kDa fragment, which is proteolytically degraded 

[112]. The exact mechanism of Tie1’s apparent inhibition of Tie2 is not known but there 

have been several theories. One theory suggests that the Tie1 extracellular domain 

interferes with Tie2 ligand binding such that release of the sTie1 fragment allows Tie2 to 

better bind Ang1 [112]. The Tie1 endodomain also appears to be tyrosine phosphorylated 

after Ang1 treatment, so it has also been theorized that the Tie1 kinase domain can in 

some way inhibit the Tie2 kinase either by preventing complete activation or preventing 

signal transmission. Tie1 cleavage was also necessary for VEGF-mediated EC 

proliferation, suggesting that Tie1 may also play a role in limiting the activity of the 

VEGF receptors [110].   
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Tie1 is also cleaved and downregulated in response to shear stress and in fact 

contains a Negative Shear Stress Response Element (NSSRE) in its promoter. Under 

shear stress, the Tie1 endodomain has also been shown to associate with Tie2, again 

supporting the notion that Tie1 cleavage likely promotes Tie2 activity in the mature 

vasculature [113]. As a result, Tie1 is primarily expressed at vascular bifurcations and 

branch points in the mature vasculature, where blood flow is often turbulent. Tie1 is also 

expressed at pathological sites of disturbed flow, such as aneurysms and over 

atherosclerotic plaques [114].  

Perhaps the most robust effect of Tie1 that has yet been documented in the adult 

vasculature is its effect on inflammation. Tie1 overexpression in ECs in vitro 

significantly upregulated mRNA and protein levels of the inflammatory adhesion 

molecules ICAM, VCAM, and E-selectin in a p38-dependent manner (Figure 6C). 

Functionally, Tie1 overexpression also promoted leukocyte adhesion to ECs [115]. 

Accordingly, Tie1 knockdown decreased expression of ICAM, VCAM, and E-selectin 

[116]. In a mouse model of atherosclerosis, Tie1 conditional knockout mice developed 

significantly fewer atherosclerotic plaques on a high fat diet at 49 weeks of age than mice 

expressing one Tie1 allele. In agreement with previous studies, Tie1 knockdown in this in 

vivo model increased eNOS expression and decreased ROCK1, ROCK2, ICAM and 

VCAM expression. After Tie1 knockdown, shear stress increased eNOS expression and 

activation, increased IkBα expression, increased Tie2 phosphorylation, and decreased 
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ICAM expression [117]. The mechanism by which Tie1 influences expression of these 

inflammatory adhesion molecules is unknown. 

 

 

Figure 6: Tie1 signaling 

Despite the challenges of working with the orphan receptor Tie1, some creatively 
engineered tools have shed some light on Tie1’s potential abilities. A). A chimeric 
receptor composed of the CSF1R extracellular domain and the Tie1 cytosolic kinase 
domain is activated (tyrosine phosphorylated) by stimulation with CSF and promotes 
Akt-mediated survival. B). An engineered version of Ang1, COMP-Ang1, which acts as a 
very strong agonist for Tie2, also results in tyrosine phosphorylation of Tie1. The 
downstream effects of Tie1 tyrosine phosphorylation are largely unknown. C). Though 
Tie1 cannot directly bind any identified ligand, overexpression of Tie1 results in a potent 
inflammatory response through reduction of eNOS and increased expression of ICAM 
and VCAM. 
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Similarly, Tie1 is also upregulated in a mouse model of arthritis along with Ang1, 

Ang2, and Tie2. Interestingly, administration of a naturally occurring soluble Tie1 splice 

variant, Tie1-751, reduced the overall severity of arthritis in mice, including a reduction 

in synovial angiogenesis. Curiously, Tie1-751 decreased Ang1 and VEGF-mediated EC 

survival and migration in vitro [118]. Since the Tie1 extracellular domain has never been 

shown to directly bind any known ligand, this group proposed that Tie1-751 ameliorated 

arthritic angiogenesis by directly binding the extracellular domains of cell surface-

expressed Tie1 and Tie2, which they had shown previously through cross-linking and co-

immunoprecipitation [119]. 

Tie1 expression and function has also become a topic of interest in the area of 

tumor growth and angiogenesis but has yielded some complicated results. For instance, 

knockdown of Tie1, but not Tie2, resulted in endothelial-mesenchymal transition 

(EndMT), a process thought to play a role in pancreatic cancer. [120] EndMT is a 

phenomenon whereby endothelial cells lose EC markers (CD31, VE-Cadherin, CD34) 

and start to resemble fibroblasts in appearance and expression of mesenchymal markers 

(SMA, collagen1a1, N-Cadherin). Tie1 knockdown upregulated Slug, a zinc-finger 

transcriptional repressor believed to downregulate VE-Cadherin, and promoted migration 

and decreased adhesion of ECs [120]. In this study, loss of Tie1 seems to promote 

generation and progression of pancreatic cancer.   

In contrast, full length Tie1 and the 45kDa Tie1 endodomain were found to be 

upregulated in several epithelial tumor cell lines (colon, breast, thyroid) and both were 
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constitutively phosphorylated. [121]. Similarly, the size, vascularity, and EC viability of 

various implanted tumor lines were impaired by conditional Tie1 EC deletion. Tie1 

deletion decreased sprouting angiogenesis and increased Notch signaling through an 

increase in Delta-like 4 (Dll4) expression. In addition, Ang2 and VEGF were also 

upregulated by Tie1 deletion, and sTie2-mediated tumor inhibition was further 

augmented by the absence of Tie1. In contrast to several in vitro reports, Tie2 did not 

appear to be any more or less responsive to Ang1 stimulation in the absence of Tie1 in 

vivo [122].  

Given the complex and often contradictory data involving Tie1’s signaling and 

function, it seems likely that Tie1 function may depend heavily on the context in which it 

is expressed. The fact that Tie1 is expressed throughout the vasculature late in embryonic 

development but only in areas of turbulent flow and active angiogenesis in the mature 

vasculature suggests that Tie1 may function differently depending on the developmental 

stage/maturity of the vasculature. Evidence of this has been shown in zebrafish embryos 

where Tie1 and Tie2 play redundant roles in heart development, and Tie2-/- embryos 

unexpectedly display improved vascular integrity. This apparent reversal of Tie2 function 

in the immature zebrafish (teleost) versus the mature quiescent mammalian vasculature is 

quite possibly true of Tie1 as well [123]. 

The varying results of studies in primary and immortalized endothelial and non-

endothelial cells suggest that cell type may influence Tie1 function. Perhaps most 
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importantly, co-expression of other angiogenic receptors, most notably Tie2 and VEGFR, 

are very likely to dictate Tie1 signaling and function. 

 

1.3.3 Tie1 and Tie2 interactions 

A direct interaction of Tie1 with Tie2 has long been presumed, but demonstrating 

and characterizing the circumstances, causes, and results of this interaction has actually 

been quite difficult, mostly because of the context-dependence of Tie2’s actions and the 

mysteries of the mechanisms by which Tie1 is activated. Many of the early interaction 

studies were performed by co-immunoprecipitation and/or ligand stimulation in the 

presence or absence of one or the other receptor. These experiments typically used Tie1 

and Tie2 tyrosine phosphorylation as a readout of activation, which, as stated before, 

produced some contradictory data. One group claimed that Ang1-mediated Tie1 

phosphorylation was enhanced by the presence of Tie2 but that Tie2 was not required for 

Tie1 activation [106]. In contrast, another group also demonstrated Ang1-induced Tie1 

phosphorylation but in a Tie2-kinase dependent manner [107]. Yet another group claimed 

that full-length Tie1 and the Tie1 endodomain co-immunoprecipitated with Tie2 but 

neither form of Tie1 was tyrosine phosphorylated, even after Tie2 activation [103]. As 

mentioned before, these experiments are likely highly dependent upon cell type and 

presence and abundance of various other angiogenic factors and receptors, including 

relative abundance of Tie1 and Tie2. 
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Tie2 binding and response to the Angiopoietins has also been shown to be 

influenced by Tie1. Tie1 is generally thought to limit Tie2 activity by unknown 

mechanisms, but there are several papers suggesting Tie1 interferes with Ang binding to 

Tie2 simply by steric hinderance. Hansen et al. demonstrated that Ang1 preferentially 

binds Tie2 in the absence of Tie1, but Ang2 can bind Tie2 in the presence or absence of 

Tie1 (Figure 7) [124]. This may also provide a functional explanation for Tie1 cleavage. 

For example, while Tie2 can also be cleaved by PMA and VEGF after longer exposures, 

cleavage of Tie1 happens rather quickly, allowing for a more robust but transient 

response to Ang1 before downregulation [111]. 
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Figure 7: Tie1/Tie2 interaction after ligand binding 

The Tie receptors exist as heteromultimeric complexes at baseline. Ang2 is able to bind 
Tie2 while associated with Tie1 and results in very little activation. Ang1 binding 
promotes dissociation of Tie1 and Tie2 and the absence of Tie1 augments Ang1-mediated 
Tie2 activation. 
 
 
 

The Angiopoietins also appear to influence localization of the Tie receptors. 

Confocal microscopy revealed that Ang1 induced Tie2 translocation to cell-cell contacts, 

or cell-matrix contacts if Ang1 is substrate bound. Ang1 stimulation also promoted 

homotypic trans-complex clusters containing Tie1, Tie2, and VE-PTP at cell-cell contacts 

[75]. Similarly, a study that used fluorescence resonance energy transfer (FRET) 

technology to visualize the interaction of the Tie1 and Tie2 extracellular domains 

demonstrated that a proportion of the total Tie1 and Tie2 expressed on the cell surface 

associate under baseline conditions. Treatment with Ang1 promoted dissociation of Tie1 
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and Tie2, while Ang2 did not affect association. This finding agreed with other co-IP 

studies, however it also suggested that the Tie kinase domains are unnecessary for 

interaction [18]. This does not necessarily contradict evidence demonstrating that the 

cytosolic domains of the Tie receptors directly interact but may suggest that the 

electrostatic landscapes of both the extracellular and intracellular domains of both Tie1 

and Tie2 favor interaction. It is thus reasonable to assume that phosphorylation or other 

modifications that alter the local charge of each molecule could promote dissociation of 

these receptors. 

 

1.4 Akt signaling in angiogenesis 

Protein kinase B, more commonly known as Akt, is a serine/threonine kinase with 

three family members (Akt1-3). Akt1 is the most widely expressed and is activated 

downstream of many RTKs, contributing to the proliferation and survival effects of 

growth factors. Akt2 is also widely expressed but at lower levels than Akt1, except in 

insulin-responsive tissues where Akt2 has been shown to regulate glucose homeostasis 

[125]. Akt3’s expression is limited to the brain and testis and has not been well studied. 

Hereafter, I will refer only to Akt1 as Akt because it is the predominant isoform in the 

endothelium [126]. 

Akt activation downstream of RTKs occurs through PI3K-mediated generation of 

3-phosphoinositides and activation of phosphoinositide-dependent kinase 1 (PDK1). 

After ligand-mediated RTK activation, the phosphorylated tyrosines serve as docking 
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sites for the SH2 domains of the p85 subunit of PI3K. Activated PI3K then 

phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2), converting it to 

phophatidylinositol-(3,4,5)-triphosphate (PIP3). Akt is then recruited to the plasma 

membrane and binds PIP3 via it pleckstrin homology (PH) domain. This membrane 

translocation then brings Akt in close proximity with PDK1, which phosphorylates Akt 

on T308, and mammalian target of rapamycin complex 2 (mTORC2) phosphorylates Akt 

on S473. Activated Akt recognizes and phosphorylates serine and threonine residues 

within the consensus sequence RXRXXS/T (where X is any amino acid) on its myriad 

substrates. 

Some of these Akt-mediated phosphorylation events have an activating effect on 

the substrate, such as endothelial nitric oxide synthase (eNOS) and murine double minute 

2 (MDM2), which promote normal endothelial function and cellular proliferation, 

respectively. Some phosphorylation events are inhibitory but can nonetheless promote 

proliferation, survival, and metabolism as they often inhibit pro-apoptotic pathway 

components such as Bad, Caspase9, FOXO, and GSK3, among many others. Being 

downstream of many RTKs, Akt also serves as a distinct point of cross-talk between 

multiple pathways. Akt is thus extremely important in both quiescent ECs (promoting 

survival and maintaining metabolic processes) as well as in ECs undergoing active 

angiogenesis (promoting proliferation and survival).  
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1.5 Rho-GTPases in angiogenesis 

The Rho family of small GTPases is part of the Ras superfamily and consists of at 

least 25 human proteins. Rho GTPases, like other GTPases, cycle between an active, 

GTP-bound state and an inactive, GDP-bound state. The Rho GTPases often contain C-

terminal lipid modifications, which aid in localization with specific subcellular 

membranes [127]. Of the Rho-family GTPases, RhoA, Rac1, and Cdc42 have been best 

characterized and, in general, all promote cell growth and survival. They also play 

distinct roles in cytoskeletal rearrangement and modulate cell shape and migration [128].   

Rho GTPases are very tightly regulated through a number of mechanisms. The 

intrinsic catalytic rate of most GTPases is relatively slow, therefore GTPase activating 

proteins (GAPs) are an important group of regulatory proteins that catalyze the hydrolysis 

of activating GTP to the inactive GDP. Overactivating GTPase mutations, most notably 

of the Ras family, are extremely common in cancer and result in characteristic growth 

and anti-apoptotic effects. Once in the GDP-bound form, a GTPase will remain inactive 

until GDP is replaced with GTP by a guanine nucleotide exchange factor (GEF). If it is 

necessary for the GTPase to remain inactive, it may bind to a GDP-dissociation inhibitor 

(GDI), which prevents the exchange of the inactivate GDP. 

The Rho-family GTPases play well-documented roles in EC cytoskeletal 

rearrangement and migration. RhoA has been shown to stimulate acto-myosin 

contractility, whereas Cdc42 mediates filopodia formation through association with the 
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Wiskott-Aldrich syndrome protein (WASP) complex, and Rac1 is responsible for 

lamellipodia formation and membrane ruffling through the HSPC300/WASP family 

verprolin-homologous protein (WAVE) complex [128]. Rac1 is of particular interest to 

us because of a novel interaction with Tie1, which will be detailed in the Results section 

of this thesis. 

Basal Rac1 signaling generally mediates endothelial cell barrier protection, 

whereas Rac1 activation promotes intercellular attachments and regulation of actin and 

microtubule rearrangement during endothelial lumen formation [129]. As with many 

factors that are critical for angiogenesis, increases or decreases in Rac1 activity can result 

in vascular abnormalities [130-132,97]. Rac1 knockout has been shown to inhibit EC 

migration and tubulogenesis [133], and mice with endothelial Rac1 haploinsufficiency 

display mild hypertension that appears to be a result of insufficient endothelial nitric 

oxide synthase (eNOS) activity [134]. Conversely, sustained Rac1 signaling has been 

shown to generate an abundance of reactive oxygen species, resulting in vascular smooth 

muscle hyperplasia [135]. 

Given the similar effects of RTK signaling and Rho-family GTPase activation, it 

is not surprising that nearly half of the identified RTKs activate a member of the Rho 

family of GTPases. In fact, Ang1-mediated Tie2 activation was shown to activate both 

Rac1 and RhoA on different time scales. This is presumed to be one of the ways in which 

Ang1 promotes EC migration [50]. However, to our knowledge, no GTPases have been 

found to directly associate with an RTK, but are merely activated downstream often 
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through the MAPK, JNK, or PI3K/Akt/PLCγ pathways. The direct link between GTPases 

and RTKs more frequently lies in RTK-associated and/or RTK-activated GEFs. At least 

16 RTKs have been found to directly interact with and/or phosphorylate GEFs, which 

ultimately activate various GTPases downstream of RTK activation [136]. In the case of 

Tie2, the Ras-family GEF, Son-of-sevenless 1 (Sos1), which is known to be regulated by 

PI3K signaling products, associates with Tie2-bound GRB2 after Ang1-mediated tyrosine 

phosphorylation [50]. The possible implications of these interactions will be discussed in 

the Conclusions and Future Directions sections.
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2. Methods 

2.1 Materials 

2.1.1 Antibodies 

Rabbit polyclonal phospho-Tie1-T794 antibody was generated by 21st Century 

Biochemicals (Marlborough, MA) using the peptide sequences C-Ahx-

LHRRRTF[pT]YQSGSGE-amide & C-Ahx –LHRRR[pT]F[pT]YQSGSGE-amide. 

Rabbit polyclonal Tie1 C-tail antibody (C-18, SC-342), mouse monoclonal phospho-

Tyrosine antibody (PY99, SC-7020), and rabbit polyclonal Tie2 C-tail antibody (C-20, 

SC-324) were from Santa Cruz Biotech (Santa Cruz, CA). Extracellular Tie2 mouse 

monoclonal antibody (mAb 33) was from Amgen (Thousand Oaks, CA). Rabbit 

polyclonal phospho-Akt substrate (#10001), phospho-Akt (Ser473) (#9271), total Akt 

(#9272), total p44/42 MAPK (ERK1/2, #9102), Rac 1,2,3 (#2465), phospho-PAK1 

(S144)/ PAK2 (S141) (#2606), PAK1 (#2602), and mouse P-p44/42 (#9106) were from 

Cell Signaling Technology (Danvers, MA). Rat alpha-Tubulin (#MCA77G) antibody was 

from AbD Serotec (Raleigh, NC). Rabbit monoclonal GM130 [EP892Y] antibody 

(ab52649) was from Abcam. Goat-anti-Rat, rabbit, and mouse HRP-conjugated 

secondary antibodies (SC-2065, SC-2004, SC-2005) were from Santa Cruz Biotech and 

were used for most western blotting needs. Protein-A (SC-2001) or protein-G (SC-2002) 

agarose beads were also from Santa Cruz and used for immunoprecipitation. A 

polyclonal Protein-A-HRP-conjugate antibody (PA1-72065) from Pierce was used with 

the phospho-T794 custom antibody to avoid detection of non-denatured IgG at the 

expected molecular weight. 
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2.1.2 Reagents 

Recombinant human Ang1, Ang2, VEGF, and TNFα were from R&D Systems 

(Minneapolis, MN). Rho/Rac/Cdc42 activator (#CN04), recombinant His-Rac1 protein 

(#RC01), ROCK inhibitor Y-27632 (#CN06), and Rac1 G-LISA activity assay (BK-840) 

were from Cytoskeleton Inc (Denver, CO). PAK inhibitor IPA 3 (#3622) was from Tocris 

Biosciences (Minneapolis, MN). Complete® Protease inhibitor and PhosStop® 

phosphatase inhibitor were from Roche (San Francisco, CA). Matrigel was from BD 

Biosciences/Corning (#354234) (Corning, NY).  

 

2.1.3 Cell lines 

HUVECs were isolated in lab from umbilical cords donated to the Duke 

University Cord Blood Bank as previously described [137]. HUVECs were grown on 

0.1% gelatin-coated dishes in Lonza (Basel, Switzerland) EBM (#CC-3121) 

supplemented with a Lonza EGM Singlequot (#CC-4133) with 1% pen/strep and 20% 

fetal bovine serum (FBS). Human embryonic kindney (HEK)-293 cells, U937 

monocytes, embryonic fibroblasts NIH-3T3s, and brain endothelioma b.End3s were 

purchased from ATCC (Manassas, VA). HEK-293s, NIH-3T3s, and b.End3 cells were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 1% pen/strep and 10% 

FBS. U937s were grown in suspension in RPMI-1640 with 1% pen/strep and 10% FBS. 

EC-RF24 (ECRFs) were generously provided by Dr. Ruud Fontijn (VU University 
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Medical Center, Amsterdam) and cultured similarly to HUVECs. GP2-293 and Phoenix 

packaging cells were obtained from ATCC and grown in DMEM with 1% pen/strep and 

10% FBS. 

 

2.1.4 Constructs 

Full length wild-type mouse Tie1 cDNA in pBlueScript (pBS) was used to 

generate point mutations by site-directed mutagenesis (Quick-Change, Stratagene) using 

the forward primer 5’- CGGAGACGCACCTTCGCCTACCAGTCAGGCTCG- 3’ and 

reverse primer 5’- CGAGCCTGACTGGTAGGCGAAGGTGCGTCTCCG- 3’ to 

generate a non-phosphorylatable T794A mutant and the forward primer 5’- 

CGGAGACGCACCTTCGAGTACCAGTCAGGCTCG- 3’ and reverse primer 5’- 

CGAGCCTGACTGGTACTCGAAGGTGCGTCTCCG- 3’ to generate a phospho-

mimetic T794E mutant. Successful mutagenesis was confirmed by sequencing. Tie1-WT 

and the T794A and T794E mutants were then cloned in to the pCS2 vector [138] for 

zebrafish vascular development studies and pQCXIB (Clontech) to transiently and stably 

express them in various cell types. Tie1 knockdown was achieved in endothelial cells 

using a human (h)Tie1-specific shRNA in the plasmid pSM2 and corresponding to bp 

3252-3272 (CCTGTGCCGAGCTCTATGAAA) of hTie1 (NCBI RefSeq# NM_005424), 

obtained from OpenBiosystems (cat # RHS1764-9689489, ID# V2HS_69970) through 

the Duke RNAi core facility. Tetracycline (Tet)-inducible constructs were generated by 

cloning Tie1-WT or the T794A or T794E mutants in to the pRetroX-Tight-Hyg construct 

and stably co-expressing with the pRetroX-Tet-On-Advanced vector, both from Clontec. 
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Adenoviruses were generated by cloning the Tie1 variants into the pAdTrackCMV vector 

and recombined with the pAdEasy vector as described below.  

 

2.1.5 Adenovirus generation 

Adenoviruses were generated using the pAdTrack-CMV/pAdEasy system as 

previously described [139]. Briefly, linearized pAdTrack-CMV containing one of the 

Tie1 variants was co-transformed in to BJ5183 electrocompetent e. coli along with the 

pAdEasy vector. Recombination was confirmed by diagnostic digest and linearized 

vector was transfected in to HEK-293 cells for adenoviral generation and amplification. 

Adenovirus infected HEK-293 cell lysate was tested for the presence of the Tie1 variants 

and its ability to transduce expression of Tie1 in ECRFs. Crude lysates were used to 

infect more 293 cells and went through 3-5 rounds of amplification. Large scale 

preparations were then purified using Cesium Chloride gradients [139,140]. Purified viral 

titers were determined spectrophotometrically. 

 

2.2 In vitro assays 

2.2.1 Ligand stimulation 

HUVECs were infected with adenoviruses expressing GFP or Tie1 at ~3x108 

pfu/ml +/- AdmyrAkt and incubated overnight. Ligand stimulation experiments were 

starved for 3 hours prior to incubation with ligand as indicated. All CN04-mediated Rac1 

activation experiments were starved overnight followed by a 30 min pre-treatment with 
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inhibitors and/or 3h CN04 (5µg/ml) incubation. Cells were then washed once with PBS 

and lysed in Triton or RIPA lysis buffer containing protease and phosphatase inhibitors. 

Lysates and immunoprecipitates were resolved by SDS-PAGE and analyzed by western 

blot. 

 

2.2.2 In vitro kinase assay  

0.5-1.0µg of GST-Tie kinase fusion protein was precipitated from SF9 insect cell 

lysates using 30µl Glutatione-sepharose beads (Amersham Biosciences, Pittsburgh, PA). 

Purified proteins were washed in Triton lysis buffer (20mM Tris (pH 8.0), 137mM NaCl, 

2mM EDTA (pH 8.0), 10% v/v Glycerol, 1% v/v Triton-X, Complete protease inhibitor 

tablets, PhosSTOP phosphatase inhibitor, Roche) and incubated with 1mM ATP, kinase 

buffer (20mM Tris-HCL, pH 7.5, 100uM NaCl, 12mM MgCl2, 1mM DTT) and 

endothelial cell lysate for 1 hour at room temperature with mixing. The GST-beads were 

then washed twice more with lysis buffer before the proteins were eluted into Laemmli 

buffer containing 5% β-mercaptoethanol, boiled, and resolved by SDS-PAGE and 

western blot. 

 

2.2.3 Co-immunoprecipitation  

HUVECs were infected with GFP or Tie1 adenoviruses and lysed in NP-40 lysis 

buffer (100mM NaCl, 1.0% NP-40, 50mM Tris-Cl, pH8.0,) containing protease and 

phosphatase inhibitors. Lysates were incubated on a rotator at 4°C with 1µg of 

recombinant His-Rac1 for 6 hours. Aliquots of whole cell lysate were collected at this 
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point to analyze by Western blot. The remaining lysate was mixed with Tie1 antibody 

overnight. Protein-A Agarose beads were added for 1 hour the following morning. 

Proteins precipitated on the beads were then washed 3 times with NP-40 lysis buffer and 

mixed with 1× Laemmli running buffer containing 5% β-mercaptoethanol, boiled for 5 

minutes, and resolved by SDS-PAGE. 

 

2.2.4 Stable cell line generation 

Retroviral vectors were transfected in to one of two packaging cell lines: Phoenix 

cells which produce ecotrophic retrovirus, or GP2-293s which, when cotransfected with 

the VSV-G envelope protein, produce pantrophic retrovirus [141]. Supernatant was 

collected from 1-3 days after transfection, centrifuged, and filtered to remove cell debris. 

This retroviral supernatant was then applied in a 1:1 ratio with fresh medium to sparsely 

plated recipient cells along with 8µg/ml of Polybrene for 3-5 days. Once the recipient 

cells became confluent, the antibiotic appropriate for the retroviral vector was applied to 

the cells at a concentration previously determined for each cell line until there was 

appreciable cell death. The remaining cells were expanded under continued antibiotic 

selection and cell lysates were collected to verify expression of the retrovirally introduced 

protein. 
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2.2.5 Protein stability assays 

Proteasome inhibition was achieved by treating cells with 10µM MG132 for 6 

hours before lysis and analysis by western blotting. Blotting for ubiquitin was used to 

confirm proteasome inhibition.  

Cycloheximide experiments were performed by treating cells with 10µg/ml 

cycloheximide in serum-free medium for the indicated times before cell lysis and analysis 

by western blot. Experiments performed in HUVECs were carried out 16 hours after 

adenoviral infection. 

 

2.2.6 Nuclear/cytosolic fractionation 

Fractionation was performed 16 hours after adenoviral infection in HUVECs by 

gently scraping cells into ice cold PBS. Cells were pelleted briefly by centrifugation and 

resuspended in a 0.1% NP-40 in PBS solution and triturated 5x using a p1000 pipette tip 

with ~3mm trimmed off to widen the opening. A small aliquot was collected at this point 

as a whole cell lysate sample. The remaining sample was briefly spun down to pellet the 

nuclei and the supernatant was collected as the cytosolic fraction. Nuclei were washed 

once in the NP-40 solution and pelleted once again and resuspended in Laemmli protein 

running buffer. All samples were boiled on a 100°C heat block for 5 minutes before SDS-

PAGE and western blot analysis. 
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2.2.7 Proliferation assay 

HUVECs were infected with the indicated viruses overnight then plate at 10,000 

cells/well of a 6-well plate. Every 24 hours following plating, separate groups of cells 

were fixed in cold methanol for 5 minutes and allowed to dry before staining with 50% 

hematoxylin. Four random images were captured per well and number of nuclei were 

counted by an automated counting macro. Cell numbers in each group were normalized 

to the mean number of cells 24 hours after plating. 

 

2.2.8 Migration assay 

HUVECs were infected with the indicated adenovirus for 24 hours then plated at 

30,000 cells/well in serum-free media on to 8µm Transwell filters (Corning) coated with 

gelatin (0.1%). Full-serum growth media was added to the lower chamber and cells were 

allowed to migrate for 6 hours. Unmigrated cells were then removed from the top of the 

membrane using a cotton swab. Migrated cells were fixed in methanol for 15 minutes and 

incubated with a DAPI solution (300nM in PBS) for 5 minutes. Random fields were 

imaged and counted. 

 

2.2.9 Survival assay 

Nearly-confluent HUVECs were left uninfected or were infected with the 

indicated adenovirus. 24 hours after infection, the media was changed to either full-serum 

media or serum- and growth factor-free starvation media. 48 hours later, the cells were 
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washed once with PBS to remove dead and non-adherent cells, fixed in methanol, 

hematoxylin stained, and random fields were imaged with a 6x objective. Nuclei were 

counted and normalized to the average number of cells in the full-serum media group of 

each virus condition to account for any proliferation that may have taken place. 

  

2.2.10 Leukocyte adhesion assay 

Confluent HUVECs were infected for 24 hours with the indicated adenovirus, 

then treated with our without TNFα (1ng/ml) overnight. U937 leukocytes (3x106) were 

then incubated with the HUVECs for 30 minutes at 37°C. Non-adhered cells were 

washed away. Random brightfield images (4x objective) were captured and adherent 

U937s were counted. 

 

2.2.11 Cell polarity assay 

A confluent monolayer of HUVECs was infected with Tie1-WT or T794A 

adenovirus for 16 hours. The monolayer was then scratched with a p200 pipette tip. 2 

hours after scratching, the cells were fixed in 2% PFA, permeabilized with 0.5% Triton-

X, blocked with 5% normal goat serum, and stained with DAPI to label nuclei and an 

anti-GM130 antibody to look for Golgi orientation. Random fields along the scratch were 

imaged for quantification by a blinded judge. Only intact cells on the edge of the scratch 

were evaluated for orientation. The Golgi was considered to be “properly oriented” if 
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more than 50% of the Golgi was located on the scratch side of a central axis drawn 

parallel to the scratch. 

  

2.2.12 Matrigel tube formation assay 

HUVECs were infected overnight with GFP or Tie1 adenoviruses at ~3x108 

pfu/ml. Cells were then plated on Matrigel (10mg/ml) at 6,000 cells/well of a 96-well 

plate. Remaining cells were lysed and analyzed by western blot to assure equal 

adenoviral Tie1 expression. Brightfield images were captured using an inverted epi-

fluorescent (6x objective) microscope 6 hours after plating and quantified using an 

ImageJ-Angiogenesis Analyzer macro. Fluorescent images were taken by fixing tubes in 

4% PFA, permeabilizing in 0.5% Triton-X, and staining with 70nM Rhodamine-

Phalloidin.  

 

2.2.13 Rac1 activity assay 

Rac1 activity assays were performed according to the instructions provided by 

Cytoskeleton, Inc. Briefly, HUVECs were infected with adenoviruses in serum-free 

media for 24 hours. Unstimulated samples were collected after 24 hours of serum 

starvation whereas stimulated samples were incubated in full-serum media for 10 minutes 

after 24 hours of starvation. Samples were lysed in the supplied lysis buffer and either 

applied directly to the Rac1-GTP-binding plates or snap frozen in liquid nitrogen. Equal 

concentrations of protein samples were incubated on the binding plates for 30 minutes at 
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4°C, followed by 3 washes, and hour-long incubations with the supplied primary and 

secondary antibodies. Rac1 activity was then quantified by addition of the colorometric 

substrate and reading the plate at 490nm. Background values were subtracted from each 

reading.  

 

2.2.14 Tie1 Proteomic studies 

Tie1 phospho-mapping study: ECRFs were infected with Tie1-WT or T794A 

adenoviruses with or without AdmyrAkt. 24 hours later, cells were lysed in NP-40 lysis 

buffer and Tie1 was IP’ed. IPs were thoroughly washed with NP-40 lysis buffer and with 

ammonium bicarbonate (50mM). Samples were then submitted to the Duke Proteomics 

core facility for titanium oxide enrichment and phospho-peptide identification. 

Tie1 interaction study: Tie1 antibody (C-18, Santa Cruz) was covalently 

conjugated to Protein-A agarose beads using a Dimethylpimelimidate (DMP)-

crosslinking protocol provided by the Duke Proteomics Core Facility. In brief, antibody 

was coupled to agarose beads by mixing for several hours. Beads were then washed 3x in 

a 0.2M sodium borate buffer (pH 9.0) to remove uncoupled antibody. Antibody was 

cross-linked using freshly made 20mM DMP in 0.2M sodium borate (pH 9.0) for 40 

minutes at room temperature. Beads were then washed in 0.2M ethanolamine to quench 

the DMP reaction, then subjected to an acid wash (0.58% v/v acetic acid + 150 mM 

NaCl) 3x to remove uncoupled antibody. Coupled beads were then validated for 

efficiency and specificity by Coomasie stain and Western blot, respectively.  
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Immortalized endothelial cells (ECRFs) constitutively expressing a human Tie1 

shRNA were infected with adenoviruses expressing mouse Tie1-WT or T794A +/- 

AdmyrAkt for 24 hours then lysed in NP-40 lysis buffer. Tie1 was immunoprecipitated 

on cross-linked beads and washed thoroughly with NP-40 lysis buffer. Samples were then 

washed 3x in 50mM Ammonium Bicarbonate and mixed with 0.2% Rapigest SF 

Surfactant (Waters Corporation) and delivered to the Duke Proteomics Core Facility for 

in solution digestion and proteomic analysis of associated proteins. Unique peptides were 

identified using the SwissProt database. Peptides that bound to the IgG-beads control or 

known to non-specifically bind to the Protein A agarose beads were discarded as non-

specific. Proteins identified by 2 or more unique peptides were considered to be specific 

binders. 

 

2.2.15 Statistical Analysis 

All western blots are representative of at least 3 repeat experiments. 

Quantification of tube formation data was the result of 11 independent experiments, each 

normalized to uninfected controls for comparison. Zebrafish data are expressed as a 

percentage of the total number of embryos counted per group. Significance was 

determined by a Chi squared test. All other results are expressed as the mean ± the 

standard error of the mean (SEM).  Analysis of variance was used to compare means of 

different groups and Student’s t-tests were used to determine individual differences. In all 

instances, P<0.05 was considered statistically significant. 
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2.3 In vivo assay 

2.3.1 Zebrafish vascular development 

Zebrafish (Danio rerio) embryos were raised and maintained as described [142]. 

24 hours post-fertilization (hpf) embryos were raised in 0.2 mM 1-phenyl-2-thio-urea 

(Sigma) to prevent pigment formation and were allowed to develop until 48 hpf. Splice 

blocker morpholino (MO) against tie1 (5’-CATGTCTACTTACAGATCCAGATTG-3’) 

was reported previously [143] and was obtained from Gene Tools, LLC. 

1nl of diluted MO (5 ng) and/or RNA (50 or 100 pg) was injected into Fli1:EGFP 

zebrafish embryos at the 1- to 2-cell stage. Injected embryos in each group were blinded 

by a member of the Katsanis lab not involved with the project and classified at 48 hpf (by 

C. Golzio) as normal or mutant based on relative vasculogenic defects compared with 

age-matched controls from the same clutch. Mutant embryos were characterized by a 

minimum of four missing intersegmental vessels (ISV) and/or the absence of the dorsal 

longitudinal anastomotic vessel (DLAV). For RNA rescue experiments, the murine Tie1-

wild type and Tie1-T794A mRNAs were cloned into the pCS2 vector and transcribed in 

vitro using the SP6 Message Machine kit (Ambion). Numbers of embryos per group were 

as follows: Uninjected, n=300; Control MO, n=67; Tie1-MO (MO), n=133; MO+Tie1-

WT, n=105; MO+ Tie1-T794A, n=79; Tie1-T794+WT, n=27; Tie1-WT, n=275; Tie1-

T794A, n=60. 
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3. Phosphorylation of Tie1-T794 modulates 
angiogenesis via Rac1/PAK1 activation. 

 3.1 Introduction 

Development and maintenance of the mature vasculature requires a delicate 

balance between vessel growth (angiogenesis) and quiescence regulated by constant 

integration of signals from the bloodstream and surrounding tissues [130-132].  Though 

Tie2 plays many well-characterized roles in these processes, Tie1’s roles and 

mechanisms of action remain poorly understood. The little we do know about Tie1’s 

effects and functions in endothelial cell biology are in stark contrast to the known effects 

and functions of Tie2. To try and elucidate why these two receptors, which are otherwise 

very similar in structure and sequence, behave so differently, we decided to interrogate 

some of these minor differences in sequence in more depth. 

As receptor tyrosine kinases (RTK), Tie1 and Tie2 both contain single 

transmembrane domains and canonical cytoplasmic kinase domains. The Tie1 protein has 

a high degree of homology with Tie2, with 75% amino acid identity in their kinase 

domains [144,145]. Interestingly, the ~50 amino acid juxtamembrane (JM) regions of 

Tie1 and Tie2 are highly divergent, with the JM region of Tie1 containing 10 

serine/threonine residues that are not conserved in Tie2. Although not well described, 

serine/threonine phosphorylation has been shown to play a role in the regulation of other 

RTKs, including the IGF, EGF, PDGF, and FGF receptors [24-28]. Thus, we speculated 

that these residues on Tie1 could serve as sites of phosphorylation and subsequent 
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modulation of Tie1 activity and/or function, which could partially account for functional 

differences between Tie1 and Tie2.  

To evaluate the possibility of serine/threonine JM phospho-regulation, we first 

identified Thr794 as potential Akt phosphorylation site and validated its biological 

relevance. We next designed several tools (point mutants, a phospho-specific antibody, 

and stable cell lines) to investigate the potential effects of phosphorylation on Tie1 and 

Tie2 signaling, processes regulated by Tie1 and Tie2, as well as its effect on endothelial 

cell biology in general. 

In these studies we demonstrate that the phosphorylation state of Thr794 on Tie1 

is critical for angiogenesis and vascular morphogenesis in vivo during zebrafish vascular 

development and in vitro in matrigel tube formation assays. We demonstrate that these 

effects are mediated in part by a novel interaction between Tie1 and the small GTPase 

Rac1 that requires Rac1-PAK1-mediated phosphorylation of Tie1-T794. These findings 

demonstrate a novel signaling pathway involving Tie1 that is required for angiogenesis. 
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3.2 Results 

3.2.1 Tie1 contains a conserved Akt phosphorylation consensus 
sequence 

In an attempt to understand the drastic functional differences between Tie1 and 

Tie2 despite their structural and sequence similarities, we used a ScanSite Motif search to 

try and identify characteristics unique to Tie1 that might explain some of its distinct 

functions. The ScanSite search revealed a high probability Akt consensus 

phosphorylation sequence within the juxtamembrane (JM) region of Tie1 which is 

conserved from humans through zebrafish (Figure 8), whereas the corresponding site on 

Tie2 is a non-phosphorylatable alanine. Interestingly, the ScanSite search did not reveal a 

similar Akt consensus sequence on any other RTKs. We thus decided to investigate Akt-

mediated Thr794 phosphorylation as a potential means of Tie1 regulation. 
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Figure 8: Akt consensus sequence alignment.  

The Tie1 juxtamembrane region in general is relatively well conserved (light grey). 
Especially well conserved within this regeion is a high probability Akt phophorylation 
consensus sequence (dark grey) that is conserved from humans through zebrafish. The 
highly conserved predicted phosphorylation site, Threonine 794 (mouse sequence), is 
absent in Tie2. 
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3.2.2 Tie1 stable and inducible over-expression 

In order to study the functional effects of the putative Akt-phosphorylation site, 

we generated a non-phosphorylatable threonine to alanine mutation (T794A) as well as a 

phospho-mimetic threonine to glutamate mutation (T794E) to see how lack of 

phosphorylation or constitutive phosphorylation might affect EC biology. Since Tie1 is 

not highly expressed in most endothelial cells and the T794A and T794E mutants are not 

naturally occurring, we made several cell lines (described in Methods) that stably over-

express Tie1-WT, Tie1-T794A, Tie1-T794E, and in some cases Tie2 to assess potential 

signaling mechanisms and functional effects in both endothelial and non-endothelial cell 

lines. Among these engineered lines were Human Embryonic Kidney (HEK)-293 cells 

and fibroblasts (NIH-3T3) (Figure 9A), neither of which natively express much, if any, 

Tie1 or Tie2. As a result, knockdown of endogenous Tie1 or Tie2 was not necessary. In 

most cases, however, the Tie1 variants were co-expressed with Tie2 since it has been 

proposed by several groups that Tie1 may function through or upon Tie2. 

In immortalized EC lines (ECRFs), endogenous human Tie1 was constitutively 

silenced by expression of an hTie1-shRNA to ensure that the constitutively over-

expressed mouse Tie1 variants were the predominant form of Tie1 within the cell (Figure 

9B). Tie2 is natively expressed in ECs so Tie2 was only over-expressed in experiments 

where Tie2 signaling needed to be augmented. 
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Figure 9: Tie1-expressing cell lines 

Immunoblot of protein lysates from cell lines stably infected with retroviruses to stably or 
inducibly express Tie1-WT, T794A, or T794E. A. NIH-3T3 fibroblasts stably expressing 
the Tie1 variants. B. ECRFs stably expressing an hTie1 shRNA to knock down 
endogenous Tie1 expression (as seen in the GFP lane) and stably over-expressing the 
Tie1 variants. C. b.End3 cells inducibly express the Tie1 variants or Luciferase (Luc) as a 
control reporter upon stimulation with doxycycline. 
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While Tie1 over-expression proved to be useful shortly after establishing these 

cell lines Tie1 expression appeared to dwindle after several passages (Figure 10). Though 

it has never been published, it has long been anecdotally thought in our lab that Tie1 

impairs cellular proliferation in some way. This notion was supported by the observation 

that cells over-expressing Tie1 typically grew much more slowly than their non-Tie1 

expressing counterparts. To circumvent this issue, we also made a brain endothelioma 

(b.End3) cell line that constitutively expresses a tetracycline response element allowing 

inducible Tie1 over-expression in response to treatment with Doxycycline (Figure 9C). 

These immortalized stable and inducible cell lines, however, often displayed high 

baseline activation of several of the pathways of interest, such as Akt and Erk. They were 

also often not useful in physiological assays, such as proliferation and survival assays, as 

responses to positive and negative control stimuli was insignificant, therefore no 

conclusions could be drawn from the effects of Tie1 expression. As a result, these cell 

lines were of limited use and could not be used to address most of our questions 

regarding physiological effects of Tie1 or the T794 site.  
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Figure 10: Tie1 expression lost over time 

Immunoblot of various ECRF cell line protein lysates which, at one point, expressed 
similar levels of Tie1. Tie1 expression was lost over time, resulting in uneven Tie1 
expression in each cell line. 
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3.2.3 Tie1 can be phosphorylated by Akt at Thr794 in vitro 

To determine whether or not Thr794 could in fact be phosphorylated by Akt we 

first performed in vitro kinase assays using a recombinant fusion protein containing 

Tie1’s cytosolic domain fused to GST (GST-Tie1) and endothelial cell lysates infected 

with either an empty (control) adenovirus or an adenovirus expressing an activated 

(myristoylated) Akt (AdmyrAkt). GST-Tie1 fusion proteins were mixed with adenovirus-

infected EC lysates and resolved by SDS-PAGE. Akt-mediated phosphorylation was 

assessed by immunoblotting with a commercially available phospho-Akt substrate 

antibody, which recognizes the R-X-R-X-X-pS/pT motif on many Akt substrates. As 

shown in Figure 11A, GST-Tie1 was phosphorylated in the presence of active Akt. 

To confirm that this phosphorylation event was occurring specifically on T794, a 

phospho-T794-specific antibody as well as a T794A point mutation were made, which 

cannot be phosphorylated. As shown in Figure 11B, the phospho-T794-specific antibody 

readily detected phospho-T794 on Tie1-WT in the presence of active Akt, but neither the 

T794A point mutant nor on Tie2. 
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Figure 11: Akt-mediated Tie1 phosphorylation at Thr794 

A. Immunoblot of GST-Tie1 fusion protein incubated with EC lysates that had been 
infected with AdEmpty (-) or AdmyrAkt (+) virus in an in vitro kinase reaction. 
Phosphorylated Tie1 (arrow) was detected with a phospho-Akt substrate antibody. B. 
HUVECs expressing Tie1WT, -T794A, or Tie2 were infected with AdEmpty (-) or 
AdmyrAkt (+) and Tie1 or Tie2 was immunoprecipitated (IP) and probed with a 
phospho-specific Tie1-pT794 antibody. (Figure A courtesy of Dan Corey) 
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3.2.4 Phosphorylation of Tie1-T794 is required for zebrafish vascular 
development 

To assess whether T794 phosphorylation is a biologically relevant process, we 

evaluated the effect of T794 mutation on zebrafish vascular development. Fli1-EGFP 

zebrafish, which express green fluorescent protein throughout their vasculature (Figure 

12A), were injected at the one- to two-cell stage with a control morpholino (MO) (Figure 

12B) or a Tie1 MO to knock down endogenous Tie1 expression (Figure 12C). Similar to 

Tie1 knockout mice, the majority of zebrafish lacking Tie1 developed stunted, poorly 

branched vessels (Figure 12C and F) and often displayed signs of hemorrhage and edema 

(Figure 13). Co-injection of the Tie1-MO along with Tie1-WT mouse mRNA rescued the 

MO-phenotype in the majority of zebrafish (Figure 12D&F). However, co-injection of 

the Tie1-MO along with mouse Tie1 mRNA containing the T794A point mutation did 

not rescue the MO-phenotype (Figure 12E&F), suggesting that T794 phosphorylation at 

least to some extent is critical for zebrafish vascular development. Additionally, injection 

of the T794A mutant alone still disrupted vascular development suggesting that the 

T794A mutant was acting either as a dominant-negative or gain-of-function mutant 

(Figure 12G). To discriminate between these two possibilities, T794A mutant was titrated 

with Tie1-WT mRNA, which significantly reduced the number of mutant fish. This result 

suggested that T794A was functioning as a dominant-negative since a gain-of-function 

mutation would have been unaffected by Tie1-WT titration.  
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Figure 12: Tie1 and Thr794 are required for proper embryonic vascular 

development in zebrafish 

A-E). Zebrafish embryos expressing Fli1:EGFP were injected with a Tie1 morpholino 
(MO) with or without mRNA encoding WT or T794A (TA) mutant Tie1 and effects on 
vascular development were assessed. Embryos left uninjected (A) or injected with a 
control MO (B) develop normally. C). Tie1 MO-injected embryos display vascular 
abnormalities. D). Co-injection of Tie1 MO and WT mouse Tie1 mRNA rescued the MO 
phenotype. E). Injection of T794A mutant mouse Tie1 mRNA alone resulted in vascular 
abnormalities similar to those of MO-injected embryos. F). Quantification of mutant 
embryos after injection of Tie1 MO with WT or T794A mutant mRNA, P=3.0x10-19 by 
Chi squared analysis G). Quantification of mutant embryos after injection of Tie1-WT or 
-TA mRNA alone, P=1.3x10-18 by Chi squared analysis. (Figure 12 courtesy of Christelle 
Golzio) 
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Figure 13: Zebrafish lacking Tie1 display hemorrhage and edema 

Images of zebrafish embryos 2 days post fertilization (dpf). A. Control (uninjected) 
embryos develop normally. B. Embryos lacking Tie1 (Tie1-MO) display severely stunted 
growth and pericardial edema (indicated by the arrowhead). C. Embryos injected with the 
T794A mutant often display cerebral bleeding (indicated by the arrow). (Figure 13 
courtesy of Christelle Golzio) 
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3.2.5 Tie1 phospho-site mapping 

To verify that T794 is in fact phosphorylated in the presence of active Akt, we 

next attempted to map the phosphorylation sites on Tie1 by Titanium oxide (TiO2) 

enrichment and mass spectrometry. To do this, ECRFs were infected with Tie1-WT or 

T794A adenovirus in the presence or absence of AdmyrAkt. Tie1 was 

immunoprecipitated and sent to the Duke Proteomics core facility for tryptic digestion, 

TiO2 enrichment, and analysis. Before performing this analysis, we realized that specific 

identification of phospho-T794 may not be possible since the tryptic fragment of Tie1 

that contains T794 is unusually long (22 amino acid residues), and happens to contain 11 

phosphorylatable residues. If this peptide was not sufficiently fragmented during the 

spray process, we would not be able to pinpoint exactly which residues are 

phosphorylated but merely identify one of two closely situated residues as 

phosphorylated. 

Unfortunately, the peptide containing T794 and T792 did not yield clean enough 

fragmentation spectra to distinguish between the two potential phospho-sites in the Tie1-

WT+Akt sample, but simply confirmed that one of them was phosphorylated (Table 1). 

Since we also submitted the T794A+Akt sample, they were able to confirm that T792 can 

in fact be phosphorylated in the presence of active Akt. However, given the known 

promiscuity of kinases and the ambiguity of the WT+Akt fragmentation spectrum, we 

cannot say for certain whether T792 is the predominantly phosphorylated residue in that 

fragment, or if phospho-T794 is actually the predominant species and T792 is only 

phosphorylated in the TA+Akt sample because T794 is not available.  
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In addition to the T792/794 sites, T811 was identified as a phosphorylation site in 

both the WT‒Akt and the TA+Akt samples. Tyrosine 1023 was also identified in both of 

those samples. Neither T811 nor Y1023 was identified in the WT+Akt sample suggesting 

that T794/792 phosphorylation may be required for subsequent phosphorylation of T811 

and Y1023. 

 

 

Table 1: Tie1 phospho-sites 

 T792 T811 Y1023 

WT-Akt - + + 

WT+Akt + (ambiguous, 
could be T794) - - 

TA+Akt + + + 
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3.2.6 Tie1 and Tie2 stability in NIH-3T3 fibroblasts 

 Internalization and either recycling or degradation of RTKs is an important means 

of regulation, as described previously [22]. One of the most common signals leading to 

protein degradation is ubiquitination, which typically targets the protein to the 

proteasome [146]. Phosphorylation events on other RTKs have been shown to target the 

receptor for ubiquitination and ultimately degradation by the proteasome [147]. To test if 

T794 phosphorylation or lack thereof makes the Tie1 protein more or less susceptible to 

proteasomal degradation, we pharmacologically inhibited the proteasome using MG132 

to see if more Tie1 accumulated in the cell. As shown in Figure 14, MG132 treatment did 

not affect the amount of Tie1 in the cell, regardless of the phosphorylation state of T794, 

suggesting that T794 phosphorylation does not target Tie1 for ubiquitination and 

proteasomal degradation. 
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Figure 14: T794 does not affect proteasomal degradation 

3T3s stably expressing the Tie1 variants were treated with 10µM MG132 for 6 hrs. Short 
and long blot exposures were obtained due to the differential Tie1 expression levels in the 
different stable cell lines. 
 
 
 
 
 

Tie2 is known to undergo internalization upon Ang1 stimulation [148]. Using the 

translational inhibitor cycloheximide (CHX), the cell surface stability of Tie1 and Tie2 in 

the presence of the T794 mutants with and without Ang1 treatment was assessed. 

Baseline stability of Tie1 and Tie2 in the presence of the T794A mutant appeared to be 

reduced compared to those expressing Tie1-WT, especially after Ang1 stimulation 

(Figure 15A&B). Conversely, expression of the phospho-mimetic T794E mutant 

appeared to drastically increase both Tie1 and Tie2 stability at baseline and also strongly 

promoted Tie2 stability even after 12-24 hours of Ang1 stimulation (Figure 15C). While 

these results were very interesting we next sought to verify that these receptors were 



 

81 

processed in the same way in endothelial cells since these results were obtained by over-

expressing endothelial receptors in non-endothelial cells. In order to do this reliably, we 

generated adenoviruses expressing the Tie1 variants. 

 

 

 
Figure 15: Tie1 and Tie2 stability in 3T3s 

Immunoblots of NIH-3T3 cells stably expressing the Tie1 variants (A. Tie1-WT; B. Tie1-
T794A; C. Tie1-T794E) and Tie2 were treated with cycloheximide (CHX) (10µg/ml) to 
halt all protein production +/- Ang1 (500ng/ml) for the indicated times. 
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3.2.7 Tie1 Adenoviruses 

Tie1 adenoviruses were generated as described in the Methods section in order to 

better assess the physiological roles of Tie1-T794 phosphorylation by transient 

expression in a primary endothelial cell line. Tie1 expression was confirmed by western 

blotting (Figure 16A&B) and immunoprecipitation by both cytosolic and extracellular 

domain-binding antibodies. The Tie1 adenoviruses also co-expressed GFP, which was 

particularly useful for visual confirmation of adenoviral infection since we do not 

currently have an antibody that reliably labels mouse Tie1 for immunofluorescence 

microscopy. 
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Figure 16: Tie1 Adenovirus 

A. Endothelial cells (ECRFs) infected with increasing concentrations of crude Tie1 
adenovirus lysate express Tie1 protein in a dose-dependent manner. B. Purified Tie1 
adenoviruses are of relatively similar titer and infected HUVECs express similar levels of 
Tie1 protein. 
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3.2.8 Tie1 and Tie2 stability in HUVECs 

HUVECs were infected with Tie1 adenovirus variants to assess Tie1 and Tie2 

stability in the same manner as in NIH-3T3 cells described above. Contrary to the 

observations seen in NIH-3T3 cells, there appeared to be no effect of Tie1-T794A on the 

stability of adenovirally over-expressed Tie1 or endogenously expressed Tie2 in 

HUVECs (Figure 17A,B and C). Notably, both Tie1 and Tie2 appear to have much 

shorter half-lives in HUVECs, where they are natively expressed, than in NIH-3T3 cells, 

where they were exogenously expressed, suggesting that Tie1 and Tie2 may be processed 

differently in cell types in which they are not natively expressed. Additionally, the effects 

on Tie2 stability in NIH-3T3 cells mediated by mutation of Tie1-T794 were not 

recapitulated in HUVECs.  
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Figure 17: Tie1 and Tie2 stability in HUVECs 

Immunoblot of HUVECs infected with adenoviruses expressing the Tie1 variants (A. 
Tie1-WT; B. Tie1-T794A; C. Tie1-T794E) and Tie2 were treated with cycloheximide 
(CHX) (10µg/ml) to halt all protein production +/- Ang1 (500ng/ml) for the indicated 
times.  
 

 

 

 

 

 

 

 



 

86 

3.2.9 Tie1 Nuclear localization 

While Tie1 nuclear localization has never been documented in the literature, other 

RTKs are known to play a role in regulating expression of other proteins from within the 

nucleus. Given Tie1’s apparent role in regulating the expression of inflammatory 

adhesion molecules, we assessed whether Tie1 could localize to the nucleus and if T794 

phosphorylation had any effect on its localization. Nuclear/cytosolic fractionation was 

performed using a mild detergent protocol (detailed in Methods). Fractionation efficiency 

was determined by the absence of tubulin in the nuclear fraction and laminB in the 

cytosolic fraction by western blot. Surprisingly, nuclear/cytosolic fractionation revealed 

full-length Tie1 in both the nuclear and cytosolic fractions (Figure 18A). In most 

instances of nuclear RTK localization, only the cytosolic domain of the receptor is found 

in the nucleus, mostly because of the restricted size and charge limitations of nuclear 

importation. However, probing with a C-tail antibody against Tie1, which detects both 

the full length and cleaved C-tail protein, revealed little or no nuclear localization of the 

Tie1 endodomain (not shown), perhaps suggesting a novel mechanism of Tie1 regulation. 

Tie1 nuclear localization was, however, unaffected by T794 mutation or phosphorylation 

(Figure 18A&B).  
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Figure 18: Full-length Tie1 in the nucleus 

Nuclear/cytosolic fractionation of HUVECs infected with Tie1 adenoviruses. A. 
HUVECs left uninfected (UI) or infected with the indicated Tie1 adenovirus were 
collected as whole cell lysate (WCL) or fractionated into nuclear and cytosolic fractions, 
separated by SDS-PAGE, and western blotted as indicated. B. HUVECs infected with the 
Tie1 variants plus or minus AdmyrAkt were fractionated and analyzed by SDS-PAGE. 
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3.2.10 Ang1-mediated Tie1 tyrosine phosphorylation 

Though Tie1 tyrosine phosphorylation is very weak and difficult to detect, some 

groups have been able to elicit Ang1-mediated Tie1 tyrosine phosphorylation in different 

contexts [106,107]. After identifying the putative Akt-phosphorylation site on Tie1, our 

initial hypothesis was that T794 phosphorylation might modulate either Tie1 or Tie2 

tyrosine kinase activity and/or phosphorylation. On the rare occasions that Ang1-

mediated Tie1 phosphorylation could actually be observed, there was no apparent 

difference in tyrosine phosphorylation after T794 ablation (Figure 19). Ang2 is not 

known to induce Tie1 tyrosine phosphorylation; accordingly, stimulation with Ang2 in 

cells containing one or the other T794 mutant did not induce Tie1 tyrosine 

phosphorylation. 
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Figure 19: T794 mutation does not affect Ang1-mediated tyrosine 

phosphorylation of Tie1 or downstream signaling proteins. 

HUVECs were left uninfected or infected with AdTie1-WT or -T794A for 24 hours, 
starved in serum-free medium for 3 hours, then stimulated for 15 minutes with Ang1 
(500ng/ml). Tie1 was immunoprecipitated (IP) from cell lysates and western blotted as 
indicated. Tie1-WT and T794A bands are from the same blot and exposure.  
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3.2.11 Effects of Tie1-T794A on Ang1-mediated Tie2 tyrosine 
phosphorylation 

Since Tie1 and Tie2 are known to complex on the cell surface and Tie1 has been 

documented to limit Tie2 activity, we also assessed whether T794 phosphorylation or 

mutation altered Tie2 tyrosine phosphorylation or activation of downstream signaling 

pathways. As shown in Figure 20A, Ang1-mediated activation of Tie2 and its 

downstream signaling pathways were unaffected by mutation or phosphorylation of 

T794. Though Ang2 is thought of as a context-dependent agonist/antagonist, Ang2-

mediated Tie2 activation, albeit weak, was also unaffected by T794 mutation (Figure 

20B). 
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Figure 20: T794 phosphorylation state does not alter tyrosine phosphorylation 

of Tie2 or downstream signaling 

A. HUVECs were uninfected or infected with AdTie1-WT or -T794A for 24 hours, 
starved in serum-free medium for 3 hours, then stimulated for 15 minutes with Ang1 
(500ng/ml). Tie2 was immunoprecipitated (IP) from cell lysates and western blotted as 
indicated. B. HUVECs infected with AdTie1-WT or T794A were starved and stimulated 
for 15 minutes with Ang1 or Ang2 (500ng/ml). 
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3.2.12 Tie1 inhibits HUVEC proliferation in a T794-independent 
manner 

Though the anti-proliferative effects of Tie1 over-expression have been reputed in 

our lab, we have reproducibly observed that stable Tie1 overexpression limits cellular 

proliferation in cultured ECs (Figure 21). These cultures, as stated previously, often grow 

very slowly, selecting against high levels of Tie1, as Tie1 expression is gradually lost. To 

investigate whether this effect was altered by T794, HUVECs were infected with 

adenoviruses expressing GFP, Tie1-WT, or Tie1-T794A and sparsely plated the 

following day, and cells were fixed and counted daily for four days. Consistent with our 

prior observations, Tie1 over-expression significantly reduced HUVEC proliferation 

(Figure 21). However, expression of the T794A mutant similarly inhibited proliferation, 

suggesting that T794 phosphorylation does not play an important role in this process.  
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Figure 21: Tie1-mediated inhibition of endothelial cell proliferation is 

unaffected by mutation of T794. 

HUVECs were infected for 24h with adenoviruses encoding the indicated proteins, and 
then sparsely plated in 6-well plates. Separate groups of cells were fixed, stained, and 
counted every 24h after plating. Results are expressed as relative mean cell number ± 
SEM. Overexpression of Tie1 suppressed proliferation in a T794-independent manner.   
*, P<0.001. 
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3.2.13 Tie1-T794 does not affect EC survival 

One of the best characterized roles of Ang1-mediated Tie2 activation is to 

promote EC survival. Given Tie1’s apparently inhibitory role against Tie2, we assessed 

whether Tie1 overexpression would negatively affect EC survival and if T794-

phosphorylation played any role in this process. To do this, subconfluent HUVECs were 

left uninfected or were infected with the indicated viruses encoding Tie1 variants. 24 

hours after infection, the media was changed to either full-serum growth media or serum- 

and growth factor-free starvation media. 48 hours later, cells were fixed, stained with 

hematoxylin, and random fields were counted. As seen in Figure 22, there was no 

significant effect of Tie1-WT or T794A expression on EC survival after 48 hours of 

starvation. 
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Figure 22: Tie1-T794 does not affect EC survival 

Uninfected or adenovirus-infected HUVECs were left untreated or starved for 48 hours. 
Cells were fixed, stained with hematoxylin, and counted. Cell counts were normalized to 
the average number of cells per field in the untreated group for each virus group. 
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3.2.14 Tie1-mediated leukocyte adhesion 

One of Tie1’s few known roles in ECs is to promote expression of inflammatory 

adhesion molecules. Adenoviral over-expression of the Tie1 variants upregulated 

expression of ICAM and VCAM to similar degrees after TNFα treatment (Figure 23). 

Functionally, Tie1 over-expression also promoted leukocyte adhesion to a monolayer of 

ECs after treatment with TNFα (Figure 24). As with other physiological processes, T794 

phosphorylation or mutation did not affect the Tie1-mediated upregulated expression of 

ICAM or VCAM, demonstrating that it is not involved in this process. 

 
Figure 23: Tie1-mediated increase in inflammatory adhesion molecule 

expression is independent of T794 phosphorylation. 

Uninfected (UI) HUVECs or those infected with the indicated Tie1 adenoviruses were 
treated with TNFα (1ng/ml) for the indicated time and lysed for western blot.  
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Figure 24: Tie1-mediated increased leukocyte adhesion is independent of T794 

phosphorylation 

Confluent HUVECs were infected for 24h with the indicated adenoviruses and then 
treated with or without TNFα (1ng/ml) overnight. U937 leukocytes (3x106) were then 
incubated with the HUVECs for 30 min at 37°C, and non-adherent cells were washed 
away. Brightfield microscopy images were taken and the number of adherent U937 
leukocytes was counted in 3 random 4x fields. Tie1 overexpression enhanced the 
inflammatory response to TNFα in a T794-independent manner. Results are shown as 
means ± SEM. *, P<0.04. NS-Not significantly different. 
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3.2.15 The T794A mutant inhibits EC migration 

Given the defects in EC branching that we observed in the zebrafish vascular 

development model, it appeared likely that T794 phosphorylation was involved in 

regulation of EC migration. Migration was assessed by plating adenovirus-infected 

HUVECs on a transwell filter with serum-free media in the top chamber and full-serum 

media in the bottom to act as a chemoattractant. After 6 hours of migration, significantly 

fewer HUVECs expressing the T794A mutant migrated through the transwell filter than 

those expressing just GFP (Figure 25). Interestingly, HUVECs over-expressing Tie1-WT 

displayed an intermediate phenotype that was not statistically different than either GFP- 

or T794A-expressing cells, suggesting that Tie1-WT over-expression may also impair EC 

migration. This may indicate that the migration defect observed from T794A expression 

is only partially mediated by T794, and in part mediated by some other effect of Tie1 

over-expression.  
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Figure 25: T794A mutation inhibits endothelial cell migration. 

HUVECs were infected for 24h with adenoviruses encoding the indicated proteins then 
plated in 8µm transwell filters coated with gelatin (0.1%) and allowed to migrate for 6h. 
Migrated cells were then fixed in methanol, stained with DAPI and nuclei of migrated 
cells were then imaged by epiflourescence microscopy. Cells were counted in 3 random 
fields (4x magnification) using Image J. Data represents relative means ± SEM. * GFP vs 
TA, P<0.001. (Figure 25 courtesy of Sarah Mueller). 
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3.2.16 The T794A mutant does not affect EC polarity 

One of the first steps in the migratory response is cell polarization to orient the 

cell in the direction of migration. Cell polarization can be assessed by visualizing the 

location of the Golgi apparatus relative to the nucleus, shortly after scratching a 

monolayer of cells [149]. Cells that are ready to migrate should orient the Golgi such that 

it is facing the leading edge, or in this case the scratch. When adenovirus-infected 

HUVECs were labeled with a Golgi apparatus marker (anti-GM130 antibody) 2 hours 

after scratching, there was no apparent difference in the cells’ ability to orient themselves 

whether they expressed Tie1-WT or T794A (Figure 26).  
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Figure 26: HUVEC cell polarity after scratch assay 

Confluent monolayers of HUVECs were infected with Tie1-WT or -T794A adenovirus 
for 24 hours. The monolayers were scratched (right side of each image) and 2 hours later 
were fixed and stained for GM130 (Golgi apparatus marker). A. Tie1-WT-infected cells. 
B. Tie1-T794A-infected cells. White open arrows indicate properly polarized cells. 
Yellow arrows indicate improperly polarized cells. C. Percentage of properly polarized 
cells in 5 random fields per group (not statistically significant). 
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3.2.17 The T794A mutant disrupts HUVEC tube formation 

Another measure of normal EC function is the ability to undergo capillary 

morphogenesis as determined by formation of networks of EC tubes when plated on or in 

a 3-D matrix. Given the branching defect observed in vivo and the migration defect in 

vitro resulting from expression of the T794A mutant, we next sought to assess the effect 

of the T794A mutant on EC tube formation on Matrigel. HUVECs were left uninfected or 

infected with the Tie1 adenoviruses overnight then trypsinized and plated on top of a 

Matrigel plug in media supplemented with 10% FBS and growth factors. Tube networks 

were allowed to mature for 6 hours before fixing and staining (Figure 27A). Images of 

random fields were captured and quantified using an Image J Angiogenesis Analyzer 

macro (Figure 27B and C). Uninfected HUVECs and those infected with AdGFP or Tie1-

WT developed well-connected networks with relatively the same degree of “vascularity”, 

as measured by total tube length, number and length of branches, and number of node. 

HUVECs expressing the T794A mutant, however, were significantly impaired in nearly 

every measurement of tube network formation. Taken together with the zebrafish data, 

this suggests that some amount of T794 phosphorylation is necessary for proper tube 

formation and EC branching morphogenesis.  
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Figure 27: The Tie1 T794A mutant disrupts endothelial tube formation. 

A). Representative images of HUVECs left uninfected or infected with adenoviruses 
encoding GFP, Tie1-WT, or Tie1-T794A, plated on Matrigel and allowed to form tubes 
for 6 hours. B, C). Quantification of endothelial tube networks in vitro. Cells expressing 
the T794A mutant formed significantly shorter tubes (B; *, multiple comparisons P≤ 
0.02) with fewer nodes and branches (C; *, multiple comparisons P< 0.01)  (n=11 
independent experiments with 4 or more images per experiment). 
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 Since expression of only the non-phosphorylatable T794A mutant was found to 

have a dominant-negative effect in zebrafish, and it appeared to have a similar effect on 

in vitro tube formation, we investigated whether the tube formation defect could be 

rescued by co-expressing the phospho-mimetic T794E mutant. Expression of the T794E 

mutant alone resulted in tube formation defects similar to those observed by T794A 

expression. Infection of HUVECs with equal proportions of T794A and T794E viruses 

resulted in mild improvement in tube formation metrics (50TA/50TE), and similar effects 

were observed when there was more T794E than T794A (25TA/75TE). However, 

expression of more T794A than T794E (75TA/25TE) resulted in complete amelioration 

of these defects, and these tubes resembled those formed from AdTie1-WT infected 

HUVECs (Figure 28). This suggests that there is an optimal proportion of non-

phosphorylated-to-phosphorylated T794 required for normal tube formation. This also 

suggests that this phosphorylation event is very tightly regulated, as even a 25% change 

in the degree of T794 phosphorylation can significantly alter tube formation. 
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Figure 28: Expression of the T794A and T794E mutants in the correct 

proportion can rescue tube formation defects. 

HUVECs were infected with different proportions of the T794A and T794E mutants and 
plated on Matrigel. Expression of 75% T794A and 25% T794E rescued the tube 
formation defects caused by expression of either mutant alone. ANOVA, multiple 
comparisons *P<0.05. 
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3.2.18 Akt may not phosphorylate Tie1-T794 in vivo 

Though we were able to show Akt-mediated T794 phosphorylation in an in vitro 

kinase assay using an adenovirus expressing constitutively active Akt, we had yet to 

identify a physiological stimulus that resulted in Akt-mediated T794 phosphorylation. Of 

the many cellular stimuli capable of activating Akt, we were never able to detect a 

resultant phosphorylation event at T794. As shown in Figure 29, two of the most potent 

Akt activators in ECs, VEGF and Ang1, were unable to induce Tie1-T794 

phosphorylation. Without identifying a physiological activator of Akt-mediated 

phosphorylation, we could not confirm that Tie1 is an Akt substrate, although this 

possibility has not been ruled out by these studies. It is also possible that Akt-mediated 

Tie1 phosphorylation is a very weak and transient event that we are not able to detect 

with our current tools. Nonetheless, we asked whether Akt was in fact the kinase 

primarily responsible for T794 phosphorylation. 
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Figure 29: Various RTK ligands fail to induce detectable T794 

phosphorylation. 

HUVECs adenovirally overexpressing Tie1-WT were starved for 3h and stimulated for 
15 minutes at 37°C with the following ligands: Ang1 (500ng/ml), Ang2 (500ng/ml), 
VEGF (25ng/ml). Tie1 was immunoprecipitated from whole cell lysates and were blotted 
as indicated. Bands from the AdmyrAkt-treated cells were from the same blot and 
exposure. 
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3.2.19 Tie1 interaction screen 

 To get a better idea of how Tie1-T794 phosphorylation was affecting EC 

migration and tube formation, we performed a proteomic screen to identify proteins that 

differentially associate with Tie1 depending on T794 phosphorylation. To distinguish 

between phospho-T794-dependent associations and baseline or Akt-mediated 

associations, we looked for interactors using Tie1-WT and Tie1-T794A in the presence 

or absence of AdmyrAkt. Briefly, ECRFs were infected with either Tie1-WT or T794A 

+/- AdmyrAkt for 24 hours. The cells were then lysed and Tie1 was IP’ed with a Tie1 

antibody that had been cross-linked to Protein-A agarose beads. These IPs were washed 

thoroughly and sent to the Duke Proteomics Core facility for in-solution digestion and 

LC-MS/MS analysis. Of the 326 peptide fragments that were identified, those that bound 

to the beads-only control and known non-specific binders were discarded. The remaining 

Tie1 interactors are listed in Table 2 below. These interactors can then be classified as 

T794-dependent/independent or Akt-dependent/independent Tie1 interactions. 
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Table 2: Proteomic Tie1 interactions 

 Tie1-WT Both WT and 
T794A Tie1-794A 

No Akt 
RAB1A 
PP1A 

YBOX1 
IF2B3 

FSCN1 
ARP3 

CO1A2 
CD59 
WDR1 

With and 
without Akt 

RhoC 
ARF1 

PGK1 
LDHA 

GRP75 

TCPH 
CALX 

+AdAkt 
Rac1 

ABCF1 
SRP14 
SAHH 

SRSF7 
Akt1 

RND3 
PYGB 
S61A1 
TCPZ 
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3.2.20 pT794-dependent Tie1 association of Rac1 with Tie1 

Of the 26 specific Tie1 interactors, RAB1A, RhoC, RND3, and Rac1 were of 

particular interest because they belong to the Ras-superfamily of small GTPases, some of 

which, the Rho-family in particular, play well established roles in endothelial cytoskeletal 

rearrangements during sprouting angiogenesis [150,151]. In particular, Rac1 is known to 

aid in lamellipodia formation and membrane ruffling in migrating and sprouting ECs and 

appeared to associate with Tie1 in a phospho-T794-dependent manner [152]. To confirm 

this finding, we used the same experimental set-up as in the interaction screen. 

Recombinant Rac1 protein was mixed with the cell lysates for 6 hours before 

immunoprecipitating Tie1. Figure 30 shows that Rac1 associates with Tie1-WT but not 

the T794A mutant, and this association is augmented by expression of active Akt when 

T794 is phosphorylated. This represents a novel interaction between a Tie receptor and a 

small GTPase involved in cytoskeletal dynamics. We cannot say whether this interaction 

is direct or indirect, as both interaction assays were performed using whole cell lysates 

which would also contain other proteins necessary for an indirect interaction. 
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Figure 30: Rac1 association with Tie1 is enhanced by T794 phosphorylation. 

HUVECs were infected with adenoviruses encoding Tie1-WT and -T794A, with or 
without AdAkt, and Tie1 was immunoprecipitated (IP) from cell lysates and western 
blotted as indicated. Whole cell lysates were blotted for total Tie1 and Rac1. 
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3.2.21 Rac1 activation induces Tie1-T794 phosphorylation 

After establishing that Tie1 and Rac1 can interact in a T794-dependent manner, 

we next sought to determine the stimulus and result of this interaction. In an attempt to 

tease out the function of this interaction, we first evaluated whether expression of Tie1-

WT or the T794A mutant altered Rac1 activity at baseline or upon serum stimulation. 

Interestingly, Rac1 activity was not affected by T794 mutation (Figure 31). We next used 

a cell-permeable deaminase (CN04) to activate Rac1 and, surprisingly, found that CN04-

mediated Rac1 activation induced T794 phosphorylation, which was abrogated by 

expression of the T794A mutant (Figure 32). Since Rac1 is not a kinase, we next looked 

downstream of Rac1 for a kinase that could potentially phosphorylate T794.  
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Figure 31: Rac1 activity is unaffected by Tie1-T794 

HUVECs were infected in serum-free starvation media and left untreated or incubated 
with full-serum media for 30 minutes before analysis with a Rac1 activity G-LISA kit. 

 
Figure 32: Rac1 activation results in Tie1-T794 phosphorylation. 

Rac1 was activated using CN04 in HUVECs infected with AdTie1-WT or T794A. Tie1 
was immunoprecipitated (IP) and western blotted as indicated. CN04-mediated Rac1 
activation resulted in T794 phosphorylation which was abrogated by the T794A mutant. 
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3.2.22 Rac1-mediated PAK1 activation induces Tie1-T794 
phosphorylation 

In looking for a kinase downstream of Rac1 capable of phosphorylating Tie1, we 

found that CN04 not only activates Rac1, but also other members of the Rho-family of 

GTPases, including RhoA and Cdc42. The serine/threonine kinase PAK1 is activated 

downstream of Rac1 and Cdc42, whereas the serine/threonine kinase ROCK1 is activated 

downstream of RhoA (Figure 33A). The general consensus phosphorylation sequence for 

ROCK1 is R/KXS/T or R/KXXS/T and the approximate consensus phosphorylation 

sequence PAK1 is RRRRR S/T I/L/W/Y. The sequence surrounding Tie1-T794 

(RRRTFTY) could be recognized by both PAK1 and ROCK1, therefore we next sought 

to determine which is more likely to phosphorylate T794. To do this, we pretreated cells 

with either the PAK1 inhibitor, IPA3, or the ROCK1 inhibitor, Y-27632, before 

activating the Rho-family GTPases with CN04. Treatment with the PAK1 inhibitor 

resulted in a noticeable reduction in CN04-mediated T794 phosphorylation whereas 

ROCK1 inhibition did not affect T794 phosphorylation, suggesting that PAK1 was 

primarily responsible for this phosphorylation event (Figure 33B). Additionally, co-

transfection of Tie1-WT and PAK1 into HEK-293 cells resulted in some baseline T794 

phosphorylation which was augmented by CN04-mediated Rac1 activation in addition to 

the expected phosphorylation of PAK1 (Figure 33C). While we have not conclusively 

ruled out that ROCK1 might also contribute to T794 phosphorylation, it appears that 

PAK1 is at least partly responsible for T794 phosphorylation. 
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Figure 33: Rac1-mediated PAK1 activation results in Tie1-T794 

phosphorylation. 

CN04 activates the Rho-family members Rac1, Cdc42, and RhoA and subsequently the 
serine/threonine kinases PAK1 and ROCK1. B. CN04-mediated T794 phosphorylation 
was reduced by PAK1 inhibition (IPA3, 10µM) but not ROCK1 inhibition (Y-27632, 
10µM). C. HEK-293T cells transfected with Tie1-WT alone or together with PAK1 were 
treated with or without CN04, and Tie1 IPs and whole cell lysates were western blotted 
as indicated. Co-expression of PAK1 induced Tie1-T794 phosphorylation, which was 
augmented by CN04-mediated activation of Rac1 and PAK1. 
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4. Conclusions and future directions 

4.1 Conclusions 

Though our current studies provide evidence for a novel pathway downstream of 

Tie1 that is necessary for both sprouting angiogenesis and capillary morphogenesis, the 

mechanisms responsible for activation of this Rac1/PAK1/Tie1 pathway remain unclear. 

Although we cannot rule out a role for angiopoietin-mediated Tie1 phosphorylation in 

our zebrafish and matrigel studies, this seems less likely given that Ang-1-treatment of 

ECs failed to induce detectable Tie1-T794 phosphorylation. Moreover, the fact that our 

most robust findings were observed in vivo in zebrafish and in matrigel suggests an 

important role for cell-matrix interactions, such as those mediated by integrins, although 

this remains to be proven. Taken together, however, our results suggest that Tie1 may not 

act as a canonical RTK, but perhaps more like the EGF receptor ErbB2, which does not 

bind ligand but is able to multimerize with and modulate the signaling of the other EGF 

receptors [153]. Accordingly, given Tie2’s ability to activate Rac1 and regulate sprouting 

angiogenesis, Tie1 may in fact be influencing Tie2 function by also interacting with and 

regulating Rac1. In addition to its modulatory effects on Tie2, Tie1 might act as a 

molecular scaffold, particularly after phosphorylation of T794 and/or other Ser/Thr 

residues in the JM region, facilitating interaction with Rac1 and other proteins, including 

other small GTPases, to regulate downstream endothelial cell functions, most notably 

endothelial cell migration, sprouting, and capillary morphogenesis.  

Using the zebrafish model, we were able to assess the biological importance of 

the putative Akt consensus phosphorylation site at Thr794. In support of the specificity of 
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our approach, knockdown of Tie1 resulted in defects in angiogenesis and vascular 

integrity similar to those shown previously in mice [97,38,39,98], and we were able to 

rescue this phenotype by co-expression of mammalian (murine) wild-type Tie1. 

Strikingly, not only was the T794A point mutant unable to rescue the angiogenesis 

defects, but it also induced an apparent dominant-negative inhibitory effect on 

angiogenesis during zebrafish vascular development. These findings, together with 

complementary in vitro results in matrigel tube formation assays, indicate that the ability 

to modulate the phosphorylation state of T794 is critical for proper angiogenesis and 

capillary morphogenesis, and they suggest a role for Tie1 in modulation of the 

endothelial cytoskeleton, a role that has not been demonstrated previously.   

Ser/Thr phosphorylation has been demonstrated for a number of RTKs and has 

been shown most commonly to negatively regulate kinase activity and downstream 

signaling [25,27,26]. Somewhat surprisingly, however, we were unable to demonstrate an 

effect of the T794A mutant on any of the known functions of Tie1, including Tie1 

tyrosine phosphorylation, inflammatory leukocyte adhesion, or Ang1-mediated Tie2 

phosphorylation, signaling, and cell survival. This raised the possibility that phospho-

T794 might serve as a docking site for protein interactors, which led us to perform a 

proteomic analysis of Tie1-associated proteins. Of the 26 specific interacting proteins 

identified by this screen, four were found to be small GTPases of the Ras superfamily, 

which play well documented roles in endothelial cell sprouting and tube formation 

[154,151], and which would be consistent with a role for Tie1-pT794 in cytoskeletal 

regulation. Notable among these was Rac1, a member of the Rho-family of GTPases, as 



 

118 

it appeared to bind to Tie1 only in the presence of Akt, and thus presumably when T794 

was phosphorylated. This possibility was validated by the fact that Rac1 co-

immunoprecipitated with Tie1-WT but not with the Tie1-T794A mutant.  

Like most small GTPases, Rac1 cycles between an active GTP-bound state and an 

inactive GDP-bound state. Basal Rac1 signaling generally mediates endothelial cell 

barrier protection, whereas Rac1 activation promotes intercellular attachments and 

regulation of actin and microtubule rearrangement during endothelial lumen formation 

[129]. As with many factors that are critical for angiogenesis, increases or decreases in 

Rac1 activity can result in vascular abnormalities [130-132,97]. Rac1 knockout has been 

shown to inhibit EC migration and tubulogenesis [133], and mice with endothelial Rac1 

haploinsufficiency display mild hypertension that appears to be a result of insufficient 

endothelial nitric oxide synthase (eNOS) activity [134]. Conversely, sustained Rac1 

signaling has been shown to generate an abundance of reactive oxygen species, resulting 

in vascular smooth muscle hyperplasia [135]. In this regard, it remains unclear from our 

studies whether pT794 is required for Rac1 activation or to limit Rac1 signaling. In either 

case, it is clear that the integrity of T794 is required for proper angiogenesis and tube 

formation and mutation of Thr794 to alanine inhibits capillary morphogenesis.  

Considering that we suspected T794 to be an Akt phosphorylation site, the lack of 

an effect of the T794A mutant on cell survival and proliferation was particularly 

surprising and raised the question as to whether another kinase might be involved. 

Although the RRRTFTY sequence in the Tie1 JM domain could be phosphorylated by 

overexpression of constitutively active Akt, we were unable to identify a physiological 
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stimulus that induced Akt-mediated phosphorylation of T794, raising concerns about 

promiscuity following overexpression of constitutively active Akt [126].  While our 

results do not rule out the possibility that Akt could phosphorylate Tie1 in vivo, neither 

can we confirm Tie1 as an Akt substrate as defined by Manning and Cantley [126]. While 

investigating the interaction between Tie1 and Rac1, we discovered that we could induce 

T794 phosphorylation with CN04, a cell-permeable deaminase that blocks intrinsic and 

GTPase-activating protein (GAP)-mediated GTP hydrolysis, effectively resulting in 

constitutive activation of Rac1, RhoA, and Cdc42. This led us to examine the 

serine/threonine kinases activated downstream of these small GTPases as potential Tie1-

T794 kinases, namely Rho-kinase (ROCK1) and p21-activated kinase-1 (PAK1). ROCK1 

recognizes the consensus sequences R/KXS/T and R/KXXS/T and therefore could 

potentially phosphorylate Tie1 on T792 (RRT) or T794 (RTFT) [155]. According to a 

study by Rennefahrt et al., PAK1 predominately favors arginine residues in the -5 to -1 

positions, and the triplet arginines in the -5 to -3 positions upstream of T794 would make 

this a favorable PAK1 phosphorylation site. Additionally, bulky hydrophobic residues 

(Val, Ile, Trp, and Tyr) are favored in the +1 to +3 positions, thus the tyrosine residue in 

the +1 position would further favor PAK1-mediated phosphorylation of T794 [156]. Our 

results with pharmacological inhibitors of these two kinases strongly indicated that PAK1 

is responsible for phosphorylation of Tie1-T794 downstream of Rac1. 

The finding that T794 phosphorylation occurs downstream of Rac1 activation, 

considered together with the fact that both Rac1 and Tie1-pT794 are required for 

angiogenesis, suggests the presence of a feedback loop involving Rac1 activation, PAK1-
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mediated Tie1 phosphorylation, Rac1-Tie1 association, and subsequent modulation of 

angiogenesis (Figure 34). Whether this interaction serves to enhance or limit Rac1 

activity remains unclear, however one possible effect of this interaction might be to bring 

Rac1 in close proximity to a GAP, which induces GTP hydrolysis and Rac1 inactivation. 

Mutation of Thr794, therefore, might result in inappropriate Rac1 activation and defects 

in cell migration and capillary morphogenesis (e.g., lumen formation). However, the 

converse could also be true. Rac1 association with Tie1-pT794 could potentially stabilize 

Rac1 in its active GTP-bound conformation, thus the T794A mutant would result in 

insufficient Rac1 activity and subsequent defects in endothelial cell sprouting and lumen 

formation. Although further studies are needed to fully understand the nature of the 

relationship between Tie1-pT794, PAK1, and Rac1, this novel phosphorylation event and 

interaction provide important new insights into a previously unexplored role for Tie1 in 

the regulation of angiogenesis and capillary morphogenesis.  

 

 

 



 

121 

 

Figure 34: Proposed model for Tie1-T794 phosphorylation by Rac1/PAK1 and 
modulation of Rac1 signaling. 

1) Angiogenic stimuli (e.g., extracellular matrix (ECM)-mediated integrin activation, 
VEGF stimulation, etc.) induce Rac1 activation (Rac1-GTP). 2) Rac1-GTP activates 
PAK1, resulting in PAK1 autophosphorylation. 3) PAK1 phosphorylates Tie1 on T794. 
4) Rac1 associates with Tie1-pT794. 5) Rac1 association with Tie1 facilitates interaction 
with effector molecules that either stabilize it in its active GTP-bound form or mediate 
GTP hydrolysis and subsequent Rac1 inactivation. Mutation of Tie1-T794 therefore 
disrupts Rac1 signaling and inhibits proper angiogenesis and capillary morphogenesis. 
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As mentioned earlier, a threonine to glutamate (T794E) substitution was used in 

some experiments as a phospho-mimetic mutant. In fact, when expressed in zebrafish and 

in HUVECs during tube formation the T794E mutant also resulted in impaired vascular 

development and stunted tube formation (as shown in Appendix A), similar to the defects 

observed after T794A expression. The T794E mutant also appeared to be counter-balance 

the effects of the T794A mutant (Figure 28), suggesting that it was functioning enough 

like a true phospho-mimetic to rescue T794A-mediated defects. However, though 

glutamate is a large and positively charged residue and roughly resembles a phosphate, 

we could not be certain that the T794E mutant functioned enough like a phosphate to 

study subsequent downstream signaling. For instance, recombinant Rac1 did not co-

immunoprecipitate with the T794E mutant in the same way that it co-immunoprecipitated 

with phospho-T794 (not shown). Therefore, while the T794E mutant displayed vascular 

morphogenic defects similar to the T794A mutant, as would be expected from a 

misregulated angiogenic signal, we were cautious of its use in studying downstream 

signaling. 

Irrespective of T794 phosphorylation, this dissertation has also revealed some 

potentially important unpublished findings about Tie1’s role in EC biology in general. 

For instance, the difference in Tie1 and Tie2 stability and signaling in endothelial versus 

non-endothelial cells indicates that caution should be used when interpreting the results 

of studies of these receptors when exogenously expressed in non-endothelial cells. While 

some functions and signaling cascades are likely to be similar across multiple cell types, 

one can never be certain that exogenous expression of the primarily endothelial Tie 
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receptors will not artificially influence the non-EC biology. Therefore, in this 

dissertation, whenever possible, studies were performed or at least repeated in endothelial 

cells.  

Another intriguing finding reported in this dissertation is that Tie1 very clearly 

suppresses proliferation without adversely affecting survival. While our lab had 

anecdotally observed that Tie1 inhibits proliferation based on studies of cell cultures 

stably expressing Tie1, such a finding has never been documented in the literature. 

Studies in this dissertation demonstrated that stable cell lines originally expressing 

similar levels of Tie1 often lost that expression over time, suggesting that abundant Tie1 

expression is selected against, not due to increased cell death but rather due to inhibition 

of proliferation. Development of the Tie1-expressing adenoviruses allowed us to 

transiently yet robustly express Tie1 and easily demonstrate reduced cell number in 

proliferation assays in primary endothelial cells. Tie1’s effect on proliferation is 

especially intriguing because one of the only known functions of Tie1 is in EC 

“activation” in areas of turbulent flow, resulting in expression of inflammatory adhesion 

molecules. Although inflammation and endothelial quiescence are not strictly 

contradictory, they are not generally associated with one another. This could mean that 

the specific endothelial cell type and context in which Tie1 is expressed might influence 

its effects on EC biology.  

Although Tie1’s pro-inflammatory role in ECs has been fairly well established, 

the mechanistic basis for this effect remains unclear. However, observations described in 

this dissertation provide an interesting and novel potential explanation for Tie1’s effects 
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on inflammatory gene expression. While attempting to determine whether T794 

phosphorylation affects Tie1 subcellular localization, we observed full length Tie1 in the 

nucleus of ECs at baseline. This finding is extremely interesting because while the 

cytosolic domains of some RTKs have been known to localize to the nucleus, Tie1 has 

never been described in the nucleus. Moreover, nuclear localization of a full-length 

receptor is uncommon. It is possible that localization of the full-length receptor to the 

nucleus is an artifact of adenoviral Tie1 overexpression, but the fact that it appears there 

at all could suggest a novel mechanism behind Tie1-mediated inflammatory regulation. 

This may indicate that Tie1 can act as a co-transcription factor or signal within the 

nucleus itself to promote inflammation. 

Given the diverse array of processes that are affected by Tie1 expression in 

addition to those affected by T794 phosphorylation, it is apparent that Tie1’s function in 

ECs is much more complex than otherwise suggested by its lack of a known ligand and 

limited kinase activity. 
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4.2 Future Directions 

Though this dissertation has made some novel findings, we may have just barely 

scratched the surface of our understanding of what appears to be an intricate, complex, 

and novel pathway. The main barrier to further studying T794 phosphorylation is 

identifying an in vitro stimulus, other than CN04, that can induce T794 phosphorylation 

and subsequent responses. While CN04 has been useful in these initial studies, the non-

reversible deamination of Rac1 glutamine 61 makes it impossible to study the native 

responses and cellular adaptations to T794 phosphorylation or mutation. To further 

complicate the matter, the apparent influence of the three-dimensional culture system also 

makes studying the downstream signaling pathways difficult. However, there are many 

interesting things about T794 phosphorylation that have yet to be assessed. 

Having identified Tie1-T794 as an Akt-phosphorylation site and then 

demonstrating that it can also be phosphorylated by PAK1 raises the obvious question of 

whether or not T794 is phosphorylated by multiple kinases in vivo. The promiscuous 

nature of kinases, at least in vitro, makes this a difficult question to address, but the fact 

that we were able show T794 phosphorylation in vitro by both Akt and PAK1 supports 

the possibility that it could be phosphorylated by multiple kinases within the cell. As a 

substrate for multiple kinases, T794 might then serve as a point of convergence among 

multiple signaling pathways.  

Though we’ve shown that T794 can be phosphorylated by PAK1 in vitro, there is 

a possibility that the effects we observed from mutating T794 could be due to factors 

other than the inability to modulate the phosphorylation state of T794. For instance, T794 
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could be a site of glycosylation or sulfonation and these post-translational modifications 

may compete with phosphorylation at this site. Similarly, given the plethora of other 

phosphorylatable residues within the JM domain, T794 could be a prerequisite for 

another critical phosphorylation event or T794 could lie within the recognition sequence 

of another kinase. Therefore, mutation of T794 may alter both phosphorylations at T794 

and at other JM phospho-acceptor sites. 

Another important aspect to assess regarding any phosphorylation event is the 

context in which it is phosphorylated and dephosphorylated and which phosphatase(s) are 

responsible for dephosphorylation. The serine/threonine phosphatase PP1α associated 

with Tie1-WT in our proteomic interaction screen, and PP1, which has thousands of 

substrates, is an obvious candidate for T794 dephosphorylation, though this has yet to be 

tested. Whether other phosphatases are capable of dephosphorylating T794 and if this is 

done at some constitutive low level or stimulated under certain conditions remains to be 

determined. 

Cellular context also seems to play a very important role in the functional 

outcomes of T794 phosphorylation. For instance, the majority of the experiments in 

which the T794A mutant impacted ECs were in 3-dimensional matrices (transwell 

migration, matrigel tube formation, and developmental angiogenesis). This implies 

involvement of the extracellular matrix in the EC response to T794 phosphorylation and 

subsequent Rac1 activity. Though there were no apparent T794-dependent differences in 

Rac1 activity in ECs plated on gelatin, Rac1 has been documented to be differentially 

activated in cells plated on different ECM substrates [157]. Therefore, it might be 
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valuable to assess T794-mediated Rac1 activation and localization on different ECM 

substrates.  

Another way to assess the effects of Rac1-Tie1 association would be to look 

downstream at cytoskeletal changes frequently influenced by Rac1, such as membrane 

ruffling and stress-fiber formation. One might also assess the signaling pathways that 

contribute to these physiological effects, such as myosin light chain kinase (MLCK) 

activity and subsequent myosin light chain phosphorylation. Additionally, proteomic 

analysis on Tie1-associated Rac1 might allow us to assess GTP/GDP binding status and 

post-translational modifications, such as phosphorylation and ubiquitination. This might 

give us a better idea of why Rac1 associates with Tie1 and what the functional 

consequence might be. Furthermore, our Tie1 interaction screen also showed Tie1 

association with three other Ras-family GTPases under different conditions. It would be 

helpful to validate those associations and assess how their activities are affected by Tie1 

association. If those interactions are validated, it could suggest a novel role for Tie1 as a 

hub of interaction for several small GTPases in the regulation of angiogenesis and 

vascular remodeling. 

Since many of our assumptions about Tie1’s structure/function relationships have 

been ascertained from its similarity to Tie2, it would be logical to investigate Tie2’s 

involvement with T794 phosphorylation and subsequent Rac1 activity. Other RTKs have 

been shown to regulate GTPases through tyrosine phosphorylation of associated GEFs. 

For instance, Sos1 has been shown to indirectly interact with Tie2 through its association 

with GRB2. If Tie1-pT794 is acting as a docking site for Rac1, it could be that Tie1/Rac1 
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association acts as a mechanism to bring Rac1 in close proximity with Sos1 or another 

Tie1- or Tie2-associated GEF. Once the physiological pT794 signal is identified, one 

could test whether Sos1 acts on Rac1 in that context. Of course, if Rac1 is already active 

when it associates with Tie1, it may in fact be a Tie2-associated GAP that acts upon 

Rac1. Since we don’t know whether or not Tie1-associated Rac1 is active, it would be 

intriguing to also perform a proteomic interaction screen of Tie2 in the presence or 

absence of T794 phosphorylation to see if additional GAPs or GEFs are identified. 

Tie2 ligand activation could also play a role in pT794 generation or response. 

Though we were unable to demonstrate Ang1-mediated Tie1-T794 phosphorylation, it is 

entirely possible that Ang1/Tie2 activation does indeed play some role in Tie1-T794 

phosphorylation and subsequent Rac1/PAK1 activation. PI3K-mediated Rac1 activation 

and actin reorganization has been demonstrated downstream of other RTKs, including the 

PDGF and EGF receptors [157-159]. Thus, it is plausible that Ang1/Tie2-mediated PI3K 

activation also contributes to Rac1 activation and cytoskeletal rearrangements. Though 

Ang1 has some chemotactic effects on endothelial cells, this effect is relatively weak 

when compared with that of VEGF, PDGF, and EGF, and is generally thought of as more 

of a quiescence signal. Perhaps one of Tie1’s many complicated roles in the cell is to aid 

in Ang1’s quiescence function by limiting the migratory potential of Ang1/Tie2 

activation by recruiting Rac1 via pT794 and in some way limiting its ability to induce 

cytoskeletal changes. This could occur in multiple ways, including regulation of Rac1 

activity, promoting degradation, or simply by localizing Rac1 to the Tie receptor complex 

in close proximity to a GAP or sequestering it away from a cellular target.  
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In addition to Ang1/Tie2/PI3K-mediated Rac1 activation, Ang1 and Tie2 have 

also been implicated in PAK1 activation via recruitment of Dok-R, Nck, and ultimately, 

PAK1 [53]. As mentioned earlier, activated Tie2 promotes Ang1-mediated migration 

through recruitment of the Dok-R/Nck/PAK1 complex. PAK1 activation near Tie2 and 

possibly Tie1 could very easily result in T794 phosphorylation. In this way, Ang1/Tie2 

activation could result in both PI3K-mediated Rac1 activation and Dok-R/Nck-mediated 

PAK1 localization and activation. More sensitive tools or a more robust agonist, like 

COMP-Ang1, would likely be necessary to see Ang1-mediated T794 phosphorylation, 

but PAK1 and Rac1 activation downstream of Tie2 and subsequent regulation by Tie1 

could provide a concise, tightly-regulated feedback loop (Figure 35). 
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Figure 35: Possible Tie2 feedback loop 

Ang1-mediated Tie2 activation results in PI-3-Kinase-mediated Rac1 activation as well 
as Dok-R/Nck-mediated PAK recruitment and activation. PAK-mediated Tie1-T794 
phosphorylation may then serve as a means to downregulate Rac1 activity or function in 
some way. 
 
 
 
 
 
 

Another unexplored facet of Ang1/Tie2 signaling is the involvement of the 

Notch/Delta-like 4 (Dll4) pathway. It was previously shown that treatment of ECs with 

Ang1 upregulates Dll4 expression, which restricts sprouting angiogenesis and promotes 

vascular stability [60]. Given the potential for Ang1-mediated T794 phosphorylation and 

the observed defects in sprouting angiogenesis, it would be interesting to investigate 

whether T794 phosphorylation or mutation impacts Ang1-mediated Dll4 expression 

changes. One can only speculate about how Tie1-T794 phosphorylation could influence 
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Notch signaling, but if Tie1 does in fact play some role in the nucleus, T794 

phosphorylation could influence the ability of the Notch cleavage product, NICD, to 

translocate to the nucleus and subsequently regulate Dll4 expression. 

In addition to the signaling pathways downstream of Tie2, both Ang1 and Ang2 

are known to bind to and signal through various integrins and affect EC association with 

the ECM as well as EC migration. For instance, endothelial cells from Ang1 null mice 

are poorly associated with the extracellular matrix and surrounding cells, suggesting an 

important interaction between Ang1 and the extracellular environment [61]. Similarly, 

Ang1 supplementation in a model of oxygen-induced retinopathy not only promoted 

vascular stability through Tie2 but also promoted fibronectin accumulation and proper 

distribution through activation of integrin αvβ5 [160]. Ang2 has also been shown to bind 

integrins αvβ3, αvβ5, and α5β1 and can induce migration, sprouting, and focal adhesion 

kinase (FAK) phosphorylation in Tie2-low ECs. Intriguingly, Ang2 has also been found 

to play some role in the activation of Rac1 independent of Tie2 [74]. All of these data 

taken together might suggest an extremely complicated system involving the Tie 

receptors, Ang1, Ang2, PAK1, Rac1, the ECM, various integrins, and perhaps other 

small GTPases all working together to balance quiescence and angiogenesis. While Tie1-

T794 phosphorylation represents a novel means of Tie1 regulation and a new connection 

to angiogenesis and cytoskeletal dynamics, further studies are necessary to tease out the 

functions of this weak and transient yet critical phosphorylation event. 
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Appendix A 

The T794E mutant in vascular morphogenesis. 

 

Figure 36: The T794E mutant disrupts zebrafish vascular development 
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Figure 37: The T794E mutant impairs EC tube formation 
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