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Abstract 
 

Integrin Signaling in the Vascular Endothelium 
 

By: Fadi Emad Pulous 
 

Understanding the mechanisms by which endothelial cells (ECs) coordinate vascular 
growth and maintenance has been essential in efforts to modulate EC function in disease states. 
ECs interact with the ECM through integrin adhesion receptors which are required for EC 
migration and proliferation. The upregulation of integrin affinity for extracellular ligands, 
integrin activation, depends on the binding of talin, a cytoskeletal adaptor, to the b integrin tail. 
EC talin1 is essential for embryonic angiogenesis in mice.   Here, I utilized inducible, EC-
specific murine models to delete talin1 or induce the expression of an integrin-activation 
deficient mutant, talin1 L325R to investigate the role of talin and talin-dependent integrin 
activation in postnatal angiogenesis and in the maintenance of established vessels.  

Inducible deletion of talin1 during early postnatal development resulted in vascular 
hemorrhage, impaired angiogenesis and lethality. Expression of talin1 L325R in ECs during 
postnatal development impaired retinal angiogenesis but lethality or vascular hemorrhage were 
not observed in Tln1 L325R mice. However, Tln1 L325R mice were smaller at weaning and 
throughout adulthood. Interestingly, subcutaneous B16-F0 melanomas grew more slowly in Tln1 
L325R mice and showed a marked reduction in tumor angiogenesis. These data indicate that 
talin-dependent integrin activation is indispensable for postnatal developmental and pathological 
angiogenesis.  

To investigate the role of talin expression in established blood vessels, EC talin deletion 
was induced in adult mice.  EC talin1 deletion caused death 16-20 days after deletion associated 
with leaky intestinal vasculature.  Intestinal ECs of Tln1 EC-KO mice formed cyst-like structures 
that were detached from neighboring cells with disorganized adherens junctions. Tln1 deletion in 
cultured ECs promoted cytoskeletal contraction, adherens junction disorganization and 
diminished barrier function. Genetic and pharmacological experiments suggested that talin was 
functioning to maintain barrier function primarily by activating b1 integrin.  

These results provide important novel insights into how EC integrin activation 
contributes to blood vessel development and integrity. Future studies building upon this work 
should reveal new strategies to therapeutically target integrin signaling in order to modulate 
blood vessel growth and EC barrier function.  
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Chapter 1. Introduction 

 

1.1 Development of the Cardiovascular System 

 

During embryonic development, the de novo formation of the mammalian circulatory system 

facilitates the many distinct mechanisms regulating tissue and organ specification and function1, 

2. In the extraembryonic yolk sac mesoderm, hemangioblasts, precursors of early endothelial and 

hematopoietic stem cells (ECs and HSCs), organize into cellular clusters termed blood islands3. 

Blood islands further differentiate in response to soluble growth factors such as fibroblast growth 

factor 2 (FGF-2) and vascular endothelial growth factor (VEGF) into angioblasts that will 

ultimately give rise to an endothelium4, 5. In response to these secreted factors, angioblasts 

coordinate their individual migration to specific sites within the embryo where they adhere to 

neighboring cells to form loosely aggregated tubes. These early endothelial cells form an initial 

monolayer wherein the apical face of ECs forms a barrier separating blood cell progenitors from 

the extravascular space. Concurrently, the mesoderm gives rise to pre-endocardial tubes which 

develop into the aorta while migratory angioblasts differentiate into cardinal veins6. At this stage, 

blood begins to flow caudally from the heart through the dorsal aorta and circulates back through 

the posterior cardinal vein. This early cardiovascular system is the first organ to develop in the 

mammalian embryo and its development to this stage is dependent on vasculogenesis (Figure 

1.1), the de novo formation of new vasculature from endothelial cell precursors. Later embryonic 

development and postnatal vascular growth is mediated largely through angiogenesis, a process 

by which pre-existing vessels give rise to new micro-vessels through endothelial cell sprouting, 

migration and stabilization7. 
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Figure 1.1.  Vasculogenesis and early EC tube formation 

Adapted7 from Ribatti et al7. Vasculogenesis is the de novo formation of blood 

vessels from endothelial precursors (angioblasts). VEGF/FGF-2 signaling drives 

EC-speciation while a number of adhesion molecules such as integrins and 

cadherins cooperate with growth factor (VEGF, FGF, Angiopoientin) to form the 

earliest endothelial tubes. In later embryonic development, Ephrin, TGF-b and 

Notch signaling drive arterio-venous specification.  
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1.1.1 Vascular Structure, Organization and Physiological Function 

 

The formation of the vascular network in the early stages of embryonic development is driven 

predominantly through vasculogenesis while the development of specialized organ-specific 

networks in later development and postnatal life are largely driven by angiogenesis4. Crudely, 

the blood vascular network acts a conduit for the transport of blood cells, immune cells and other 

soluble components to peripheral tissues. The cardiovascular system can be differentiated into 

two interconnected networks of arterial and venous blood vessels, wherein the former carry 

oxygenated blood to peripheral tissue whereas the latter returns deoxygenated blood to the heart8, 

9. The arterio-venous systems are connected through a network of microvascular capillaries 

(Figure 1.2) where gas and nutrient exchange occurs and deoxygenated blood enters venous 

circulation for return to the heart 10. Regardless of arterial, venous or microvascular origin, blood 

vessels are, in general, structured similarly with a tunica intima, the innermost layer of the vessel 

which is comprised of a monolayer of endothelial cells atop a basement membrane, the tunica 

media, a middle layer comprised predominantly of connective tissue such as smooth muscle 

cells, and the tunica externa, an external layer of connective tissue and innervations that stabilize 

the vessel (Figure 1.2) 8. Differences in the thickness of connective tissue of the tunica externa 

exist across more specialized vascular beds. Crucially, it’s the function of collective and 

individual ECs that drive the growth, development and differentiation of vascular beds. 

Intriguingly, the specification of vasculature into their arterio-venous fates is in part genetically 

determined prior to the onset of vessel formation11. 
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Figure 1.2.  Arterio-Venous system and vessel structure 

Adapted from Torres-Vasquez et al10. Vascular organization can be stratified into 3 distinct 

vessel types: arteries, veins and capillaries. Arteries deliver oxygenated blood away from 

the heart to distal organs where gas and nutrient exchange takes place in highly dense 

microvascular capillary beds after which deoxygenated blood is delivered back to the heart 

through the venous network. Vascular structure is fairly similar across these vessels types: 

a monolayer of ECs forms the innermost layer of the vessel, smooth muscle cells make up 

the tunica media and fibrous connective tissue makes up the outermost layer, the tunica 

adventitia.  
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Early work in this field characterized a molecular expression pattern that differentiated across 

venous and arterial ECs12. During embryonic angiogenesis, ECs which upregulate the expression 

of EphrinB4 (Eph-B4) transmembrane receptor differentiated into venous ECs whereas ECs 

expressing the Eph-B4 ligand, Eph2, had arterial fates 12. Through elegant lineage tracing 

experiments in zebrafish, Zhong and colleagues described the mechanism by which hemogenic 

ECs regulate the expression of these markers in a NOTCH signaling-dependent fashion 13. This 

early specialization highlights the tightly regulated differentiation and specialization required to 

form organ-specific vascular networks. Additionally, microvascular ECs exhibit a higher level of 

differentiation across different organs to reflect their specialized functions 14, 15. An example of 

this can be found in capillary endothelium which has been stratified into three classes: 

continuous endothelium (lung, brain), fenestrated endothelium (intestine, kidney) and sinusoidal 

endothelium (liver, bone marrow) (Figure 1.3). Whereas continuous endothelium contains a 

tightly packed monolayer of ECs forming a tight vascular barrier, fenestrated and sinusoidal 

contain distinct pores and structures which facilitate the passage of molecules and blood cells. 

This differential permeability is critical in maintaining organ-specific function such as 

continuous endothelium in the blood-brain barrier (BBB), fenestrated endothelium which drives 

absorption and reabsorption in the glomerular capillaries and sinusoidal endothelium of the bone 

marrow which permits blood cell extravasation in homeostasis and disease 16, 17. Dysregulation 

of the vascular barrier is prominent in a number of pathophysiologies associated with cancer, 

diabetes, hypertension and cardiovascular disease18-20. In addition to regulating the vascular 

barrier in health and disease, new blood vessel growth must also be tightly regulated in the 

aforementioned pathologies as well as during wound healing. During wound healing, damaged 

vessels respond to inflammatory cytokines and growth factors, in coordination with other cells 
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such as epithelial cells and fibroblasts, to re-vascularize the injured tissue and promote closure of 

the wound. As will be discussed in a later chapter, mature vasculature is largely quiescent with 

ECs rarely proliferating21 but in contexts like the tumor microenvironment, soluble factors 

instigate the proliferation of ECs during sprouting angiogenesis resulting in the formation of a 

leaky, immature vascular network22, 23. This unstable network amplifies and promotes tumor 

progression in a number of ways with many of the mechanisms that promote physiological 

wound healing co-opted to trigger unregulated tumor angiogenesis. It is therefore important to 

better understand the known regulatory mechanisms controlling angiogenesis in healthy and 

disease states especially as they relate to the development of a vascular network with a functional 

vascular barrier. 

 

1.1.2 Regulation of New Blood Vessel Growth 

 

In this section, I will discuss the intertwined but distinct mechanisms which drive the growth of 

new blood vessels during embryonic and postnatal development. As previously discussed, early 

work established the importance of vasculogenic growth factor signaling mediated by the 

VEGF24, 25, FGF 5 and transforming growth factor beta (TGF-b) 26, 27 signaling in the 

establishment of early endothelial tubes that give rise to the vascular network.  Deletion of 

VEGF-A 28, 29 or its major receptor, vascular endothelial growth factor 2 (VEGFR-2) 24, 25 is 

embryonic lethal at E8.5 due to severely underdeveloped embryonic vasculature. Knockout of 

FGF-2 or its receptor fibroblast growth factor receptor (FGFR)is especially important in the 

instruction  
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Figure 1.3. Endothelial heterogeneity and vascular permeability  

Adapted from Aird et al14,15. Capillaries regulate the transfer of solutes, gases and fluids from 

the blood into surrounding tissue. There are 3 structurally and functionally distinct endothelium 

across all vascular beds: (1) continuous endothelium wherein permeability occurs primarily 

through intercellular clefts formed by adherens and tight junctions or transcelluarly through 

caveolae (2) fenestrated endothelium which contain fenestrations, transcellular pores with 

diaphragms approximately 70 nm in diameter, as well as intercellular junctions giving them 

increased permeability relative to continuous endothelium (3) sinuosoidal endothelium which 

contain larger (100-200 nm) fenestrations lacking diaphragms and characterized by a 

discontinuous basement membrane- these capillaries possess high levels of clathrin-coated pits 

which play a crucial role in receptor-mediated endocytosis. 
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of pluripotent endothelial cell differentiation. VEGF and FGF signaling during vasculogenesis 

promote endothelial cell migration, proliferation and adhesion to neighboring ECs 7. Ablation of 

TGF-b 26, 27 and PDGF-b30-32 signaling in angioblasts stunts the maturation of endothelial cell 

tubes which require heterotypic interactions with mural cells like pericytes as well as smooth 

muscle to stabilize. The TIE-ANG signaling system also plays a critical role in the maturation of 

endothelial tubes into blood vessels by coordinating the recruitment of mural cells to stabilize the 

new vessel. Deletion of the tyrosine kinase with immunoglobulin-like and EGF-like domain 

receptor 1 or 2 (TIE-1 and TIE-2), which bind angiopoientin-2 (ANG-2) or angiopointin-1 

(ANG-1), respectively, results in late embryonic mortality due to cardiovascular defects33-36. 

Growth factor signaling at this early developmental stage also requires the formation of EC-EC 

contacts between neighboring cells through cell-surface adhesion molecules. One specific 

example of this relationship was identified in the discovery of the crucial requirement of the 

endothelial-specific vascular endothelial cadherin (VE-cad) in embryogenesis37-40. VE-cad is a 

transmembrane protein that is expressed on the surface of all ECs as early as E7.528. VE-cad 

molecules between neighboring ECs interact through a homophilic interaction between the VE-

cad extracellular domains (ECD) to tether cells to one another as the VE-cad cytoplasmic tail is 

indirectly linked to the actin cytoskeleton through its interaction with the p120-catenin 

complex41-43. Curiously, early studies using VE-cad-/- mice revealed that while ECs can form 

inter-endothelial junctions, likely in part through other adhesion molecules like the Occludin 

family of tight junction proteins, these embryos were unable to form a vascular plexus resulting 

in early embryonic lethality38. P120 catenin which binds the cytoplasmic domain of VE-cad and 

stabilizes VE-cad at cell junctions is indispensable for embryonic angiogenesis as its deletion 
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results in insufficient microvascular development and early lethality44-46.  These data highlight 

the importance of EC-EC adhesion in the developing embryo.  

Many of the growth factors and signaling pathways that regulate vasculogenesis early in 

the embryo also play an important role in later embryonic development and postnatal 

angiogenesis. Key signaling pathways which drive the initial stages of sprouting angiogenesis 

include VEGF, ANG-Tie and Delta-like ligand-Notch (DLL-NOTCH). Crudely, these pathways 

operate in similar fashion in pathological angiogenesis, but the differences will be highlighted in 

a later chapter especially in the context of dysregulated EC adhesion. During physiological 

contexts of sprouting angiogenesis such as wound healing, VEGF-A signaling instigates 

angiogenesis in two ways: 1) VEGFR-2 on ECs promotes cytoskeletal reorganization which 

loosens the otherwise tight cell-cell connections between ECs thus increasing local vessel 

permeability47, 48 2) in coordination with DLL-NOTCH signaling to induce the stochastic 

selection of a tip EC49-52 which detaches from neighboring ECs and migrates into the ECM 

(Figure 1.4). In the first step, detachment of neighboring ECs and increased EC ANG-2 secretion 

accommodates EC migration and induces detachment of pericytes from the sprouting vessel, 

respectively.  Concurrently, VEGF-A sensing by ECs promotes delta like ligand 4 (DLL4) 

expression on tip ECs. Neighboring ECs upregulate the DLL4 receptor, NOTCH, to become 

stalk cells which do not individually sprout, but rather proliferate behind the migrating tip EC 

and drive growth of the sprouting vessel. It is important to note that while tip and stalk ECs 

possess distinct gene signatures during this process, these changes are terminal in nature as stalk 

ECs in one context of sprouting angiogenesis may go on to become tip ECs in later situations.  

 To navigate the extracellular matrix (ECM), tip EC VEGF signaling drives the secretion  
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Figure 1.4.  Sprouting angiogenesis and tip cell selection 

Adapted from Potente et al23. Steps of Vessel Sprouting: (1) EC activation and 

tip/stalk cell selection (2) tip cell migration and stalk cell proliferation (3) branching 

coordination (4) stalk elongation, tip cell fusion and lumen formation (5) perfusion 

and vessel maturation. Inset: Secreted VEGF stimulates ECs via VEGFR-2 which 

promotes MMP secretion by ECs and detachment from basement membrane. VEGF 

and Delta-Notch signaling coordinate tip-stalk cell specification in a process termed 

lateral inhibition.  
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of matrix metalloproteinases (MMPs) which degrade the ECM and permit EC migration53, 54. 

Migration through the ECM is mediated by the integrin family of transmembrane adhesion 

receptors which bind various components of the ECM such as fibronectin, collagen and laminin 

at sites termed focal adhesions (FAs)55. Integrins exist as heterodimeric pairings of one of 18 a 

and 9 b subunits and it is these pairings that dictate specificity to the aforementioned matrix 

components56, 57. Importantly, integrins are linked through the b-integrin cytoplasmic tail to the 

actin cytoskeleton therefore acting as the mechanical tether between the ECM and the 

cytoskeleton58-60. The adhesive interactions between sprouting tip ECs then regulate the 

formation of a lumen and ultimately stabilize in a manner that accommodates blood perfusion in 

a process termed anastomosis61. During later embryonic and postnatal development, the vascular 

network undergoes extensive pruning and remodeling of newly formed vessels62, 63. This general 

process resolves redundant smaller vessels and immature sprouts by retraction of these 

undeveloped vessels.  Crucially, while secreted factors instigate sprouting angiogenesis, the 

signaling pathways downstream of these agonists coordinate changes in adhesive interactions of 

ECs with neighboring cells as well as with the ECM to accomplish new vessel growth48. Thus, it 

is the dynamic relationship of the endothelium with its local microenvironment which drives 

angiogenesis in the embryo, wound healing and pathological conditions. However, as the 

vascular network fully forms, the mechanisms regulating now quiescent endothelium must be 

regulated to maintain the homeostatic function of the circulatory system. 

 

1.1.3 Vascular Homeostasis and Barrier Function 
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Once the vascular network is established and circulation is established, mature blood vessels 

function in the delivery of nutrients, gas exchange and blood cells throughout the body. 

Established vasculature differs from newly developing vasculature not only in its appearance and 

organization but also, as a result, in their molecular signatures. Unlike angiogenic endothelium, a 

mature endothelium is largely quiescent. EC proliferation occurs at a slow rate21 as ECs derive 

queues to maintain this quiescent state through the adhesive interactions at EC-EC contacts and 

EC-ECM contacts. One example of this regulation can be seen in the signaling pathways 

downstream of stable EC-EC contacts also called adherens junctions (AJs). The trans-

interactions between VE-cad at AJs has two-fold importance in mature vessels: 1) it functions as 

a physical barrier and regulates paracellular vascular permeability37-39 2) it directly interacts with 

VEGFR264, 65 66and transforming growth factor beta receptor (TGFbR) to inhibit downstream 

mitogenic pathways67. Therefore, it is important to consider the relative contributions of VE-cad 

in its physical role in the barrier as well as its requirement in mediating signaling pathways to 

promote contact-inhibition induced proliferation. In the presence of pro-inflammatory and pro-

angiogenic agonists, vascular permeability increases as ECs contract to accommodate the 

weakening of the barrier which requires the disassembly of AJs68, 69 (Figure 1.5). Cues such as 

VEGF, Thrombin and tumor necrosis factor alpha (TNF-a) induce reversible cytoskeletal 

reorganization70 and the internalization of VE-cad from the cell membrane through 

phosphorylation of the cytoplasmic tail71.  

Similar to the manner by which AJs contribute to vascular stability and barrier function, 

integrins anchor the endothelium to the basement membrane and their downstream integrin 

signaling promotes anti-apoptotic and pro-survival queues55, 72. The most well-studied integrin 

classes in ECs engage ECM components by binding directly to number of distinct ECM  
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Figure 1.5. Regulation of vascular permeability by adherens junctions 

Adapted from Rho et al.68  Pulous et al.69  Secretion of permeability-altering factors occurs during 

a number of diseases such as diabetes, chronic inflammation and cancer. The endothelium senses 

a number of these factors that either diminish barrier function and increase permeability (red 

factors) or those that enhance barrier function creating a tight barrier (blue). Changes in 

permeability are preceded by disassembly of cell-cell adhesions, of note and pictured here is the 

adherens junction. In resting states, VE-cad molecules form tight transcellular interactions which 

inhibit the flow of solutes between neighboring cells. But in pathophysiological contexts, these 

interactions are disrupted and junctions disassembled accommodating heightened leak through 

the intercellular space. 
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components including but limited to fibronectin, collagen, laminin and vitronectin. While the 

role of these receptors in angiogenesis has been extensively studied and will be reviewed in a 

later chapter, integrin function in the context of barrier regulation has only more recently begun 

to be appreciated. In general, akin to the changes in AJ stability in response to soluble agonists 

like VEGF which induce cytoskeletal contraction, integrins sense this increased tension and 

reorganize accordingly.  Eloquent studies whereby deletion of b1, b3, or b5 integrin is induced 

in postnatal endothelium or established vasculature has suggested that different subunits play 

complicated roles in several models of agonist induced-permeability which will be highlighted in 

detail in a later chapter. Integrins coordinate with growth factor signaling and Ang-Tie signaling 

to regulate these responses as well73, 74. Crucially, the roles of cell-cell and cell-matrix adhesion 

signaling are integral to the stability of established vasculature and in the regulation of the 

vascular barrier in pathological contexts. Therefore, it is critical to understand how exactly the 

endothelium becomes activated in pathological conditions and how these signaling pathways 

induce functional changes in cell adhesion receptors to this end. 

 

1.2 Endothelial Cell Adhesion in Disease 

 

Many inflammatory and pro-angiogenic agonists which instigate sprouting angiogenesis are 

implicated in barrier regulation. ECs respond to these extracellular cues to restrict or promote the 

passage of circulating components into tissue. The responses to these queues require both 

physical changes in AJs and molecular signaling downstream of junctional disassembly that 

precedes a weakened barrier. The permeability of this barrier can be regulated through both 

transcellular and paracellular mechanisms. Whereas transcellular permeability is dependent on  
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Figure 1.6. EC adhesions are linked through the cytoskeleton. 

Adapted from Pulous et al.69 Focal adhesions are made up of the integrin family of proteins 

and tether the basal side of the cell to the basement membrane. The cytoplasmic tail of b-

integrins are bound by adaptor proteins such as talin which in turn link integrins to the actin 

cytoskeleton. As previously mentioned, adherens junctions are comprised of VE-cadherin, a 

calcium dependent adhesion molecule, which is also tied to the actin cytoskeleton through 

cadherin tail interactions with the catenin complex (a/b-catenin) meaning these two spatially 

separate structures are interlinked through the cytoskeleton. Changes in cytoskeletal tension 

downstream of signaling at either adhesion is likely sensed at the other.  
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vesicular transport of molecules across endothelial cells, paracellular permeability is regulated by 

changes at AJs. More recently, the contributions of endothelial cell-matrix adhesions to 

pathological changes in barrier function have been of interest. As cell-cell and cell-matrix 

adhesions are interlinked through the actin cytoskeleton (Figure 1.6), several mechanisms which 

promote new vessel growth and barrier stabilization act through both types of adhesions. Of note, 

however, the integrin family of adhesion receptors have been well-studied in the context of 

postnatal angiogenesis, both physiological and pathological, but less is understood about their 

specific roles in vascular permeability. As barrier dysregulation is a common driving factor of a 

number of pathophysiologies, it is important to identify novel pathways that may regulate the 

barrier in diseased states. This section will serve to highlight major role players in cell-cell and 

cell-matrix adhesions as well as their known involvements in pathologies wherein barrier 

function or angiogenesis are co-opted to promote disease progression. 

 

1.2.1 Dysregulation of EC Adhesion in Cancer 

 

Angiogenesis plays a vital role in tumor progression by enabling rapid primary tumor growth and 

consequently driving disease pathology23, 75. In general, the early stages of tumorigenesis involve 

local proliferation and growth of transformed cells. As somatic mutations continue to accrue in 

transformed cells and the metabolic requirements for further proliferation increase, solid tumors 

will undergo an angiogenic switch whereby pro-angiogenic factors are secreted into the 

microenvironment by tumor and tumor-adjacent immune and stromal cells76. Indeed, these cues 

are sensed by neighboring quiescent endothelium and similar to physiological sprouting 

angiogenesis, tumor angiogenesis promotes the formation of new blood vessels from those 
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neighboring the tumor77. These newly formed vessels not only provide the nutrient requirements 

to accommodate tumorigenesis, but they also serve as a gateway for individual cells to migrate 

away from the primary tumor to extravasate into circulation78. Although the processes which 

instigate new blood vessel growth overlap with those in physiological contexts such as wound 

healing, tumor angiogenesis promotes the formation of highly proliferative, leaky and unstable 

vessels79, 80. Some of the functional differences in vessels formed in the tumor environment can 

be derived from differences in EC adhesion and as well as extensive changes in the tumor 

microenvironment ECM81. One example of these changes can be seen in the differential integrin 

expression on the surface of “activated” ECs. Unlike the endothelium of quiescent vessels, tumor 

vasculature from a number of malignancies express high levels of the integrin heterodimers 

avb357, 82 and a5b183-85 (Figure 1.7). Inflammatory mediators such as TNF-a and growth factors 

like VEGF-A in the tumor microenvironment increases the expression of avb3 which 

accommodates the increased migratory requirements of individual ECs during angiogenesis82, 86. 

In a similar manner, angiogenic endothelium also express higher levels of a5b1 integrin likely to 

accomplish migration through the fibronectin-rich tumor microenvironment. As growth factors 

also promote increased expression of the collagen and laminin binding integrins a2b187 and 

a1b188, it is likely that these integrins may also play an important, but not yet fully understood 

role in pathological angiogenesis. The role of individual of integrin subunits and their differential 

requirements in pathological vs physiological integrins will be highlighted in a later chapter. 

Crucially, however, our current understanding of integrins in angiogenesis is incomplete but 

suggest a highly complex relationship between specific integrin subunits and their respective 

roles in regulating new vessel growth. This relationship is of significant importance given the  
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Figure 1.7. EC integrins in quiescent vs angiogenic states. 

Adapted from Silva et al.85 a) In quiescent vessels, ECs are closely packed with neighboring 

cells and are attached to the basement membrane through integrin-mediated interactions. A 

quiescent endothelium is also bound by mural cells such as pericytes which share a number 

of integrin heterodimer classes found in resting ECs. b) During angiogenesis, ECs sprout 

from preexisting vessels by detaching from the basement membrane and upregulate a 

number of integrin heterodimer classes to accommodate increased migration through the 

ECM. Of note, expression of EC integrins a5b1, a4b1, a2b1, a1b1, avb5 and avb3 is 

upregulated in angiogenic ECs.  
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degree of crosstalk between integrin signaling and growth factor signaling during tumor 

angiogenesis89-91. Concurrent with altered interactions between ECs and the ECM in the tumor 

microenvironment, the formation of leaky, immature vessels can also be attributed to altered EC-

EC adhesion. The continual secretion of pro-angiogenic growth factors which drive excessive 

tumor angiogenesis precludes the formation of tight endothelial barrier likely by disrupting the 

balance of cell-cell junction mediated inhibition of EC proliferation65 that act to negatively 

regulate new vessel growth. Constitutive secretion of VEGF as well as pro-inflammatory 

agonists within the tumor microenvironment disrupts the stability of cell-cell adhesions at AJs 

and result in a highly permeable vasculature. Tumor vessels exhibit reduced expression of VE-

cad at cell junctions92, 93. Furthermore, the increased cytoskeletal contractility of angiogenic ECs 

results in disorganized linear junctions in favor of perpendicular AJ structures71, 94 which retain 

some of their contacts to neighboring cells while permitting the leakiness associated with 

immature vasculature like that of the tumor vasculature. In general, the reports discussed above 

highlight the crucial contributions of dysregulated cell-cell and cell-matrix adhesions in tumor 

angiogenesis. Similarly, alterations in the organization, function and downstream signaling 

events of AJs and more recently, FAs, are implicated in other pathologies wherein blood vessel 

permeability is compromised. 

 

1.2.2 Dysregulation of Cell-Cell Adhesion in Conditions of Hyperpermeability 

 

Dysregulation of vascular permeability contributes to many common human pathological 

conditions including ischemia, cancer, diabetes and sepsis18, 41, 95. Here we will explore, in detail, 

the known organization and contribution of AJs in regulating barrier function. Homophilic 
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interactions between VE-cad expressed on adjacent ECs maintain vascular permeability 38, 96. 

VE-cad is stabilized at junctions through its interaction with p120 catenin (p120) and is tethered 

to the actin cytoskeleton through an interaction with the catenin complex45, 46, 97, 98. b-catenin, in 

complex with actin-bound a-catenin, directly binds the cytoplasmic tail of VE-cad42, 43 

conferring mechanosensitivity of AJs to cytoskeletal perturbations40 99.  The catenin/actin linkage 

of VE-cad also acts as a local signaling hub for small GTPases which coordinate the stability of 

junctional cadherin complexes by regulating the stability of cortical actin stress fibers94. The 

requirement of VE-cad stabilization in adherens junctions was eloquently demonstrated in vivo 

by generating mice expressing a VE-cad/a-catenin fusion protein which is retained and resistant 

to endocytosis from junctions100. Mice expressing this VE-cad/a-catenin fusion protein were 

resistant to leukocyte extravasation in some tissues and agonist-induced models of 

hyperpermeability. In conditions that promote vascular permeability, AJs become destabilized, 

disassembled and VE-cad is endocytosed through a number of distinct mechanisms. In many of 

the aforementioned disease states, increased permeability is triggered by the secretion of soluble 

vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF) and other pro-

angiogenic factors. In a well-described process, VEGF binds to vascular endothelial growth 

factor 2 (VEGFR2) which leads to Src-dependent PAK-mediated phosphorylation of VE-cad at 

Ser665. VE-cad phosphorylation at Ser665 and Tyr685 is followed by b-arrestin2 binding which 

induces clathrin-dependent endocytosis of VE-cad101, 102. This pathway promotes cell migration, 

cytoskeletal rearrangement and AJ disassembly. Pro-inflammatory molecules present in 

conditions of chronic inflammation or sepsis such as TNF-a and LPS can also promote 

endothelial permeability. Treatment of ECs in vitro with TNF-a generates tensile structures 

termed focal adherens junctions (FAJs) due to increased cell contraction71. Secreted TNF-a is 
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known to promote Fyn kinase-dependent phosphorylation of VE-cad cytoplasmic tail and VE-

cad internalization which impairs pulmonary EC barrier function in vitro103, 104. Junctional 

disassembly induced by VEGF and TNF-a signal through independent pathways which converge 

at Src-family kinase-dependent VE-cad phosphorylation. Therefore, phosphatases like vascular 

endothelial protein tyrosine phosphatase (VE-PTP) play a critical role in maintaining junctional 

VE-cad105 as its interaction with VE-cad stabilizes junctional cadherin pools in resting and 

inflammatory states106, 107 . The disassembly of cell-cell junctions in both pro-angiogenic and 

inflammatory contexts are coupled with reorganization of the actin cytoskeleton. In resting 

states, a delicate tensional balance at cell-cell junctions permit the formation of linear AJs 

connected to circumferential actin that are regulated by small GTPases such as Ras-proximate 

protein 1 (Rap1), 108, 109 Rac70, 101, 110 and Rho111, 112. Agonist-induced cell contraction increases 

tension at AJs and leads to the formation of zipper-like AJs. Collectively, these data highlight the 

importance VE-Cadherin stabilization at cell-cell contacts as well as the regulation of cell-cell 

tension in maintaining linear AJ organization in resting conditions. This section highlights the 

extensive knowledge of the critical function of AJs as canonical gatekeepers of vascular 

permeability. As suggested in an earlier section, recent developments have begun to implicate 

integrin-mediated adhesions as novel regulators of barrier function which is of significant 

interest as these two adhesive structures are interlinked through the actin cytoskeleton with 

considerable cross-talk113. While these recent findings are derived from early work by 

Lampugnani and others describing the localization of certain integrin heterodimers to the cell 

periphery, only until the last decade of research efforts utilizing inducible EC-specific mouse 

models have some of the underlying mechanisms of integrin signaling in barrier function been 

elucidated. Understanding how cell-matrix and cell-cell adhesions collectively coordinate the 
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formation of new blood vessels and the stabilization of the vascular barrier is an essential 

endeavor that will likely inform novel strategies to target the vasculature in many 

pathophysiological contexts.  

 

1.3 The Role of Integrins in Endothelial Cell Function 

 

Integrins are transmembrane adhesion receptors expressed on the surface of most mammalian 

cell types. In addition to functioning as important adhesion receptors, integrins are bi-directional 

signaling hubs involved in numerous fundamental cellular processes including cell migration, 

survival and proliferation. Importantly, the regulation of integrin affinity for ligand is an 

essential step in all of the aforementioned cellular processes and will be discussed in detail in this 

and a later section. In this section, I will discuss how integrin function is regulated in ECs, how 

integrin signaling regulates angiogenesis and highlight the emerging role of these adhesion 

receptors in regulating vascular permeability in established vessels. 

 

1.3.1 Integrin Adhesion and Signaling  

 

Integrins are heterodimeric cell surface adhesion receptors consisting of one of 18 a- and one of 

8 b-subunits which dictate ligand specificity55. The most well-studied integrin classes in ECs 

engage ECM components by binding directly to collagen (a1b1, a2b1), fibronectin (a5b1, 

a4b1, avb3), vitronectin (avb3, avb5) and laminin (a3b1, a6b1)114.  Integrins contain an 

extracellular domain that is able to become ligated to ECM components when integrins are an in 

an active conformation, a transmembrane domain and a cytoplasmic tail which interact with a 
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number of cytoskeletal adaptor proteins. ECs rely on integrin-mediated adhesions at cell-matrix 

contacts to remain tethered to the sub-endothelial matrix and to interact dynamically with the 

ECM during cell migration. Although ECs express a repertoire of integrin subunits, it is of note 

that in ECs a subset of b-integrin subunits (b1, b3 and b5) makeup the majority of the b-subunit 

pairings in all EC integrin heterodimers highlighting the importance of these subunits in EC 

function. In general, integrin affinity for ECM ligands is regulated in two distinct methods with 

major differences across the heterodimeric pairings expressed in ECs arising from their 

downstream signaling effectors as well as crosstalk with other signaling pathways. On one hand, 

integrin affinity for ECM ligand is regulated through so called “inside-out” integrin signaling 

(integrin activation) 115 whereby extracellular signals are transduced into the cell through cell-

surface receptors (e.g. receptor tyrosine kinases, G-protein coupled receptors) that in turn 

ultimately lead to the binding of cytoplasmic, integrin activating proteins such as talin 116-118 and 

kindlin119 to the b-integrin cytoplasmic tail. On the other hand, integrin “outside-in” signaling 

can occur in response to integrin binding extracellular ligands and subsequent activation of 

cytoplasmic signaling pathways 55. Furthermore, integrins lack intrinsic enzymatic activity but 

tyrosine phosphorylation of the b integrin cytoplasmic tail regulates the binding of adaptor 

proteins that in turn recruit non-receptor tyrosine kinases.  In this way, integrins serve as a hub 

for signaling pathways essential to diverse and fundamental cellular functions including 

phosphatidylinositol-3 kinase (PI3K) and mitogen-activated protein kinase (MAPK)55. In 

addition, integrins can activate Ras and Rho family small GTPases that profoundly impact 

cytoskeletal organization and dynamics81 (Figure 1.8). Cytoskeletal reorganization requires the 

disassembly and reassembly of integrin adhesion complexes, processes that are regulated  
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Figure 1.8. Integrin-mediated regulation of cell migration and cytoskeletal dynamics 

Adapted from Avraamides et al.81 To integrate signals and activate intracellular signalling 

pathways, integrins co-cluster with serine, threonine and tyrosine kinases, phosphatases and 

adaptor proteins in focal adhesions. Focal adhesion complexes are composed of integrins, 

protein kinases such as focal adhesion kinase (FAK), Src and many other kinases, adaptor 

proteins such as Shc, signalling intermediates such as phosphatidylinositol-3 kinase, Rho 

and Rac GTPases and actin-binding cytoskeletal proteins such as talin, α-actinin, paxillin, 

tensin and vinculin. Integrin signalling promotes cell migration by providing traction along 

the ECM and by promoting actin remodelling through the Rho family small GTPases. 
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spatially and temporally by complex and context-dependent signaling events120, 121. Regulation of 

cytoskeletal organization and dynamics highlights a key intertwined relationship between 

integrin-mediated adhesions and AJs and this relationship will be a central focus of my 

dissertation goals which will be discussed in a later chapter. 

 

1.3.2 Integrin Signaling and Function in Angiogenesis 

 

The role of EC integrins in developmental and postnatal angiogenesis has been extensively 

studied. In this section, I will cover the roles of the major endothelial integrin classes as they 

function in the contexts of developmental and pathological angiogenesis. Generally, in the 

context of angiogenesis, EC integrins regulate cell growth, migration and survival (Figure 1.8). 

Early in vivo and in vitro studies pointed to distinct roles for the major integrin classes expressed 

in the endothelium. These early global knockout models of specific integrin subunits are 

summarized in Avraamides et al. More cogent to the specific role of integrins within the 

endothelium, the development of endothelial-specific transgenic knockout mouse models have 

been extremely informative in discerning some of the specific contributions of individual 

subunits and are reviewed in detail in Payne and colleagues 122. An elegant study by Van de Flier 

et al tested the specific role of the fibronectin receptor a5 and av-integrins and determined that 

loss of either subunit in ECs during development resulted in viable mice with no visible defects 

in the developing vasculature123. Curiously, deletion of both a5 and av-integrins in ECs resulted 

in embryonic lethality by E14.5 likely due to defective vessel remodeling and gross defects in 

aortic development. The lack of a vascular phenotype in the individual EC-a5/av knockout mice 

suggest a likely compensatory response by either subunit in the absence of the other. It is 



	

	

26		

important to note that the double-knockout mice undergo embryonic vasculogenesis and 

angiogenesis normally up to E14.5 suggesting that the lethality observed in these mice may be in 

part due to defective vascular remodeling that takes place during late embryogenesis.   

Interestingly, constitutive deletion of EC-b1, which pairs with a5-integrin to bind fibronectin, 

integrin results in earlier embryonic lethality by E10 with extensive defects in lumen formation 

and incomplete vascular patterning124, 125. Defective lumen formation was determined to be in 

part due to the downregulation of Par3, an essential regulator of endothelial polarity which 

resulted vessel occlusion and incomplete vessel formation. These studies, though essential and 

informative highlight the complicated nature of studying the function of EC integrins in 

angiogenesis as they point to a complicated temporal and contextual involvement of integrin 

signaling during developmental angiogenesis. A few considerations that remain unaddressed 

include whether the collagen binding integrins which partner with b1 integrin are indispensable 

for pathological angiogenesis given their dispensable roles during development. A recent report 

from Ghatak and colleagues report modest defects in wound healing and tumor angiogenesis in 

global a1/a2-integrin double knockout mice126, although it would be prudent to investigate the 

EC-specific contributions of these defects using a cell-type specific cre-system. The complicated 

nature of subunit-specific knockout models can also be seen in the extensive studies that have 

attempted to address the curious role of EC-b3 integrin during developmental but also 

pathological angiogenesis. The interest in understanding the role of b3 integrin angiogenic 

contexts was of high initial priority as tumor vessels appear to have increased expression of the 

avb3 receptor relative to very low levels of expression on quiescent vasculature82, 86.  Global 

deletion b3127 or its partner av-integrin128 result in 50% embryonic lethality and 80% 

embryonic/postnatal lethality, respectively. Mice which did survive b3 deletion during 
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development were further assessed in a follow up study looking at the role of b3/b5 integrin 

knockout on tumor angiogenesis. Intriguingly, these mice exhibited increased tumor 

neovascularization relative to wildtype due to enhanced VEGFR2 expression and downstream 

signaling which drove this enhanced vascularization 129. Furthermore, the generation of mice 

expressing a b3-integrin with mutated cytoplasmic residues Y747/Y759F (DiYF) which are 

critical for downstream integrin signaling are viable with no observed developmental vascular 

defects130. While developmental angiogenesis was unaffected in DiYF, DiYF mice exhibited 

significantly decreased tumor vascularization using the B16F0 and RM-1 murine models of 

melanoma and prostate cancer, respectively. This striking observation differed with the Reynolds 

et Al report stating the absence of b3 integrin enhanced pathological angiogenesis through 

VEGF-mediated compensation. A final report looking to explains the disparity in these two 

reports utilized multiple EC-b3 integrin knockout mouse models, an inducible EC-specific and 

constitutive EC-specific line to come to a critical conclusion: induced, acute depletion of EC-b3 

integrin during tumor growth transiently impairs neovascularization and reduces tumor growth 

while constitutive deletion resulted in the enhanced neovascularization phenotype observed in 

Reynolds et al131. These findings again highlight the complex contributions of individual integrin 

subunits in the context of new vessel growth specifically that factors such as temporal length of 

deletion and Cre-Recombinase mouse models may result in differing interpretations. With the 

onset of inducible EC-specific mouse models, some of these disparities across mouse lines used 

are beginning to be elucidated. Additionally, the inducible systems accommodate the 

investigation of integrin function in already established vessels wherein integrins appear to play 

crucial roles in the maintenance of quiescent vasculature. Interestingly, the many cues which 
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instigate new blood vessel growth play an equally important role in the maintenance of the 

vascular barrier in mature vessels.  

 

1.3.3 Integrin Signaling and Function in Vascular Permeability 

 

Here, I will discuss what is currently known about the contribution of integrins in the 

maintenance of the vascular barrier in both resting conditions as well as in the context of agonist-

induced hyperpermeability. Early evidence indicated that deletion of b3 in mice resulted in 

increased VEGF and lipopolysaccharide (LPS)-induced Evan’s Blue leakage in dermal and 

lung/intestinal vessels, respectively132, whereas baseline permeability appeared similar relative to 

control littermates. Eloquent studies by Su et al.133 showed that the permeability-inducing effects 

of VEGF, TGF-b and thrombin on pulmonary ECs were exacerbated by pre-treatment with avb3 

blocking antibodies consistent with the notion that β3 integrin promotes EC barrier. Furthermore, 

treating human umbilical vein endothelial cells (HUVECs) with the barrier-enhancing agent 

sphingosine 1-phosphate promoted avb3 localization to cell-cell contacts and sites of cortical 

actin and this was inhibited by pre-treatment with an avb3 function blocking antibody. 

Interestingly, activation of avb3 with low doses of the cyclic RGD peptide, cilengitide, reduced 

HUVEC monolayer permeability likely by promoting Src kinase-mediated phosphorylation of 

VE-cad at Y731 and Y658 thereby promoting the internalization of VE-cad134.  The 

mechanism(s) underlying these observed effects of cilengitide on HUVEC barrier function are 

unclear but could include indirectly inhibiting β1 integrin through trans-dominant inhibition134, 

135. Interestingly, the role of avb5 in response to sepsis-induced leak contrasts with the barrier-

protective role of avb3 in LPS-induced leak. Antibody blockade of HUVEC avb5 attenuated 
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LPS-induced barrier dysfunction in vitro while b5 knockout mice exhibit increased survival in a 

cecal ligation model of sepsis relative to WT mice136. It was proposed that blockade of b5 

integrin mitigates the induction of cytoskeletal contraction in these contexts thereby stabilizing 

cell-cell junctions. As β5 integrin was deleted globally in the mice used in this study, the relative 

contributions of β5 integrin in ECs versus other cell types remains an open question.  

Yet another recent indication of the importance of integrin function in regulating vascular 

permeability can be seen in studies whereby b1 integrin was deleted during postnatal 

angiogenesis and in a separate report in established vessels. A role of b1 integrins in endothelial 

barrier function was first discovered when antibodies specific to a5b1 integrin revealed a 

localization pattern of this receptor at cell-cell junctions in addition to its well-described 

localization to FAs137. In contrast, cell-cell junction localization of avb3 integrin was not 

observed. Furthermore, antibody blockade of a5b1, but not avb3, impaired monolayer 

permeability in vitro. A recent study by Yamamoto et al. demonstrated that EC-specific deletion 

of b1 integrin during postnatal development promoted VE-cadherin internalization and cell-cell 

junction disassembly138.  These investigators convincingly demonstrated that junctional 

disassembly in β1 integrin-deficient ECs was due to reduced Rap1/MRCK and Rho/Rho-kinase 

activity that impaired VE-cad trafficking to cell-cell junctions. Intriguingly, work by Hakanpaa 

et al. showed that deletion of a single β1 integrin allele in ECs of established blood vessels did 

not alter basal permeability but rather protected β1 EC heterozygous mice from LPS-induced 

hyperpermeability compared to wild type littermates139. Pharmacological inhibition of b1 

integrin also mitigated LPS-induced tracheal permeability relative to mice pre-treated with non-

immune IgG. It was therefore proposed that in quiescent endothelium b1 integrin predominantly 

localizes to FAs whereas inflammatory molecules acting in an angiopoietin-2-dependent manner 
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induce b1 integrin association with tensin at fibrillar adhesions. b1 integrin-positive fibrillar 

adhesions in turn promote cytoskeletal tension that alters cell-cell junctions and increases 

vascular permeability. Together, the data presented in this section serves to highlight the 

essential role that integrins play in the regulation of vascular permeability. While these collective 

studies implicate specific integrin subunits with regards to their contributions in regulating 

vascular permeability in specific vascular beds, a critical open question that remains whether the 

modulation of integrin affinity through cytoskeletal adaptors such as talin contribute in the 

aforementioned contexts. As all integrins are activated through a fairly conserved mechanism 

whereby the cytoskeletal adaptor protein talin binds to the b-integrin cytoplasmic tail to promote 

the active conformation of integrin receptors during inside-out activation, it is therefore 

important to understand how modulation of integrin affinity for ligands occurs and its potential 

role in pathologies that implicate integrin function in ECs. 

 

1.4 Talin: Master Regulator of Integrin Activation 

 

Essential to the adhesive and signaling properties of integrins across all cell types, talin is a 

cytoskeletal adaptor protein which binds b-integrin cytoplasmic tails inducing a conformational 

switch in the integrin associated with increased integrin ligand affinity. Talin was first 

discovered as a component of focal adhesions in cultured cells 140and extensive in vitro studies 

revealed its integral function in cell spreading and focal adhesion formation141-144. Binding of 

talin to the b-integrin cytoplasmic tail is a key final step in the modulatory process of integrin 

confirmation termed ‘inside-out’ activation115, 145. The N-terminal talin head contains an atypical 

FERM domain which is linked through a flexible linker to the carboxy-terminal talin rod which  
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Figure 1.9. Structure and domains of talin 

Adapted from Klapholz et al.146 The talin ‘head’ is an atypical FERM domain with four 

subdomains (F0–F3, in yellow and orange), followed by an ∼80 amino acids ‘linker’ that 

connects to the ‘rod’. The talin rod is composed of 61 α-helices that fold into 13 bundles (R1–

R13). Binding sites for interacting proteins are indicated: the integrin-binding site 1 (IBS1) is 

in orange, actin-binding sites of the rod are in red, and α-helices that are vinculin-binding sites 

(VBSs) are in purple. The inset is a simplified representation of IBS1 bound to integrin. 

Different residues of F3 mediate interactions with the membrane proximal α-helix (e.g. L325 

of F3) and the membrane-proximal NPxY motif (e.g. R358, W359 of F3) of the cytoplasmic 

region of integrin β-subunit (green). Mutagenesis disrupting talin binding to the membrane 

proximal region of β integrin impairs integrin activation, whereas disrupting talin binding to 

the membrane distal region of β integrin impairs all talin-integrin interactions and thus, 

integrin activation. The two vertical lines indicate membrane binding. 
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contains binding sites for a number of associated cytoskeletal adaptors as well as several distinct 

actin binding sites146 (Figure 1.9). As a result of these interactions, when talin is bound to the b-

integrin tail it serves as a mechanical linkage between the ECM and the actin cytoskeleton. 

 

1.4.1 Mechanism of Talin-Mediated Integrin Activation 

 

Integrin activation occurs in response to extracellular cues sensed by cell-surface receptors which 

induce the recruitment of talin, through a partially understood mechanism, to the plasma 

membrane where it binds the b-integrin tail at two distinct sites: a membrane proximal (MP) and 

membrane distal (MD) site116-118.  In the well-studied platelet aIIbb3 integrin model, this binding 

event disrupts the transmembrane interactions between the transmembrane domains of the a and 

b subunits to accommodate the conformational change to the extended open conformation of the 

receptor118. To understand this key modulatory step that is essential in the integrin activation 

cascade, it is important to understand the structural and conformational makeup of talin in steady 

state and induced conditions. Talin contains an atypical FERM (4.1 protein, ezrin, radixin and 

moesin) domain, a module involved in the localization of cytosolic proteins to the plasma 

membrane, and an extensive rod domain comprised of 13 helical bundles of 4-5 helices each 

(R1-R13). The FERM domain is considered atypical as it contains a F0 subdomain (as opposed 

to the canonical F1-F3 subdomains) and because these subdomains adopt a linear arrangement 

rather than the cloverleaf-like structure noted in other FERM domain containing proteins147. 

Prior to recruitment to the plasma membrane, several reports indicate that talin exists in an auto-

inhibitory conformation whereby the integrin binding site 1 (IBS1) within the F3 sub-domain of 

the talin head is shielded by the talin rod sub-domains R9-R12148-150. The autoinhibitory state is a 
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crucial regulatory step in retaining talin in an off state as certain cellular environments contain 

concentrations of talin as high as 50 µM151, 152. Elegant studies using exogenous expression of 

aIIbb3 integrin and talin in Chinese hamster ovary revealed that extracellular cues induce an 

interaction between the small GTPase RAP1 and the talin F1 subdomain that is essential for the 

recruitment of talin to the plasma membrane, where it can interact with b-integrin tails152-154 (Fig 

1.10). Recruitment to the membrane is essential in this process as the talin head must also 

interact with PtdInsP kinase Iγ (PIPKg) which locally synthesizes PIP2 that then binds the talin 

head to orient talin in a manner which accommodates its interaction with b-integrin155-157. Once 

bound to the integrin tail and the integrin binds extracellular ligand, mechanical forces 

transmitted through the integrin-talin-actin linkage induce unfolding of talin R1-R13 to facilitate 

interactions with other mechanosensitive proteins such as vinculin158-160. Unfolded talin rod 

stretches the depth of the focal adhesion signaling complex layers161, 162 and structurally acts as a 

key component of the focal adhesion signaling hub driving critical cellular processes tied to cell 

survival, proliferation and migration. In vivo, global deletion of talin1 results in embryonic 

lethality by E9.5 due to defects in gastrulation163. Generation of cell-type specific talin1 

knockout and mutant talin1 knock-in mouse models have been essential in understanding the 

context-specific requirement of inside-out integrin activation in resting conditions and 

pathological settings and will be discussed in the following sections.  Recently, important 

mechanisms underlying talin-dependent integrin activation have been elucidated in several types 

of hematopoietic cells which will be discussed in the following section.   
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Figure 1.10. Talin-dependent integrin activation and focal adhesion maturation. 

Adapted from Pulous et al.69 (1) Prior to localization to the plasma membrane, talin adopts an auto-

inhibitory conformation. In response to extracellular cues that are sensed by receptor tyrosine kinases 

and other cell-surface receptors, the autoinhibitory conformation of talin is relieved and in an 

incompletely understood process is recruited it to the plasma membrane150. (2) The talin-head is bound 

by membrane lipids and the small GTPase rap1 in a manner which accommodates F3 sub-domain 

interactions with the b-integrin tail at two distinct sites which in turn induces a tilt of the b-integrin 

transmembrane helix. This tilt results in separation of the a- and b-subunit transmembrane domains thus 

accommodating the extended open confirmation of integrins and eventual ligation to the ECM. (3) 

Ligated integrins cluster and promote the recruitment of adapter, signaling, and actin binding proteins 

crucial for cellular processes like migration, proliferation and survival. 
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1.4.2 The Role of Talin in Blood Cells 

 

Extensive effort has been put forth to understand the role and requirement of talin-mediated 

integrin activation in blood cells by a number of different groups. In general, integrins in blood 

cells have low affinity for extracellular ligands and require activation through the recruitment 

and binding of talin to the b-integrin cytoplasmic tail including b1115, 117, b2164, b3165-168 and 

b7169 integrins. The importance of inside-out integrin activation is illustrated in the tightly 

regulated processes which drive platelet adhesion and aggregation in hemostasis and thrombosis. 

Of note, platelets express multiple integrin classes with the highest expressed heterodimer being 

aIIbb3 which is capable of binding fibrinogen, von Willebrand factor and fibronectin while 

a2b1 regulates binding to collagen. Integrins of circulating quiescent platelets reside in a low-

affinity state. Upon exposure to soluble agonists like adenosine diphosphate or thrombin, platelet 

integrins are activated through inside-out signaling that promotes aIIbb3 binding to soluble 

fibrinogen whereas b1 integrin binds subendothelial collagen that is exposed to blood in injured 

blood vessels.  Induced deletion of talin1 in platelet-specific manner impairs both b1 and b3 

integrin activation as evidenced by increased tail bleeding time relative to control mice as well as 

impaired clot formation in a carotid artery injury model165. Following this study, two reports 

carefully examined the specific contributions of the talin-integrin interaction and talin-actin 

interactions in the context of clot formation. Structural studies by Wegener et al described a 

model whereby talin activates integrin by sequentially interacting with two distinct sites in the β 

integrin tail.  Initially, the talin MD-b tail interaction provides the majority of talin-integrin 

binding energy.  This interaction enables interaction of talin with a second, membrane proximal 

(MP), site in the β tail.  Despite providing a negligible fraction of the binding energy, this talin-
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integrin MP contact is essential for talin-mediated integrin activation116-118.  Importantly, 

structural and biochemical studies identified mutations in talin that selectively disrupt the MD 

(talin(W359A)) and MP (talin(L325R)) interactions with integrin thereby enabling testing of this 

two-step model in vivo (Fig 1.9).  The model predicts that, in contrast to talin1(W359A), which 

is predicted to disrupt both MP and MD interactions, talin1(L325R) should selectively disrupt 

the MP interaction, thereby retaining the capacity of talin to mechanically link integrin to the 

actin cytoskeleton. Genetically modified mice expressing either talin1(W359A) or talin1(L325R) 

in platelets have revealed important insights into the functions of these distinct talin-integrin 

interactions in the context of hemostasis and thrombosis 168, 170.  Platelets expressing talin1 

L325R exhibited marked reductions in b3 integrin activation as measured by binding of soluble 

fibrinogen and binding of an active conformation-specific integrin antibody which phenocopied 

talin1-depleted platelets170.  In contrast, Tln1 W359A platelets exhibited delayed b3 integrin 

activation that was reduced by 50% relative to wildtype platelets.  Both talin1(L325R) and 

talin1(W359A) platelet mice were protected from chemical injury-induced carotid artery 

thrombosis.  Interestingly, talin1(W359A) mice exhibited only mild defects in hemostasis 

whereas talin1 L325R mice exhibited profound hemostatic dysfunction similar to mice with 

talin-deficient platelets.  The differences in the platelet and hemostatic phenotypes of talin1 

L325R and talin W359A is likely attributable to how effective the mutations are in inhibiting 

particular talin-integrin interactions.  Indeed, the talin1(W359A) mutation reduces talin affinity 

for integrin (~3.5 fold) but does not completely abolish binding.  Together, these data indicated 

that manipulation of specific talin-integrin interactions may be a potentially useful strategy for 

the design of new anti-thrombotic therapeutics that may better preserve hemostasis compared to 

current approaches like aspirin and ADP receptor blockade.  Additionally, the reports that lead to 
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these intriguing discoveries highlight that a better understanding of how the contributions of 

talin-mediated integrin affinity modulation in disease states and across cell-types, including 

endothelial cells, may result in clinically translatable insights.     

 

1.4.3 The Role of Talin Function in ECs 

 

All vertebrate genomes encode two highly homologous  but functionally distinct talin isoforms, 

talin1 and talin2 which share 74% amino acid identity and 86% similarity171, 172. Talin1 is 

ubiquitously expressed whereas talin2 is most highly expressed in striated muscle and neurons171, 

173. Importantly, work by Kopp et al suggest that ECs express only talin1174. From early 

transgenic knockout mouse models of talin1163 or talin2175 it became evident that there are 

distinct differences in the requirement and function of talin isoforms. Strikingly, deletion of 

talin1 in mice results in embryonic lethality due to defects in gastrulation with embryos not 

developing past E8.5 which is in stark contrast talin2-null embryos which develop normally. 

Kopp and colleagues generated an inducible talin1 knockout mouse model in order isolate 

multiple cell types for in vitro analyses. Interestingly, induction of talin1 deletion in mouse 

embryonic fibroblasts (MEFs) isolated from these mice resulted in upregulation of talin2174. 

However, deletion of talin1 in HUVECs by small interfering RNA (siRNA) did not phenocopy 

the observed upregulation of talin2 in MEFs suggesting that ECs were an ideal model system to 

study the function of talin1. siTln1-HUVECs were able to initially adhere to fibronectin coated 

cover slips but were incapable of normal cell spreading. Furthermore, while initial adhesion was 

observed in tln1-depleted HUVECs, adhesion over longer time courses was lost. Reconstitution 

of tln1-depleted HUVECs with green fluorescent protein (GFP)-Tln1 were able to rescue defects 
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in cell spreading and prolonged adhesion whereas reconstitution with GFP-Tln1-L325R were 

insufficient to rescue these defects. The GFP-Tln1-L325R data points to the specific requirement 

of talin in activating integrins in ECs as being integral to EC function as this mutant is able to 

interact with actin normally174.  In a subsequent elegant study, Monkley and colleagues 

generated an EC-specific talin1 knockout mouse using the Tie2-Cre recombinase system to study 

the specific contributions of endothelial talin1 during embryonic angiogenesis176. Tie2-Cre+ 

embryos lacking talin1 exhibited gross vascular hemorrhaging and early lethality by E.8.5 

relative to Tie2-Cre- littermate controls. Whereas established vessels in the embryo appear intact 

in Tie2-Cre+ mice, angiogenic vessel ECs appear flattened and unable to spread completely 

indicating a possible specificity of the requirement of talin1 in newly developing vessels. 

Furthermore, the timing of the embryonic lethality in Tie2-Cre+ mice resembles that of the 

global talin1 knockouts suggesting that defects in embryogenesis was likely due to the absence 

of EC talin1 in both models. The phenotype of talin1 deletion in embryonic angiogenesis is also 

reminiscent of the report of incomplete lumen formation from Zovein et al wherein b1-integrin 

was deleted in ECs during embryogenesis124. Together, these data indicate an intriguing potential 

requirement for talin-mediated b1 integrin activation in the context of angiogenesis. However, 

the mechanism underlying these changes are not completely understood and warrant further 

study. Additionally, whether talin is required during postnatal angiogenesis or in mature 

established vessels of adult mice, as it is for embryonic angiogenesis, remains unclear.  

 

1.5 Dissertation Goals 
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Given the incomplete knowledge concerning the role of endothelial cell talin-mediated integrin 

activation in the contexts of postnatal angiogenesis and endothelial barrier function, my 

dissertation goals will be to test the requirements of talin1 in these contexts utilizing both in vivo 

and in vitro approaches. The second chapter of my dissertation examines the contributions of 

EC-talin1 during postnatal angiogenesis, both in physiological and pathological contexts of new 

blood vessel growth. Additionally, utilization of the EC-talin1 knockout and EC-talin1 L325R 

mouse model allows us to discern between integrin activation-dependent and independent roles 

of talin during postnatal angiogenesis. The third chapter of my dissertation presents data using 

the EC-talin1 knockout model to test whether EC-talin1 is required for endothelial barrier 

function in established vessels. I propose an intriguing role for talin-mediated b1 integrin 

activation in regulating the intestinal vascular barrier by disrupting VE-cadherin stability at cell-

cell junctions. This report adds another layer of complexity to the cross-talk between cell-cell 

and cell-matrix adhesions in EC function and opens up new areas of research to further explore 

how integrin activation may be targeted in diseases driven by hyperpermeability. In Chapter 4, I 

present new methods that I have developed to identify novel talin interacting proteins in ECs that 

may generate new hypotheses regarding the mechanisms of talin function in EC barrier function. 

To understand the spectrum of potential contributions whereby talin regulates EC barrier 

function, we have undertaken an unbiased proximity-dependent biotin labeling approach to 

identify novel talin interacting proteins that cooperate to regulate EC barrier function in resting 

and leaky states. Finally, I will conclude by discussing the sum of the findings presented in my 

research efforts in the context of the current state of the field and speculate on how the data 

presented may be utilized in future research. 
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Chapter 2. Endothelial Cell Talin-Dependent Integrin Activation is Required for Postnatal 

Angiogenesis 

	
Fadi E. Pulous BA, Jamie C. Carnevale, Brian G. Petrich PhD 

From the Department of Pediatrics, Aflac Cancer and Blood Disorders Center (FEP, BGP), 

Cancer Biology Graduate Program (FEP), Emory University School of Medicine, Atlanta, GA 

30322, USA. 

 

2.1 Abstract 

Talin-mediated integrin activation plays a critical role in a number of blood and immune cell 

processes but the role of EC integrin activation during postnatal angiogenesis has not been 

explored. Here, I utilized an inducible EC-specific talin1 KO mouse (Tln1 EC-KO) and an 

inducible, EC-specific talin1 L325R mouse mutant, in which the capacity of talin to activate 

integrins is inhibited whereas the talin binding to the b-integrin tail is retained, to determine the 

requirement of inside-out integrin activation during angiogenesis. Deletion of talin1 during 

postnatal days 1-3 (P1-P3) resulted in lethality by P8 of Tln1 EC-KO pups with extensive defects 

in retinal angiogenesis and hemorrhaging in brain, gut and retinal tissues, which were not 

observed in Tln1 CTRL littermates. Defects in retinal angiogenesis in Tln1 EC-KO mice 

included reduced retinal vascular area, impaired EC sprouting and reduced EC proliferation 

relative to Tln1 CTRL. Curiously, induction of talin1 L325R expression during P1-P3 in Tln1 

L325R mice resulted in more modest defects in retinal angiogenesis with mice surviving to 

adulthood but being significantly smaller relative to control littermates. Strikingly, B16-F0 

tumors grown in Tln1 L325R adult mice were 55% smaller than tumors in Tln1 L325R mice 

relative to Tln1 Het Controls and significantly less vascularized. These data point to the 
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requirement of EC-talin1 during postnatal angiogenesis. Specifically, my results suggest that 

talin-dependent integrin activation is indispensable for tumor angiogenesis whereas integrin 

activation-independent functions of talin in ECs may be more important during development. 

 

2.2 Introduction 

Endothelial cells (ECs) form a tight, continuous monolayer of cells to form the luminal surface 

of blood vessels. ECs form adhesive contacts with the basement membrane at cell-matrix 

adhesions and are connected to neighboring cells at cell-cell contacts. In physiological contexts 

such as retinal angiogenesis but also in pathological contexts like tumor angiogenesis, ECs in 

pre-existing vessels facilitate new blood vessel growth by sensing and migrating towards soluble 

pro-angiogenic growth factors in their local microenvironment in a process broadly termed 

sprouting angiogenesis177.  An essential activity during the early stages of sprouting angiogenesis 

necessitates the tight regulation of EC adhesive interactions with the extracellular matrix (ECM) 

as sprouting tip ECs navigate through the matrix23, 75. ECs engage ECM components such as 

fibronectin, collagen and laminin through the integrin family of cell-surface adhesion receptors 

55, 72.  

Integrins are heterodimeric, transmembrane receptors comprised of one of 18 a- and one 

of 8 b-subunits which in-turn dictate specificity for ligand. ECs express a diverse repertoire of 

integrin receptors with the best-studied receptors binding directly to collagen (a1b1, a2b1), 

fibronectin (a5b1, a4b1, avb3), vitronectin (avb3, avb5) and laminin (a3b1, a6b1)114, 178. 

Integrin receptors operate as bi-directional signaling hubs which transmit signals in both 

directions across the plasma membrane.  Ligation of integrins to ECM ligands initiate 

intracellular signaling through so-called outside-in signaling which includes integrin clustering, 
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recruitment of adapter proteins, kinases, phosphatases and reinforcement of integrin linkage to 

the actin cytoskeleton179, 180.  On the hand the affinity of integrins for extracellular ligands can be 

dynamically regulated by so-called inside-out signaling, or integrin activation, when intracellular 

signals, often downstream of growth factor receptor activation, initiate a signaling pathway that 

ultimately results conformational changes in the integrin extracellular domain associated with 

high ligand affinity.  This bi-directional signaling drives a host of critical cell processes 

including migration, proliferation and survival55, 72.  

Activation of integrin receptors into a high ligand affinity confirmation requires the 

binding of the cytoskeletal adaptor protein, talin, to the cytoplasmic tail of b-integrin 115-117. An 

example of this conserved regulatory mechanism is observed in platelet adhesion during clot 

formation wherein soluble cues such as thrombin or adenosine diphosphate induce downstream 

signaling events which recruit talin to the plasma membrane allowing talin to activate the platelet 

receptors aIIbb3 and a2b1165, 166. Following these studies, several reports determined that 

ablation of talin1 in platelets impairs platelet adhesion during hemostatic and thrombotic 

contexts while expression of a talin1 mutant which abrogates the MP binding interaction 

required for inside-out activation phenocopied the loss of talin168, 170.  While these studies have 

greatly informed therapeutic interventions for patients with defective platelet integrin signaling, 

the role of integrin affinity modulation in ECs has been relatively understudied.  

The roles of specific integrin subunits in ECs during developmental and postnatal 

angiogenesis have been investigated and are reviewed concisely in other literature 81. Indeed, 

studies utilizing individual integrin subunit deletion in vivo have been informative yet given the 

complex subunit-specific contributions as well as the context-dependent nature of these 

contributions much remains to be understood; specifically, in regards to whether inside-out 
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integrin activation is essential for EC function in postnatal life. Early work determined the 

essential requirement of EC talin1 during embryonic angiogenesis as its deletion results in 

embryonic lethality by E10.5 due to extensive vascular defects176 while inducible deletion of 

talin1 in established embryonic vessels results in early lethality due to defects in vascular 

permeability181. However, whether talin-mediated integrin activation is required for either 

pathological or physiological angiogenesis remains largely unanswered.  

Here, we provide evidence to support the notion that talin and its role in activating 

integrins from the inside-out are indispensable for postnatal angiogenesis. Specifically, inducible 

deletion of EC talin1 during early postnatal development results in extensive defects in retinal 

angiogenesis, EC proliferation relative to littermate controls and early lethality of Tln1 EC-KO 

pups by P8. Deletion studies were complemented by an inducible, EC-specific talin1 L325R 

knock-in model to discern between integrin activation-dependent and independent talin functions 

in angiogenesis.  Interestingly, whereas Tln1 L325R mice exhibited defects in retinal and tumor 

angiogenesis relative to littermate controls, induced expression of the mutant allele during 

postnatal development was not lethal, as was observed with Tln1 EC-KO mice, but resulted in 

significantly smaller mice that survive into adulthood. Our data point to an essential role for 

talin1 in postnatal angiogenesis although the specific contributions of integrin activation-

dependent functions of talin require further investigation. 

 

2.3 Methods 

Mice 

We generated EC-specific talin1 knock-out mice using Tln1 floxed mice165, 166expressing a 

tamoxifen-inducible Cre driven by the cadherin 5 (Cdh5) promoter182. Our breeding scheme 
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generated Tln1f/f;Cdh5-CreERT2-/- (referred to as Tln1 CTRL) and Tln1f/f;Cdh5-CreERT2+/- 

(Tln1 EC-KO) mice. For postnatal angiogenesis and developmental studies, mice were 

intragastrically administered 50µg of tamoxifen (Cayman Chemicals) dissolved in corn oil 

(Sigma) daily on P1-P3. For tumor studies in adult Tln1 Het/L325R mice, 8-10 week old mice 

were administered 2.5 mg of tamoxifen once daily for 3 days to induce L325R expression. Tln1 

Het (Tln1f/wt; Cdh5-CreERT2+/-) and Tln1 L325R (Tln1f/L325R; Cdh5-CreERT2+/-) mice168 were 

made by breeding Tln1f/L325R168 with the EC-specific Cdh5-CreERT2 mouse line 182, 183. Studies 

using the tdTomato reporter were done by comparing mice with genotype Tln1f/wt;Cdh5-

CreERT2+/-;Rosa26-tdTomato+/- with Tln1f/L325R;Cdh5-CreERT2+/-;Rosa26-tdTomato+/- mice.  

Similar ratios of males and female mice were used for experiments and experimenters were 

blinded to the genotypes of mice until all data was collected. In control experiments to test the 

effects of tamoxifen versus corn oil on survival, mice were randomly assigned to treatment 

groups. Experimental procedures were approved by the Emory University Institutional Animal 

Care and Use Committee (IACUC). 

 

Retinal Angiogenesis Model and Staining 

Retinal mounts and immunofluorescence were performed as previously described184. Briefly, 

retinas were dissected out of mice at specified times after tamoxifen treatment, fixed in 4% PFA 

for either 2hrs at Room Temperature or overnight at 4° C. Whole mount retinas were then 

subject to antibody staining of FITC-lectin staining as previously described181. Tissue was 

mounted using Fluoromount (Life Technologies) and imaging was performed on an Olympus 

FV1000 inverted confocal microscope. For staining of whole retinal mounts, the vasculature was 

visualized with FITC-conjugated Isolectin (Vector Labs: FL-1101-5). Where noted, tdTomato 
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was visualized to analyze recombination efficiency across whole retinal mounts. Primary 

antibodies used for staining were rat anti-mouse CD31 at 1:100 (BD Pharm: 553370), rabbit anti-

mouse talin at 1:100 (Santa Cruz: sc-15336) and rabbit anti-mouse collagen IV at 1:100 (Bio-

Rad: 21501470). Species specific secondary donkey antibodies conjugated with Alexa-

488/568/647 fluorophores at 1:400 (Life Technologies) antibodies were used for primary 

antibody detection. 

 

Tumor Studies 

Both LLC and B16-F0 murine tumor models were performed on 8-10 week-old adult Tln1 Het 

and Tln1 L325R mice which were administered tamoxifen as described above prior to 

subcutaneous implantation. For B16-F0 experiments, mice were anesthetized by isoflurane in a 

procedure approved by Emory IACUC two weeks after the last dose of tamoxifen and injected 

subcutaneously with 5.0 x 105 B16-F0 cells. Animal health and tumor growth were monitored for 

14 days prior to sacrifice and tumor volume was measured using calipers. After 14 days, tumors 

were excised and weighed for relative analysis. 1.0 x 106 LLC cells were subcutaneously injected 

into the right or left flank and tumor growth monitored for 14 days after which tumors were 

excised and weighed. Where noted for frozen sectioning experiments, tumors were perfusion 

fixed with 4% PFA, excised, further fixed overnight at 4°C in 4% PFA and embedded in O.C.T 

Compound (TissueTek). 10µm sections were cut from processed tissue every 50um for blood 

vessel immunostaining experiments.  

 

Immunofluorescence and Tissue Staining 
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Tissue sections prepared as described above were subjected to overnight permeabilization and 

blocking in PBS with 1% BSA and 0.3% Triton-x (PB Buffer) at 4° C. Primary antibody labeling 

with rat anti-mouse CD31 at 1:100 (BD Pharm: 553370) and goat anti-mouse podocalyxin at 

1:100 (R and D Systems: AF1556) were performed in PB Buffer overnight at 4° C followed by 

PBS+ washes and secondary antibody staining with species specific donkey IgG conjugated with 

Alexa-488/647 fluorophores at 1:400 (Life Technologies). Imaging was performed on an 

Olympus FV1000 Confocal Microscope. For edu analysis in neonatal Tln1 CTRL and EC-KO 

pup retinas, mice were administered 100ug edu 30’ prior to sacrifice, retinal tissue processed as 

previously described184 followed by Click-iT detection per manufacturers recommended protocol 

(Thermo-Fisher: C10340). Retinas were co-stained with FITC-lectin and the # of edu+/FITC-

lectin+ cells counted per field of view. 

 

Image Analysis 

For vascular area measurements, stitched images were acquired of the entire retinal tissue. The 

retinal area was measured and the vascular area is representation of FITC-lectin positive areas 

within the greater retinal area using FIJI analysis. Junctional Density was measured using 

AngioTool185 by masking the FITC-lectin positive area within each field of view and then 

algorithmic fitting of branching points within the thresholded vascular area to determine 

junctional density per area. This analysis was performed on 4-6 images per retina analyzed with 

the n>4 for all groups. For sprout and filopodia quantitation, high magnification (60x,100x) 

images of overnight 4% PFA-fixed whole-mount retinas were analyzed by counting the number 

of either structure across the length of the angiogenic front from 4-6 images per retina. 4-6 

retinas were analyzed per group as noted in the figure legends. Collagen IV+/lectin- sleeves were 
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measured by taking 3-5 images from 3-4 retina per group. Collagen IV+/lectin- were identified 

using Image J and normalized to the vascular area within each field of view. For tdTomato tumor 

blood vessel quantitation, 3 frozen sections from 8-9 tumors were analyzed. 3-4 20x images from 

each frozen section was thresholded using FIJI binary thresholding and values representing 

%tdTomato+ area per field of view analyzed. To analyze Pod+/Tom+ blood vessels in B16-F0 

tumor sections, 4-6 fields of view from 2 individual frozen sections of 5-6 tumors per group were 

analyzed. Images were thresholded using pre-set FIJI settings across all acquired images and % 

area of each channel was then measured using FIJI. Ratios represent the % areas of either Pod+ 

or Tom+ vessels across identical fields of view.  

 

Statistical Analysis 

All statistical tests were performed and survival curves generated using Prism Software 8.0. The 

specific test that was used. to analyze individual experiments is noted in the figure legends but 

briefly for comparison of parametric data from two groups, an unpaired t-test was used. Data sets 

analyzed with parametric statistical tests were tested for a normal distribution using a Shapiro-

Wilk test.  

 

2.4 Results 

Endothelial Cell Talin1 is Indispensable for Postnatal Development 

To test the role of EC talin1 during postnatal angiogenesis, we generated EC-specific talin1 

knock-out mice using Tln1 floxed mice165, 166 expressing a tamoxifen-inducible Cre driven by the 

cadherin 5 (Cdh5) promoter182. Our breeding scheme generated Tln1f/f;Cdh5-CreERT2-/- 

(referred to as Tln1 CTRL) and Tln1f/f;Cdh5-CreERT2+/- (Tln1 EC-KO) neonates which were  
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Figure 2.1. EC-specific deletion of talin1 during postnatal development causes vascular 

hemorrhage and death 

Tln1 (talin1) EC-KO (knockout; Tln1fl/fl;Cdh5creERT2+/−) and Tln1 CTRL (control; 

Tln1fl/fl;Cdh5creERT2−/−) neonates were administered tamoxifen P1-P3 and analyzed at P5 where 

indicated. (A) Immunostaining of whole-mounted retinas from Tln1 CTRL and Tln1 EC-KO mice. 

Talin protein is markedly reduced in Tln1 EC-KO CD-31+ ECs. (n=3; scale= 50 µm) (B) Survival of 

Tln1 EC-KO and Tln1 CTRL mice following tamoxifen treatment. Tln1 EC(n=15, Tln1 CTRL and 

n=18, Tln1 EC-KO). (C) Light microscopy of whole brains from Tln1 CTRL and Tln1 EC-KO mice. 

Inset zoom highlight focal hemorraghing (arrows) in brain microvasculature of Tln1 EC-KO pups not 

observed in Tln1 CTRL mice. (D) H and E sections of Tln1 CTRL and EC-KO small intestine and 

brain from P7 pups. Red blood cell accumulation is observed in Tln1 EC-KO intestinal villi and brain 

microvessels (arrows) that is not observed in Tln1 CTRL sections (n=3-4 per group, scale = 50 µm). 
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administered tamoxifen intragastrically on postnatal days 1-3 to induce Cre-mediated deletion of 

talin1. To examine talin1 protein levels in Tln1 CTRL and Tln1 EC-KO pups, retinas were 

excised at P5 and the retinal endothelium immunostained for talin (Figure 2.1A). Tln1 EC-KO 

retinal ECs exhibited a marked reduction in talin1 protein signal relative to Tln1 CTRL. This 

finding is consistent with our recently published data showing that lung ECs isolated from adult 

Tln1 EC-KO mice had significantly reduced levels of talin protein and transcript levels relative 

Tln1 CTRL lung ECs181. Induction of talin deletion during P1-P3 resulted in early lethality of 

Tln1 EC-KO mice by P8 whereas Tln1 CTRL littermates survive normally (Figure 2.1B). To 

understand the lethality observed in Tln1 EC-KO mice, tamoxifen-injected pups were sacrificed 

at P5 and whole organs analyzed after sacrifice. Tln1 EC-KO mice exhibited cranial 

hemorrhaging which were not present in brains excised from Tln1 CTRL mice (Figure 2.1C). 

Additionally, histological sections of small intestine tissue excised from Tln1 EC-KO mice 

displayed extensive extravascular red blood cell accumulation in the intestinal villi while the 

intestinal villi of Tln1 CTRL mice appeared intact and normal (Figure 2.1D). This phenotype 

was also observed in H and E sections of Tln1 EC-KO brains whereas Tln1 CTRL brain sections 

appeared normal. Collectively, these data point to the indispensable function of EC talin1 during 

postnatal development across a number of vascular beds.  

 

EC Talin1 is required for retinal angiogenesis and EC Proliferation 

Previous studies have established the requirement of EC talin1 during embryonic angiogenesis 

though little is known about the contributions of talin during postnatal angiogenesis.  As the 

retinal vasculature develops postnatally, we utilized the retinal angiogenesis model to test the  
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Figure 2.2. EC talin1 is required for retinal angiogenesis and EC proliferation 

(A) FITC-lectin staining of whole-mount Tln1 CTRL and EC-KO retinas. FITC-lectin+ area was 

measured as a % of the total retinal area.  (n=4-6; scale = 1 mm; **P=.0033) (B) Junctional density 

of Tln1 CTRL and EC-KO retinal vessels visualized by FITC-lectin staining. Retinal vessel area and 

junction counts were measured using Angiotool and revealed a reduction of vessel junctions in Tln1 

EC-KO retinas relative to CTRL (n=3; *P= .025) (C) Sprout density of Tln1 CTRL and Tln1 EC-KO 

whole-mount retinas stained with FITC-lectin. The number of sprouts across the length of the 

angiogenic front were reduced in Tln1 EC-KO retinas relative to Tln1 CTRL (n=4-6, scale = 100 µm; 

**P=.0063) (D) Filopodia density of Tln1 CTRL and Tln1 EC-KO retinal vessels which were stained 

with FITC-lectin. The number of filopodia across the length of the angiogenic front were increased in 

Tln1 EC-KO retinas relative to Tln1 CTRL (n=3-4; ***P=.0007) (E) EC proliferation in Tln1 CTRL 

and Tln1 EC-KO retinal vessels was measured by quantitating edu+/lectin+ events. EC proliferation 

is reduced in Tln1 EC-KO retinas relative to control littermates (n=4; scale = 50 µm ; *P=.045) (F) 

Large vessel widths measured in Tln1 CTRL and Tln1 EC-KO retinas stained with FITC-lectin. 

Large vessel width is reduced in Tln1 EC-KO retinal vasculature relative to Tln1 CTRL (n=5; scale = 

50; ***P=.0003) (G) Vessel retraction in Tln1 CTRL and Tln1 EC-KO retinal vessels measured by 

staining for basement membrane component Collagen IV (red) in conjunction with FITC-lectin. 

Retracted vessels are marked by white arrows representing coll IV deposition lacking a new vessel 

sprout. Vessel retraction is increased in Tln1 EC-KO retinas relative to Tln1 CTRL (n=3-4; scale = 

50 µm; *P=.018) (P-values listed for individual experiments were generated using a 2-tailed unpaired 

t-test). 
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contributions of EC talin1 during postnatal angiogenesis184. Retinas were dissected from Tln1 

CTRL and Tln1 EC-KO pups at P5 and the endothelium visualized by FITC-lectin staining. The 

total FITC-lectin+ vascular areas of Tln1 EC-KO retinas were reduced by 30% relative to Tln1 

CTRL littermates (Figure 2.2A). Furthermore, Tln1 EC-KO vascular networks appeared 

underdeveloped as measured by a reduction in the junctional density of the vascularized areas 

relative to Tln1 CTRL retinas (Figure 2.2B). Analysis of the angiogenic front where individual 

ECs sprout from pre-existing vessels to form a new vessel revealed an approximately 50% 

reduction in EC sprouts in Tln1 EC-KO retinas relative to littermate controls (Figure 2.2C). 

Although Tln1 EC-KO retinas had fewer sprouts across the angiogenic front, these sprouts 

exhibited a higher number of filopodia across this vascular front suggesting that ECs are able to 

extend filopodial protrusions, but that ECs are then unable to migrate through the ECM (Figure 

2.2D). We hypothesized that reduced sprout formation and a reduced vascular area throughout 

the retina in Tln1 EC-KO mice may be suggestive of altered EC proliferation rates in retinal ECs 

from Tln1 EC-KO retinas relative to control littermates. To measure EC proliferation, pups were 

first administered tamoxifen intragastrically from P1-P3 to induce talin deletion. However, prior 

to being sacrificed, mice were injected with a tagged nucleoside analog, edu which is actively 

incorporated into dividing cells and detected using a Click-iT chemistry approach. To selectively 

analyze proliferating ECs, retinas were subject to FITC-lectin staining to visualize only the 

endothelium. Indeed, the number of lectin+/edu+ cells were significantly reduced in Tln1 EC-

KO retinas relative to retinas from Tln1 CTRL pups (Figure 2.2E). The reduction in EC 

proliferation was noted throughout the vascular network at both the angiogenic front as well as in 

already established vessels within the central plexus of the network. Interestingly, mature vessels 

of Tln1 EC-KO retinas were significantly smaller than those of Tln1 CTRL retinal veins possibly 
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due to reduced rates of EC proliferation (Figure 2.2F). To measure the vascular stability of the 

retinal vessels, we stained for the basement membrane component collagen IV (coll IV) in 

conjunction with FITC-lectin staining to measure the number of collagen IV+/lectin- sleeves. 

The presence of basement membrane without a lectin+ vessel is indicative of vessel retraction 

which was increased approximately three-fold in Tln1 EC-KO retinas compared to the Tln1 

CTRL retinas (Figure 2.2G). The observed reductions in EC proliferation, retinal vascularization, 

EC sprouting and increased instability of Tln1 EC-KO vessels highlight the essential function of 

EC talin1 during retinal angiogenesis.  

 

Expression of an integrin activation-deficient talin1 L325R mutant in ECs impairs 

postnatal angiogenesis 

Talin activates integrins by binding to the b-integrin cytoplasmic tail at two distinct sites to 

induce the active conformation of the integrin receptor 116-118, 186. We and others have reported a 

single amino acid mutation in the talin head (talin1 L325R) which inhibits the membrane 

proximal interaction required for talin to activate integrin yet retains binding to the membrane-

distal site that mechanically links integrins to actin168, 174. Induced expression of this mutant in 

mouse platelets inhibited platelet integrin activation and resulted in impaired platelet function 

during hemostasis and thrombosis170. We hypothesized that expression of talin1 L325R in ECs 

would allow us to discern the specific requirement of talin-mediated integrin activation from its 

integrin-independent functions and allow us to specifically test the requirement of inside-out 

integrin activation during angiogenesis. We generated Tln1f/wt; Cdh5-CreERT2+/- (referred to as 

Tln1 Het) and Tln1f/L325R; Cdh5-CreERT2+/- (Tln1 L325R) mice by crossing previously 

described Tln1f/L325R mice with an inducible EC-specific Cre-recombinase mouse line. As a 
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single allele of Tln1 is sufficient for normal development and for platelet integrin activation170, 

control mice in the experiments done in comparison to Tln1 L325R mice are heterozygous for 

the Tln1 allele in order to accommodate breeding in of a tdTomato reporter allele to keep track of 

genetic recombination. Recombination efficiency of Cre-mediated talin deletion was measured 

by qualitative analysis of tdTomato reporter expression in retinal vessels and in later 

experiments, frozen tumor sections (Fig S2.1 and 2.2). Tln1 Het and Tln1 L325R neonates were 

intragastrically administered tamoxifen once per day to induce Cre activity from P1 to P3. 

Intriguingly, Tln1 Het and Tln1 L325R mice both reach weaning age and adulthood, but Tln1 

L325R exhibited a marked reduction in body weight and development that was maintained into 

adulthood (Figure 2.3A and 2.3B).  The Tln1 L325R phenotype differed from the early lethality 

observed in Tln1 EC-KO mice. Curiously, Tln1 L325R retinas examined at P5 exhibited defects 

in retinal angiogenesis as measured by vascular area and vascular density relative to Tln1 Het 

control mice (Figure 2.3C and 3D). These data indicate a requirement of talin-mediated EC 

integrin activation during retinal angiogenesis but also point to other possible talin-dependent 

functions that may be required for postnatal development given the severity of the phenotype 

observed in Tln1 EC-KO mice. In light of the defective postnatal angiogenesis exhibited in Tln1 

L325R pups, we wondered whether talin-dependent integrin activation played a similar role in 

pathological contexts of angiogenesis. To answer this question, 2 weeks after tamoxifen 

administration to adult Tln1 Het and Tln1 L325R mice, we subcutaneously injected B16-F0 

murine melanoma cells and analyzed the growth of primary tumors as well as the vascularization 

of the tumors. Strikingly, tumors injected in Tln1 L325R mice grew slower than Tln1 Het tumors 

and were 55% smaller by weight at removal 14 days post-implantation (Figure 2.3E). These 

tumors were excised, processed for frozen sectioning and blood vessel density of tumors  



	

	

55		

 
  



	

	

56		

  

Figure 2.3. Expression of mutant talin1 L325R incapable of activating integrins inhibits retinal 

angiogenesis, primary tumor growth and tumor angiogenesis 

 (A) Tln1 Het and Tln1 L325R neonates were weighed daily from P1-P19 prior to weaning. Tln1 L325R 

pups were undersized relative to littermate control Tln1 Het pups. (n= 7 Tln1 Het and 6 Tln1 L325R) (B) 

Tln1 Het and Tln1 L325R pups were weighed at P24 to determine weaning age weights. Tln1 L325R were 

23% smaller than littermate controls. (n=10 per group; *P=.0001) (C) Vascular area as % of total retinal 

area was measured on retinas from P5 Tln1 Het and Tln1 L325R pups stained for FITC-lectin. Total 

vascularized area was reduced in Tln1 L325R retinas relative to Tln1 Het mice. (n=4-5, scale = 500 µm ; 

*P=.0498) (D) Vascular density in P7 Tln1 Het and L325R retinas was measured by staining for FITC-

lectin. Tln1 L325R retinas exhibit a less dense vascular network relative to Tln1 Het littermate controls. 

(n=8; scale = 100 µm; *P=.0105) (E) B16-F0 tumors were subcutaneously implanted in Tln1 Het and Tln1 

L325R adult mice. Tumors were allowed to grow for 14 days with volume measured over time and mass 

of primary tumor taken on the final day. Tumors grown in Tln1 L325R mice grew slower and were smaller 

at the final time point relative to Tln1 CTRL mice (n=10 Tln1 Het, n=8 Tln1 L325R; ***P=.0003) (F) 

Blood vessel density measured by tdTomato+ area in B16-F0 tumor sections from tumors grown in Tln1 

L325R and Tln1 Het mice revealed reduced blood vessel density in Tln1 L325R tumor sections. (n=8; 

scale = 50 µm; *P=.0163) (G) B16-F0 tumor sections visualized for tdTomato and stained for 

Podocalyxin (green) and analyzed for Tom+/Pod+ area relative to either total Tom+ area or total Pod+ 

area from Tln1 L325R and Tln1 Het mice. Although the ratio of Tom+/Pod / Tom+ areas is comparable, 

Tln1 L325R tumors have a reduced Tom+/Pod+/Pod+ areas relative to Tln1 CTRL indicating that most 

lumenized vessels in Tln1 L325R tumors are non-recombined. (n=5; scale = 50 µm ; ns=not signficiant, 

*P=.0153) (H) Subcutaneously implanted Lewis Lung Carcinoma (LLC) tumors grown for 14 days in 

Tln1 L325R and Tln1 Het mice phenocopy reductions in primary tumor growth observed in the B16-F0 

model. (n=9 Tln1 Het, n=8 Tln1 L325R; P=.0562) (P-values listed for individual experiments were 

generated using a 2-tailed unpaired t-test). 
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in both groups analyzed. Tln1 L325R frozen sections had an approximately 50% reduction in 

tdTomato+ area relative to Tln1 Het tumor sections (Figure 2.3F). Given the significant 

reduction in blood vessel density in Tln1 L325R tumors and the well-established paradigm that 

tumor vessels are immature, we wondered whether the vessels in the respective tumor groups 

differed in the extent of their lumenization as measured by the luminal marker Podocalyxin 

(Pod). To test this question, we stained Tln1 Het and L325R B16-F0 tumor sections and 

quantitated the coverage of Pod+Tom+/Pod+ and Pod+Tom+/Tom+ events. The first metric 

represents the proportion of lumenized, recombined vessels to all lumenized vessels in the 

section while the second metric represents the ratio of lumenized, recombined vessels to all 

recombined vessels. Tln1 Het and L325R tumors contained a similar number of 

Pod+Tom+/Tom+ vessels whereas Tln1 L325R contained fewer Pod+Tom+/Pod+ structures 

meaning a significant number of the vessels in L325R tumors were likely unrecombined, 

lumenized structures and thus wildtype talin1 containing vessels (Figure 2.3G). We used an 

independent syngeneic lung cancer cell line, Lewis Lung Carcinoma (LLC), to test whether the 

defects in tumor growth observed with B16-F0 were applicable to other primary tumor models. 

LLC tumors grown in Tln1 L325R mice were 31% smaller by mass relative to those grown Tln1 

Het mice although this data did not reach statistical significance (p-value = 0.0562) (Figure 

2.3H). Together, these data indicate that expression of talin1 L325R strongly inhibits tumor 

angiogenesis in a cell-autonomous fashion suggesting that EC integrin activation is essential for 

pathological blood vessel growth.  
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2.5 Discussion 

 

Our results provide the first evidence that endothelial cell integrin activation is requisite for 

retinal and pathological angiogenesis. To test the requirement of integrin activation in these 

contexts, we utilized two novel mouse models: 1) an inducible, EC-specific talin1 knockout 

model 2) an inducible, EC-specific talin1 L325R model in which talin can bind to, but not 

activate, integrins. Induced deletion of EC-talin1 in neonates resulted in early lethality of Tln1 

EC-KO pups by P8. Tln1 EC-KO mice exhibited impaired retinal angiogenesis, cranial and 

gastrointestinal hemorrhaging none of which were observed in control littermates. Deletion of 

talin in the retinal endothelium resulted in reduced vascularized area, reduced EC sprouting and 

reduced EC proliferation relative to retinal vessels of Tln1 CTRL mice. Induction of talin1 

L325R expression during early postnatal development resulted in smaller mice at weaning age 

relative to control littermates and these lower body weights persisted into adulthood.  Notably, 

we did not observe reduced survival in Tln1 L325R as we observed in Tln1 EC-KO pups. Tln1 

L325R neonates exhibited impaired retinal angiogenesis as measured by vascular area and 

vascular density relative to their Tln1 Het littermates. Strikingly, Tln1 L325R adult mice 

subcutaneously implanted with either B16-F0 murine melanoma or Lewis Lung Carcinoma grew 

smaller tumors than their control counterparts with defects in tumor vascularization. Together 

these data indicate that talin-mediated integrin activation is required during postnatal 

angiogenesis and also highlight the intriguing finding that integrin-independent functions of talin 

may play a critical, not yet fully understood role in new blood vessel growth. 
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An important consideration in light of the observed differences between the Tln1 EC-KO 

and Tln1 L325R neonates is that ablation of talin eliminates an important adaptor protein that 

mechanically links integrin to the actin cytoskeleton187, 188.  Presumably, Talin1 L325R retains 

this actin cytoskeleton linkage capacity in ECs.  Indeed, the importance of the linkage to the 

actin cytoskeleton is highlighted in the different phenotypes observed in talin1 L325R and talin1-

null platelets during clot retraction168. Whereas both talin1 L325R and talin1-null platelets 

exhibit defects in clot retraction, a process which requires integrin to be linked to the actin 

cytoskeleton, defects in talin1 L325R platelet clot retraction could be rescued by exogenously 

activating integrins with manganese but were lost when actin polymerization was inhibited by 

cytochalasin D170. Importantly, reports from Stefanini and colleagues as well as Haling and 

colleagues both report indicate that there is no difference in binding affinity of the L325R mutant 

relative to wildtype talin1168, 170. This observation indicates that the integrin-talin(L325R)-actin 

cytoskeleton linkage remains functionally intact. Therefore, it is reasonable to extrapolate that 

differences in Tln1 EC-KO and Tln1 L325R pup development may be due to retention of the 

talin rod interactions with the actin cytoskeleton in L325R pups. Additionally, the absence of the 

talin rod disrupts mechanosensitive interactions of the talin with the actin binding protein 

vinculin which binds cryptic sites in the talin rod that are exposed in tension-dependent manner 

160, 187. Specific vinculin-talin interactions promote binding of talin to actin cytoskeleton and are 

indispensable for focal adhesion stability189. Therefore, it is possible that talin engagement with 

the acto-myosin machinery may be of importance in other vascular beds other than the retina 

such as the small intestine and the brain where hemorrhaging was observed in Tln1 EC-KO pups 

(Figure 2.1C and 2.1D) but absent in Tln1 L325R pups. It is plausible that ECs in these vascular 
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beds are subject to increased mechanical forces which in the absence of talin result in vascular 

instability but are mitigated in the presence of talin1 L325R.  

 As deletion of EC talin1 in established vessels is lethal due to defects in vascular 

permeability that are in part regulated by b1 integrin activation181, it is remarkable that induction 

of talin1 L325R in already established vessels does not result in a similar effect on quiescent 

vessels. The aforementioned talin rod-mediated interactions with the actin-cytoskeleton may also 

explain the disparity in these two models meaning there are likely other important functions of 

talin outside of its role in activating integrins that may be of note in mature vasculature. 

However, while mature vessels in quiescent states appear unaffected by talin1 L325R induction 

(data not shown), Tln1 L325R mice display extensive defects in tumor growth and angiogenesis 

relative to their littermate controls suggesting that the defects observed in tumor angiogenesis in 

Tln1 L325R mice are in part due to defective integrin activation. Furthermore, my observation 

that the number of unrecombined, lumenized vessels were increased 39% in Tln1 L325R B16-F0 

tumors indicates that Tln1 L325R may be critical in the process by which immature vessels, 

stabilize and form lumens. This result is suggestive of integrin-activation-independent 

interactions of talin with other proteins that may be critical for lumen formation. This 

observation is reminiscent of a report from Zovein and colleagues wherein deletion of b1 

integrin in ECs during development resulted in occluded, unlumenized vessels124 due to deficient 

Par3-mediated EC polarization during developmental angiogenesis. It may therefore be prudent 

to investigate the contributions of talin1 to EC polarity and whether talin1-null ECs exhibit 

altered Par3 signaling. Additionally, are defects observed in vessel growth and lumen formation 

in Tln1 L325R tumors driven by defects in integrin signaling of a specific heterodimer or 

subunit? Can the observed differences be “rescued” through exogenous activation of integrins? 
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Collectively, our studies point to a role for EC talin1 during postnatal angiogenesis at least in 

part through its integrin activating function.  Future investigation into the molecular mechanisms 

underlying our observed defects in postnatal and tumor angiogenesis in Tln1 L325R mice should 

be enlightening.  
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2.5 Supplement 

 

 

 

Figure S2.1. Recombination efficiency in Tln1 Het and Tln1 L325R ECs 
Tln1 Het and Tln1 L325R retinas were excised from pups at P5 following tamoxifen injections 

from P1-P3. tdTomato+ reporter fluorescent protein is expressed in a majority of ECs that are 

co-stained with FITC-lectin indicating efficient cre-mediated recombination throughout the 

endothelium.  
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Figure S2.2. Tln1 Het and Tln1 
L325R tumor vessels are 
recombined 
B16-F0 tumor sections from tumors 

grown in Tln1 L325R and Tln1 Het 

mice were stained for CD31 to 

qualitatively analyze recombination 

efficiency. Most ECs in Tln1 Het 

sections were recombined while Tln1 

L325R tumor sections had a greater 

number of unrecombined ECs.  
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Chapter 3. Talin-Dependent Integrin Activations Regulates VE-cadherin Localization and 

Endothelial Cell Barrier Function 
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3.1 Abstract 

Rationale: Endothelial barrier function depends on the proper localization and function of the 

adherens junction protein VE-cadherin.  Previous studies have suggested a functional 

relationship between integrin-mediated adhesion complexes and VE-cadherin yet the underlying 

molecular links are unclear.  Binding of the cytoskeletal adaptor protein talin to the β integrin 

cytoplasmic domain is a key final step in regulating the affinity of integrins for extracellular 

ligands (activation) but the role of integrin activation in VE-cadherin mediated endothelial 

barrier function is unknown.    

Objective: To test the requirement of talin-dependent activation of β1 integrin in VE-cadherin 

organization and endothelial cell barrier function.  

Methods and Results:  Endothelial cell-specific deletion of talin in adult mice resulted in 

impaired stability of intestinal microvascular blood vessels, hemorrhage and death.  Talin-

deficient endothelium showed altered VE-cadherin organization at endothelial cell-cell junctions 

in vivo.  shRNA (short hairpin RNA)-mediated knockdown of talin1 expression in cultured 

endothelial cells led to increased radial actin stress fibers, increased adherens junction width and 

increased endothelial monolayer permeability measured by electrical cell-substrate impedance 

sensing.  Restoring β1 integrin activation in talin-deficient cells with a β1 integrin activating 

antibody normalized both VE-cadherin organization and endothelial cell barrier function.  In 

addition, VE-cadherin organization was normalized by re-expression of talin or integrin 

activating talin head domain but not a talin head domain mutant that is selectively deficient in 

activating integrins.               

Conclusions: Talin-dependent activation of endothelial cell β1 integrin stabilizes VE-cadherin at 

endothelial junctions and promotes endothelial barrier function.  
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3.2 Introduction 

Endothelial cells line the luminal blood vessel surface forming a barrier that separates the blood 

from surrounding tissues. EC barrier function is tightly regulated, dynamic and plays a central 

role in human health and disease.  The EC barrier is maintained in part by adherens junctions , 

comprised of VE-cadherin and associated cytoplasmic interacting proteins18, 37, 190.  In response 

to permeability inducing hormones and autocoids such as vascular endothelial growth factor and 

thrombin, AJs remodel and the endothelium becomes more permeable.  These changes in 

vascular permeability play an important role in leukocyte transmigration and tissue fluid 

homeostasis191-193.  

 The plasticity of AJs in response to extracellular cues depends upon connections to the 

actin cytoskeleton.  VE-cadherin is linked indirectly to actin through its interaction with the b-

catenin and a-catenin complex. 194  Mice expressing a VE-cadherin-a-catenin fusion which is 

retained at AJs were protected from VEGF-induced permeability clearly demonstrating the 

functional significance of VE-cadherin junctional stability in vivo. 100 Actomyosin-dependent 

contraction of ECs regulates the endothelial barrier and the reorganization of junctional VE-

cadherin pools in response to the altered actin cytoskeleton tension induces the appearance of 

tensile AJs referred to as focal adherens junctions (FAJs). 71, 94 Like AJs, integrin containing 

adhesion complexes are linked indirectly to the actin cytoskeleton through interactions with 

cytoskeleton adaptor proteins59 . Indeed, a functional relationship been AJs and integrins is well-

established but the underlying molecular mechanisms are yet unclear113. 

 Integrins are heterodimeric adhesion receptors comprised of a and b-subunits which 

bind, among other ligands, extracellular matrix components important in mediated cell adhesion 
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to the basement membrane.195 Quiescent endothelium expresses at least seven classes of integrin 

with b1 integrin, one of the best studied in endothelium, dictating specificity for fibronectin 

(a5b1), collagen (a1b1, a2b1) and laminin (a3b1, a6b1). 114 Concomitant endothelial-specific 

deletion of α5 and αv leads to cardiovascular defects and embryonic lethality by E14.5.123 EC-

specific deletion of b1 integrin during development resulted in embryonic lethality between 

E9.5-E.10.5 characterized by vascular patterning defects and vessel malformations196 whereas 

inducible genetic deletion of b1 integrin in ECs or postnatal pharmacological blockade of b1 

integrin resulted in impaired lumen formation and defects in EC apical-basal polarity during new 

vessel growth.197 More recently, EC-specific genetic deletion of β1 integrin in mice supported a 

role for b1 integrin expression in stabilizing VE-cadherin at cell-cell junctions.138 Collectively, 

these data indicate that the expression of b1 integrin in ECs is critical for normal vascular 

development and blood vessel stability.  

An important property of integrins is the modulation of affinity for extracellular ligands, 

a process termed integrin activation or “inside-out integrin signaling”.  A key final step in 

activating integrins is binding of the N-terminal head domain of the cytoskeletal protein talin to 

the β integrin cytoplasmic domain. 116-118, 198  Whereas many of the molecular and structural 

details of how talin binding activates integrins118 and the biological significance of talin-

dependent integrin activation have been clearly demonstrated in hematopoietic cells165, 166, 170, 199, 

200, the requirement for talin-dependent integrin activation in established blood vessels has not 

been tested.  EC-specific deletion of Tln1 in mice causes embryonic lethality due to defects in 

angiogenesis resulting in extensive vascular hemorrhaging and lethality by E9.5 201 supporting a 

clear role of talin in embryonic developmental angiogenesis.   
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 Here, we analyzed mice in which we have genetically deleted Tln1 selectively in the 

endothelium of established blood vessels of adult mice using an inducible conditional Cre/loxP 

recombination approach.  Interestingly, our findings indicate the importance of EC talin1 in the 

stability and barrier function of the intestinal microvasculature.  Furthermore, we present both in 

vivo and in vitro data that support a role for talin in VE-cadherin organization and show that 

talin-dependent activation of β1 integrin is a key node in this pathway required for AJ stability 

and integrity of the endothelium.      

 

3.2 Methods 

Mice 

To delete talin1 postnatally in endothelial cells, Tln1f/f;Cdh5-CreERT2+/-  182, 202 (a gift from Ralf 

Adams, Max Planck Institute) male mice were crossed with Tln1f/f female mice to generate 

Tln1f/f;Cdh5-CreERT2-/- (Tln1 CTRL) and Tln1f/f;Cdh5-CreERT2+/- (Tln1 EC-KO) offspring. 

Studies using the tdTomato reporter were done by comparing mice with genotype Tln1f/f;Cdh5-

CreERT2+/-;Rosa26-tdTomato+/- with Tln1f/wt;Cdh5-CreERT2+/-;Rosa26-tdTomato+/- mice.  Adult 

mice, 8-10 week old mice were treated with tamoxifen (Cayman Chemicals) dissolved in corn oil 

via intraperitoneal injection (2mg/mouse/day) for 3 consecutive days. For retinal angiogenesis 

studies, pups received tamoxifen (dissolved in corn oil) via intragastric injection 

(50µg/mouse/day) for 3 consecutive days starting on postnatal day 2.  Similar ratios of males and 

female mice were used for experiments and experimenters were blinded to the genotypes of mice 

until all data was collected.  In control experiments to test the effects of tamoxifen versus corn 

oil on survival mice were randomly assigned to treatment groups.  

 Statistical Analysis  
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All statistical tests were performed using Prism Software 8.0. The specific test that was used to 

analyze individual experiments is noted in the figure legends but briefly for comparison of 

parametric data from two groups, an unpaired t-test was used. Data sets analyzed with parametric 

statistical tests were tested for a normal distribution using a Shapiro-Wilk test. For comparison of 

vessel leak in mouse organs, we performed multiple unpaired t-tests as only two groups (CTRL 

vs EC-KO) were compared. Where noted in the legends, we performed one-way analysis of 

variance with either a Dunnet’s, Tukey or Sidak’s Multiple comparison test. The number of 

animals and experimental repeats is listed in individual legends. Detailed methods can be found 

in the supplement.   

 

3.3 Results 

Endothelial-specific deletion of talin1 in established blood vessels causes intestinal vascular 

hemorrhage and death. 

To test the contribution of talin-dependent integrin activation in endothelial cells in the 

maintenance and stability of mature vasculature, we generated endothelial cell (EC)-specific 

talin1 knock-out mice utilizing Tln1 floxed mice 165, 166 expressing a tamoxifen-inducible Cre 

driven by the VE-cadherin (Cdh5) promoter182.  Adult Tln1f/f;Cdh5-CreERT2-/- (referred to as 

Tln1 CTRL) and Tln1f/f;Cdh5-CreERT2+/- (Tln1 EC-KO) mice were administered tamoxifen at 

8-10 weeks of age. Strikingly, Tln1 EC-KO mice developed sudden-onset morbidity, including 

inactivity and hunched posture, starting approximately 14 days after tamoxifen treatment and 

died 16-21 days after tamoxifen treatment (Fig 3.1A).  Neither Tln1 EC-KO mice treated with 

corn oil vehicle nor Tln1f/f;Cdh5-CreERT2-/- mice treated with tamoxifen showed adverse effects  
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Figure 3.1: Endothelial cell-specific deletion of talin1 in established blood vessels causes intestinal 

vascular hemorrhage and death.  

A-C. Adult Tln1 EC-KO (Tln1fl/fl;Cdh5creERT2+/-) and Tln1 CTRL  (Tln1fl/fl;Cdh5creERT2-/-) mice 

were administered tamoxifen once a day for 3 consecutive days via intraperitoneal injection. A. Survival 

of Tln1 EC-KO and Tln1 CTRL mice following tamoxifen treatment (n=15, Tln1 CTRL; n=14, Tln1 

EC-KO).  B. Pictures of exposed peritoneum of adult Tln1 EC-KO and CTRL mice sacrificed 16 days 

after tamoxifen treatment. C. Macroscopic images of intestinal vascular hemorrhage in Tln1 EC-KO 

adult mice 16 days after tamoxifen treatment. D. Western blot analysis of talin expression in mouse lung 

endothelial cell cultures isolated from Tln1 CTRL or Tln1 EC-KO mice.  Cultures were treated with 4-

hydroxy-tamoxifen for 4 days and protein lysates subjected to Western blotting with talin and β-actin 

antibodies. (n=2). E. Hematoxylin/eosin staining of small intestine isolated from Tln1 CTRL and Tln1 

EC-KO mice 16 days after tamoxifen treatment showing the presence of extravascular red blood cells in 

Tln1 EC-KO villi. (n=3; scale=50 µm).   F. Measurements of Evan’s Blue Dye (EBD) in lung, liver, 

intestine, brain and kidney of Tln1 CTRL and Tln1 EC-KO mice 2 hours after intravenous injection. 

(n=12, Tln1 CTRL; n=10, Tln1 EC-KO; **p = 0.0013 two-tailed unpaired t-test).  
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or reduced survival (data not shown and Fig 3.1A).  Gross examination of Tln1 EC-KO adult 

mice 16 days after deletion of talin1 deletion revealed bloody intestines whereas abnormalities in 

other organs were not observed (Fig 3.1B and 3.1C). Talin protein expression was reduced by 

82% in ECs isolated from lungs of Tln1 EC-KO mice treated with tamoxifen in vitro (Fig 3.1D).  

In light of the observed extravascular red blood cells in the intestinal capillaries of Tln1 EC-KO 

mice visualized by Hematoxylin and eosin staining (Fig 3.1E), we measured the leak of 

circulating Evan’s Blue Dye (EBD), a well-established in vivo assay to assess vascular 

permeability203.  Two hours after intravenous injection of EBD, which binds tightly to serum 

albumin, Tln1 EC-KO mice showed approximately a 2.5-fold increase in EBD content in the 

small intestines compared to Tln1 CTRL mice indicating impaired endothelial barrier function in 

the intestines of Tln1 EC-KO mice (Fig 3.1F). We also deleted Tln1 utilizing a second EC-

specific, tamoxifen-inducible PDGFβ-CreERT2 mouse line204.  Tamoxifen treatment of 

Tln1f/f,PDGFβ-CreERT+/- mice resulted in similar intestinal bleeding and death as when Tln1 

was deleted with Cdh5-CreERT2 (Fig S3.1A-C).  The possibility of Cre-mediated recombination 

in hematopoietic cells in Cdh5-CreERT2 and PDGFβ-CreERT2 mice was examined with a 

Rosa26-flox-stop-flox-TdTomato (TdTom) Cre reporter mouse (Jackson Labs #007914).  Flow 

cytometry of peripheral blood isolated from tamoxifen-treated PDGFβ-CreERT2+/-;TdTom mice 

showed TdTomato expression in approximately 10% of platelets consistent with the previous 

characterization of these mice204.  In contrast, TdTomato expression was not detected in any 

peripheral hematopoietic cells isolated from tamoxifen-treated Cdh5-CreERT2+/-;TdTom mice 

(Fig S3.1D).  Since talin expression in platelets is essential for hemostasis165, 166, we utilized 

Cdh5-CreERT2 to delete EC talin1 in all subsequent experiments.   
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Figure 3.2: Endothelial talin is required for maintenance of intestinal vascular integrity and 

barrier function. 

A.  TdTomato and FITC-lectin were visualized in the villi of mice 16 days after tamoxifen injection.  

Mice were injected intravenously with FITC-lectin 30 minutes prior to sacrifice. (n=3;scale=50 µm). 

Total FITC-lectin fluorescence and intravascular lectin levels were quantitated indicating increased 

extravascular leak in Tln1 EC-KO-tdTom mice relative to Tln1 CTRL-tdTom (n=3 mice/group; 

*p=0.039  two-tailed unpaired t-test) B. Confocal microscopic analysis of cryosections of intestine 

showing tdTomoto fluorescence and collagen IV immunofluorescence.  Inset shows a zoomed region 

demonstrating endothelial cell rounding (white arrows) and detachment from neighboring cells in the 

intestinal villi of Tln1 EC-KO-tdTom mice. (n=3; scale=50 µm; zoom scale=10 µm). C. TdTomato 

fluorescence showing disorganized capillaries and cyst-like structures (white arrows) in Tln1 EC-KO-

tdTom intestinal wall and villi 12 days after tamoxifen injections.  (n=3; scale=100 µm).   
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Endothelial talin1 is required for intestine vascular barrier function 

  

To visualize vascular morphology in cre-recombined cells, the above-described TdTomato Cre-

reporter was bred into Tln1 EC-KO and CTRL mouse lines to create Tln1wt/f;Cdh5-CreERT2+/-

,TdTomato+ (Tln1 CTRL-TdTom) and Tln1f/f;Cdh5-CreERT2+/-,TdTomato+ (Tln1 EC-KO-

TdTom) mice.  Intravascular labeling of the endothelium with FITC-lectin for 30 minutes 

revealed extravascular accumulation of FITC-lectin in surrounding intestinal tissue in Tln1 EC-

KO-TdTom mice 16 days after tamoxifen suggestive of vascular leak despite comparable 

intravascular FITC-lectin labeling (Fig 3.2A). Confocal microscopic analysis of Tln1 EC-KO-

TdTom villi revealed disorganized villi capillary beds with the appearance of round cyst-like 

malformations composed of multiple ECs (Fig 3.2B) that were not observed in Tln1 CTRL-

TdTom littermates. We examined the vasculature of whole-mounted segments of small intestine 

from adult mice as early as 12 days after tamoxifen injection and observed morphological defects 

in the microvasculature of Tln1 EC-KO-TdTom mice, characterized by small cyst-like structures 

and widening of the villi capillaries (Fig 3.2C). Importantly, TdTomato was expressed in the 

blood vessels of all organs examined including the brain, liver and heart, of Tln1 CTRL-TdTom 

and Tln1 EC-KO-TdTom mice indicating efficient activation of Cre after tamoxifen treatment 

(Fig S3.2). Deletion of Tln1 transcript in intestinal ECs was confirmed by reverse transcription 

and real-time PCR analysis of RNA isolated from FACS-sorted intestinal ECs (Fig S3.3).  

Together, the foregoing data support an important function of talin in the maintenance and 

stability of intestinal microvasculature.  
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Figure 3.3: Reduced b1 integrin activation and disorganized adherens junctions in established 

vessels of Talin1 EC-KO mice. 

A-B. Immunofluorescence analysis of active β1 integrin with the activation-sensitive antibody 9EG7 

(A) or total β1 integrin with an activation insensitive β1 integrin antibody HMb1-1 (n=3-4; *p=0.03 

two-tailed unpaired t-test) (B) in whole mounted retinas from Tln1 EC-KO and Tln1 CTRL mice.  

Neonates were treated with tamoxifen on P1-3 and sacrificed on postnatal day 7 (P7) at which time 

retina whole mounts were prepared for staining. (n=3-4; ns=not significant unpaired t-test; scale=50 

µm).  C. Altered junctional thickness (magenta arrows) and localization of VE-Cadherin (yellow 

arrows) in retinal vessels and capillaries of Tln1 EC-KO mice 16 days after tamoxifen injections 

compared to Tln1 CTRL mice. (n=3; scale=25 µm). D. VE-cadherin immunofluorescence of intestine 

cryosections showing disrupted cell-cell junctions in villi (white arrows) of Tln1 EC-KO-tdTom mice 

16 days after tamoxifen treatment. Changes in cell-cell junctions appear cell autonomous as junctions 

between non-recombined ECs in Tln1 EC-KO-tdTom villi (asterisks) are intact. (n=3; scale=100 µm). 
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Reduced b1 integrin activation and disorganized adherens junctions in established vessels 

of Talin1 EC-KO mice. 

Consistent with the established role of talin as a key regulator of integrin activation, 

immunofluorescence analysis of retinas of P7 Tln1 EC-KO and CTRL neonates with a b1 

integrin activation-sensitive antibody indicated a significant reduction in active β1 integrin in 

Tln1 EC-KO endothelium (Fig 3.3A). Importantly, total β1 integrin expression in the retina 

appeared similar between groups (Fig 3.3B).  Furthermore, similar levels of b1 integrin surface 

expression were observed in acutely isolated lung ECs from adult Tln1 EC-KO and CTRL mice 

15-days after tamoxifen treatment (Fig S3.4A).  Endothelial barrier function depends on VE-

cadherin (VE-Cad)37, 190.  Recent work highlighting the requirement of endothelial b1-integrin in 

maintaining vessel stability by regulating VE-cadherin localization138 suggested that VE-Cad 

localization might be altered in the endothelium of Tln1 EC-KO mice.  Whole-mount staining of 

retinal vasculature from adult Tln1 EC-KO and CTRL mice 15 days after tamoxifen treatment 

revealed disorganized capillary cell-cell junctions and increased intracellular VE-Cad staining 

relative to Tln1 CTRL mice (Fig 3.3C). Interestingly, intestinal capillary junctions visualized by 

immunofluorescence of VE-Cad were discontinuous with ECs detached from neighboring ECs 

(Fig 3.3D). Analysis of zonula occludens-1 (ZO-1), a component of tight junctions, similarly 

showed altered organization in P7 Tln1 EC-KO retinas (Fig S3.5B).  Together, these data 

indicate that talin expression is necessary for β1 integrin activation in ECs in vivo and suggest an 

important mechanistic link between talin-dependent b1 integrin activation and the regulation of 

cell-cell junction organization in ECs. 
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Figure 3.4: Increased width of adherens junctions formed by talin-deficient endothelial cells.    

A. HUVECs were infected with talin1 shRNA (shTln1) or scramble sequence shRNA (shScramble) 

lentivirus. Immunostaining for talin1/2 72 hours after shRNA infection shows efficient knockdown of 

talin protein in shTln1 cells (n=5; scale=25 µm).  B. Western blot analysis and quantitation of talin1 

protein levels relative to total protein in shScramble and shTln1 treated HUVECs (n=5).  C. Max-

intensity projections depicting Immunofluorescence of VE-Cadherin in cells infected with two different 

shTln1 lentiviruses. shTln1 HUVECs shows disorganized cell-cell junctions and increased junctional 

width (white arrows) compared to shScramble HUVECs. (n=3; ***p=0.0007, *p=0.0225  one-way 

ANOVA with Dunnett’s multiple comparisons test).  D. Immunofluorescence of p120-catenin in 

shTln1 and shScramble HUVECs. (n=3). E. Western blot analysis of VE-cadherin protein levels in 

shScramble and shTln1 HUVECs show similar levels of expression (n=6). F. Human dermal 

microvascular cells (HDMVECs) treated with shTln1 lentivirus exhibit increased junctional width 

relative to shScramble treated cells (n=3; scale=25 µm; **p=0.0042 two-tailed unpaired t-test). G. 

Western blot analysis and quantitation of talin1/VE-cad/p120 protein levels in shScramble and shTln1 

HDMVECs. Efficient deletion of talin1 does not appear to affect relative expression of VE-cad or p120 

protein (n=3).  
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Disorganized cell-cell junctions in talin-deficient endothelial cells. 

 

To further investigate the mechanisms by which EC talin1 contributes to cell-cell junction 

stability, we deleted talin1 using short hairpin RNAs in human umbilical vein endothelial cells 

(HUVECs) as measured by immunofluorescence and western blot analysis (Fig 3.4A and 3.4B). 

Deletion of talin1 did not alter surface expression of the major endothelial integrins as measured 

by flow cytometry (Fig S3.4B). Talin-deficient cells exhibited a striking difference in the 

junctional organization of VE-cadherin (Fig 3.4C) and ZO-1 (Fig S3.5A) with significantly 

wider cell junctions in shTln1 cells relative to shScramble control cells. p120 staining at the cell-

cell junctions was discontinuous and diffuse in shTln1 cells consistent with altered AJ 

organization (Fig 3.4D). Altered junctional organization in talin-deficient ECs was not 

accompanied by any consistent detectable changes to VE-cadherin or p120 protein expression 

relative to shScramble cells (Fig 3.4E, Fig S3.6B). Changes to junctional organization in talin-

deficient ECs were also evident in human dermal blood microvascular endothelial cells 

(HDMVECs). Deletion of talin1 in HDMVECs increased junctional width (Fig 3.4F) with no 

consequence to the total expression of adherens junction components VE-cadherin and p120 (Fig 

3.4G).  Because of the junctional alterations exhibited in talin-deficient ECs, we speculated that 

increased cell contraction138 might be responsible for changes in junctional morphology of talin-

deficient ECs. Indeed, talin-deficient HUVECs and HDMVECs displayed increased actin stress 

fiber formation relative to shScramble cells (Fig 3.5A and Fig S3.6D). Phosphorylation of 

myosin light chain was also increased in talin-deficient HUVECs, consistent with increased 

contractility in the absence of talin (Figure 3.5B).  Pharmacological inhibition of Rho-Kinase in 

talin-deficient HUVECs mitigated the alterations in VE-Cad organization and actin stress fiber 
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formation (Fig 3.5C). These findings indicate that talin stabilizes endothelial AJs at least in part 

by suppressing actin-myosin contractility. 

 

Reduced barrier function of talin-deficient endothelial cells.  

To test whether altered cell-cell junctions of talin-deficient ECs was due to increased cell-cell 

junctional tension, we performed immunofluorescence co-localization of VE-cadherin and 

vinculin to identify tensile AJs. Previous work has described changes in junctional VE-cad 

organization in response to increased actin cytoskeleton tension demarcated by co-localization of 

vinculin and VE-cadherin at cell-cell contacts71, 94. Deletion of talin1 in HUVECs resulted in 

pronounced co-localization of VE-cadherin and increased junctional pools of vinculin (Fig 3.5D-

E) as measured by line-scanning of cell junctions. Interestingly, the appearance of tensile VE-

cadherin+/vinculin+ cell-cell contacts could be reversed by Rho Kinase inhibition supporting the 

role of increased contraction in the change in tensile junction formation (Fig 3.5F-G). To test 

whether the increased appearance of tensile cell-cell contacts and wider junctions of shTln1 cells 

coincided with altered EC barrier function, we performed Electric Cell-Substrate Impedance 

Sensing (ECIS Z0; Applied Biophysics) experiments to assess basal impedance of EC 

monolayers in response to talin depletion. shTln1 HUVECs exhibited a 39% reduction in 

endothelial monolayer impedance compared to shScramble-treated control cells (Fig 3.5H). 

Defects in monolayer resistance were similarly observed in shTln1 HDMVECs relative to 

control cells (Fig 3.5I). Together, these results are consistent with the observation of leaky blood 

vessels in Tln1 EC-KO mice and indicates that talin1 is required for EC barrier function in vitro 

and in vivo.   
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Figure 3.5: Increased cell contraction and tensile adherens junctions in talin-deficient endothelial 

cell. 

A. Phalloidin and VE-cadherin immunofluorescence on shScramble and shTln1 HUVECs.  The number 

of perinuclear stress fibers per cell were quantified as described in methods. (n=3; scale=25 µm 

*p=0.016 two-tailed unpaired t-test) B. Max-intensity immunofluorescence projections of HUVECs 

stained with anti-pMLC2 antibody indicate increased pMLC2+ cell area in shTln1#1 and shTln1#2 

cells relative to shScramble (n=2-4; scale=25 µm; *p=0.0105, *p=0.0405 one-way ANOVA with 

Kruskal Wallis multiple comparisons test) C. Inhibition of cytoskeletal contraction by treating cells 

with Rho-associated kinase inhibitor Y-27632 (50nM, 12 hours) reduces junctional disorganization and 

FAJ formation in talin-deficient HUVECs. (n=3; scale=25 µm). D. Co-localization of VE-Cadherin 

(magenta) and Vinculin (green) at cell-cell junctions is increased in shTln1 cells compared to 

shScramble HUVECs (scale=25 µm). E. Intensity profile plot of VE-Cadherin and vinculin 

immunofluorescence shown in D. (n=4) F. Inhibition of ROCK-mediated cellular contraction (Y-

27623) reduces vinculin localization at cell-cell junctions of shTln1 HUVECs relative to vehicle treated 

cells (n=3; scale=25 µm). G. Intensity profile plot of VE-cadherin and vinculin immunofluorescence 

depicted in G (n=3). H. HUVEC monolayer resistance measured using electrical cell impedance 

sensing (ECIS) of shTln1 infected monolayers is reduced relative to shScramble (n=3; *p=0.0131; two-

tailed unpaired t-test). I. HDMVEC monolayer resistance measured by ECIS of shTln1 infected 

monolayers is reduced relative to shScramble (n=3; *p=0.0399; two-tailed unpaired t-test). 
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b1 integrin localizes to cell junctions and β1 activation is required for junctional stability. 

The expression of b1-integrin in endothelial cells has been shown to promote VE-cadherin 

stability 138. Interestingly, a pool of β1 integrin has previously been reported to localize to EC 

junctions137. To investigate whether active b1 integrin contributes to AJ stability we first 

examined the localization of active b1 integrin by immunofluorescence with an activation-

sensitive β1 integrin antibody in HUVECs.  As expected, active b1 integrin localized to focal 

adhesions (Fig 3.6A). In addition, we observed a pool of active β1 integrin at VE-cadherin-

containing cell-cell junctions (Fig 3.6A). We confirmed these findings using higher resolution 

3D structure illuminated microscopy (3D-SIM) (Fig 3.6B).  In addition, a pool of talin was 

localized at cell-cell junctions (Fig 3.6C). Treatment of HUVECs with the ligand blocking b1 

integrin antibody P5D2 induced VE-cadherin disorganization and reduced endothelial barrier 

function compared to cells treated with the non-function altering b1 integrin antibody K20. (Fig 

3.6D-E). To test whether impaired β1 integrin activation contributed to the altered VE-cadherin 

junction organization we observed in talin-deficient HUVECs, we treated shTln1 and 

shScramble HUVECs with either b1 integrin activating antibody (9EG7) or nonimmune IgG.  

9EG7 treatment largely reversed the increased AJ width of talin-deficient HUVECs (Fig 3.6F). 

Treatment of shTln1 and shScramble HUVECs with 9EG7 did not alter total protein expression 

of VE-cadherin relative to control groups treated with rat isotype IgG (Fig 3.6G). Functionally, 

treatment of talin-deficient HUVECs with 9EG7, but not the non-function altering β1 integrin 

antibody K20, rescued EC barrier function up to 6 hours after treatment (Fig 3.6H). Together, 

these results indicate that talin-dependent activation of β1 integrin is required for maintaining 

VE-cadherin organization and EC barrier function.    
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  Figure 3.6: Talin-dependent b1-integrin activation is required for endothelial barrier function. 

A. Z-stack projections of immunofluorescence using an activation-sensitive β1 integrin antibody 

(9EG7) (green) and VE-Cadherin antibody (red) on HUVECs showing the appearance of a 

subpopulation of β1 integrin near AJs of confluent HUVECs. White arrows highlight cell-cell border 

regions enriched for b1 integrin.  (n=3; scale=25 µm). B. Super resolution 3D structured illumination 

(3D-SIM) immunostaining of active b1 integrin and VE-cadherin in HUVECs highlight a subset of b1 

integrin (white arrows) at VE-cadherin-positive junctions (n=3; scale=5 µm). C. Immunofluorescence 

on HUVECs with antibodies against talin (green) and VE-cadherin (red). A subset of talin localized to 

cell-cell contacts (white arrows) in addition to the expected pool of talin at focal adhesions (n=3; 

scale=25 µm).  D. Treatment of HUVEC monolayers with a b1 integrin blocking antibody (P5D2) 

alters cell-cell junction organization relative to cells treated with a non-function altering b1 integrin 

antibody (K20). (n=3; scale=25 µm). E. HUVEC monolayers treated with a b1 integrin blocking 

antibody (P5D2) exhibit reduced barrier function as measured by electrical cell-substrate impedance 

sensing (4000 Hz) relative to HUVECs treated with a non-function altering b1 integrin antibody (K20).  

Measurements were made 3 hours after antibody incubation and remained stable for up to 6 hours post-

treatment.  (n=3; p=0.0019 unpaired t-test). F. Junctional width measured by VE-Cadherin 

immunofluorescence (green) is normalized by antibody-mediated b1 integrin activation (9EG7) in 

shTln1 HUVECs relative to talin-deficient HUVECs treated with a non-function altering antibody 

(K20). (n=3; scale=25 µm; *** p=0.0006, ** p=0.0036 ordinary one-way ANOVA with Sidak’s 

multiple comparisons test). G. VE-cadherin protein expression measured by western blot in shScramble 

and shTln1 HUVECs treated with 5 µg/mL Rat Isotype IgG or b1 integrin activating antibody 9EG7 

for 12 hours. (n=2; ns; One-way anova with a Tukey multiple comparisons test) H. Electrical resistance 

of shScramble and shTln1 HUVECs treated with either the activating β1 integrin antibody 9EG7 or the 

non-function altering β1 antibody K20. (n=3; *** p=0.0002 one-way ANOVA with a Tukey multiple 

comparisons test). 
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Talin-dependent b1 integrin activation stabilizes VE-cadherin. 

To test whether changes in talin-dependent b1 integrin activation altered turnover of VE-

cadherin, we performed an antibody internalization assay45, 46 to visualize VE-cadherin 

internalization in talin-deficient HUVECs.  Whereas total pools of VE-cadherin appeared 

similar, shTln1 cells exhibited a 37% increase in internalized VE-cadherin (Fig 3.7A).  The 

increased VE-cadherin width in talin-deficient ECs was abrogated by transfecting shTln1 cells 

with GFP-talin but not GFP (Fig 3.7B). Reconstitution of HUVECs with GFP-tagged talin head 

domain (GFP-THD) which activates integrins205 but lacks most actin binding sites appears to 

partially rescue junctional width while expression of GFP-THD-L325R, capable of binding to, 

but not activating integrins205 failed to normalize AJ organization compared to GFP-Tln1 (Fig 

3.7B). These data reveal a critical role of talin-dependent integrin activation in regulating the 

junctional organization of VE-cadherin:  when b1 integrin is activated, either by expression of 

talin or by treating talin-deficient cells with β1 integrin activating antibodies, cell-cell junctions 

are stabilized. Importantly, changes to junctional organization in response to stimulation of b1 

integrin activation or blockade of b1 integrin correspond functionally with altered monolayer 

barrier function.  

 

3.4 Discussion 

Here we tested the requirement for EC talin in the maintenance of established blood vessels.  

Deletion of EC talin in adult mice results in vascular leak and lethal intestinal hemorrhage 16-21 

days after Tln1 deletion. EC-specific talin1 knockout mice exhibit altered cell-cell junction 

organization and intestinal EC detachment from adjacent ECs. Mechanistically, depletion of talin 

with Tln1 shRNA in HUVECs resulted in cell-cell junction remodeling, increased cytoskeletal  
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Figure 3.7:  Talin-dependent integrin activation is indispensable for endothelial adherens 

junction organization.  

A. Antibody internalization assay in which mouse VE-Cadherin (red) antibody was incubated with 

either shTln1 or shScramble HUVECs for 30min prior to fixation after which excess surface-bound 

antibody was removed by acid washing as described in Methods. After fixation/permeabilization, total 

levels of VE-Cadherin (green) were visualized using a rabbit VE-Cadherin antibody. (n=3; scale= 25 

µm;  **p=0.0077 two-tailed unpaired t-test). B. shTln1 HUVECs were transfected with either Empty-

GFP, GFP-Talin1, GFP-THD or GFP-THD-L325R after which junctional width was assessed as 

described above and in Methods. GFP-Talin1 (GFP+) and GFP-Talin1 (GFP-) cells junctional widths 

were quantitated as an internal control for transfected groups.  (n=3; scale=25 µm; *** p=0.0007, ** 

p=0.0099, ns=not significant, one-way ANOVA with a Tukey multiple comparisons test.  
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contraction and increased junctional width. Loss of talin promoted the appearance of tensile 

Focal Adherens Junctions (FAJs) suggesting increased junctional tension. Activation of b1-

integrin rescued junctional VE-cadherin organization while b1-integrin blockade in WT 

HUVECs phenocopied shRNA-mediated talin depletion suggesting a critical role for talin-

dependent integrin activation in maintaining cell-cell junctions. Functionally, deletion of talin in 

HUVECs increased VE-cadherin internalization and reduced EC barrier electrical resistance.  

Defects in cell-cell junction organization and EC barrier function in talin-deficient ECs were 

rescued by treating cells with a β1 activating antibody. Furthermore, reconstitution of talin-

deficient HUVECs with either full length talin1 or an integrin-activating talin1 head-domain 

normalized VE-cadherin organization.  Collectively, these studies reveal an important role of 

talin-dependent b1-integrin activation in the maintenance of vascular barrier function. 

 Our observation that inducible genetic deletion of talin1 in ECs of adult mice causes 

defects predominantly in the intestinal microvasculature is striking.  Similar phenotypes were 

observed utilizing two widely-used tamoxifen-inducible EC-specific Cre mice limiting the 

chances that the phenotype could be attributed to deletion of talin in non-ECs.  While EC 

turnover appears to be similar across various established vascular beds 21, the concept of vascular 

heterogeneity and organ-specific EC function is well-supported16, 17, 206. For example, the unique 

structures and functions of the blood brain barrier (BBB)207, 208, blood retinal barrier (BRB)209, 210 

and the gut vascular barrier (GVB)19 each play context-dependent roles in regulating paracellular 

permeability.18, 20, 190 The endothelium of the BBB lacks fenestrations and contains continuous 

intercellular tight/adherens junctions.207  In contrast, the endothelium of the outer BRB and of the 

GVB are characterized by fenestrated capillaries and increased permeability to components of 

the blood, immune cells and, in the case of the GVB, microbiota19, 192. Furthermore, compelling 
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evidence suggests that fenestrated microvasculature and endocrine organ vasculature are 

preferentially dependent on VEGF-VEGFR2 signaling as pharmacological VEGF inhibition 

reduces fenestrations and vessel growth211, 212. The reasons for Tln1 EC-KO mice developing 

defects predominantly in the intestinal microvasculature is not clear.  Integrin signaling has been 

shown to promote VEGFR2 function130, 213, 214. It is therefore plausible that VEGFR2 activity 

may be reduced in the endothelium of Tln1 EC-KO mice.  If the fenestrated215 capillaries of the 

intestine are more dependent on VEGF signaling than other vascular beds, this could contribute 

to the observed dysfunction of the intestinal microvasculature of Tln1 EC-KO mice.    

 A key regulator of vascular permeability is the AJ molecule, VE-cadherin190, 194. As cell-

matrix and cell-cell adhesions are linked through their independent interactions with the actin 

cytoskeleton60, 216, their downstream signaling pathways converge at a number of molecular hubs 

which act downstream of mechanosensory stimuli.217 Small GTPases, cytoskeletal adaptors and 

mechanosensitive proteins such as vinculin play critical roles in establishing and maintaining 

both cell-cell and cell-matrix adhesions. Our observation that talin-deficient HUVECs exhibit 

altered vinculin localization to cell-cell borders (Fig 3.5D) is reminiscent of recent work which 

showed thrombin-induced cell contraction promotes weakening of the endothelial barrier and the 

appearance of FAJs. 71 FAJs are demarcated by VE-Cad-vinculin co-localization at cell-cell 

contacts. As talin1 contains several vinculin-binding sites 147, 218 and the actin cytoskeleton is 

disorganized in talin-deficient ECs (Fig 3.5A), loss of EC talin may promote the association of 

vinculin with the AJ complex by promoting vinculin-a-catenin binding and thereby altering 

cellular tension. Interestingly, the altered organization of tight junction component ZO-1 would 

suggest that changes in cellular tension likely affect the junctional stability of other adhesive 

structures, an observation that warrants further future investigation (Fig S3.6).  



	

	

93		

 Together, our in vitro and in vivo results provide evidence for a link between inside-out 

integrin activation and the maintenance of the endothelial barrier in the intestinal 

microvasculature.  Early studies established the importance of endothelial a5b1 integrin in 

barrier function as antibody-mediated blockade of a5b1, but not avb3 integrin, weakened barrier 

function in vitro 137. Subsequent studies have revealed the importance of b1 integrin during 

developmental angiogenesis as it dictates endothelial cell polarity197 and functions in the 

stabilization of established and maturing vessels 138.  Together, these studies highlight the 

requirement of EC b1 integrin expression in the growth, maintenance and stability of blood 

vessels.  Our results here build on these concepts by demonstrating that talin-dependent integrin 

activation controls the organization of cell-cell junctions in the intestinal microvasculature.  Our 

in vitro results, utilizing both pharmacological and genetic approaches, indicate that it is the 

capacity of talin to activate integrins, not mechanically linking integrins to the actin 

cytoskeleton, that contributes to VE-cadherin organization.  Importantly, this finding suggests 

the exciting possibility that pharmacological manipulation of integrin activation may represent a 

novel therapeutic strategy for modifying the endothelial barrier in the context of a variety of 

human diseases.  

 

Acknowledgements 

The authors thank the following investigators for generously providing mice used in these 

studies:  David Critchley and Susan Monkley (Tln1fl/fl mice), Ralf Adams (Cdh5-CreERT2 

mice), and Marcus Fruttiger (PDGFβ-CreERT2 mice).  We are also grateful for support from 

Children's Healthcare of Atlanta and Emory University Pediatric Flow Cytometry Core and the 

Emory University Integrated Cellular Imaging Core.  



	

	

94		

3.5 Supplement  

Methods 

Cell and Tissue Culture 

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (C-2519A) and 

cultured in endothelial cell growth medium (Lonza). Cells used for experiments were not 

cultured beyond passage 8. For mouse lung endothelial cell cultures, lungs were harvested and 

pooled from 2 adult mice and enzymatically dissociated with collagenase I (Worthington 

Chemical) for 50 minutes at 37°C.  Endothelial cell enrichment and culture was performed as 

previously described.219, 220 Briefly, sheep anti-rat Dynal Beads (Fisher) coated with CD31 

antibody (BD Pharm- MEC 13.3) were incubated with the lung single-cell suspension. 

Magnetically sorted cells were plated in flasks coated with 5µg/mL human fibronectin (Sigma). 

Upon reaching confluency, ECs were magnetically sorted a second time using sheep anti-rat 

Dynal beads coated with CD102 antibody (Life Technologies). Cre-mediated deletion of Tln1 

was induced by adding 500nM 4-hyrdoxy-tamoxifen (Cayman) to the culture media. 

 

Immunostaining, Western blot and Antibodies 

For detection of talin1/2 protein levels by Western blotting, cells were lysed in RIPA buffer 

(150mM NaCl, 50mM Tris pH 7.4, 0.1% SDS, 1% Triton X-100, 1% Sodium deoxycholate, 

1mM PMSF, 1mM NaVO4, 1mM NaF, 1mM EDTA, complete protease inhibitor (Roche) and 

samples were clarified by centrifugation at 13,000g for 10 min at 4°C.  Protein samples were 

boiled for 5 minutes in Laemmli buffer containing 10mM DTT and separated on 6% Tris-glyine 

gels (Invitrogen).  Immunoblotting was done using a goat anti-mouse Talin1/2 (Santa Cruz, sc-

7534, 1:1000) antibody. Primary antibody was detected using donkey anti-goat IR800 (Thermo, 
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1:10000) with an Odyssey CLx imager (LI-COR). For retinal preparations, retinas were fixed 

and whole-mounted as described below and immunofluorescence was performed using 

activation-sensitive integrin β1 9EG7 antibody (BD Biosciences, 550531, 1:100), hamster anti-

β1 integrin HMb1-1 (Biolegend,102206, 1:100), rat anti-mouse VE-cadherin (BD Biosciences, 

550548, 1:50), and Rabbit anti-mouse ZO-1 (ThermoFisher, 61-7300, 1:200). 

Immunofluorescence on cryosections of 4% PFA-fixed, 10µm frozen sections was performed 

using rabbit anti-collagen IV (Thermo, NC0530614, 1:500), rabbit anti-mouse Laminin (Sigma, 

L9393, 1:400). Fixed-cell immunofluorescence was performed as described below with 

antibodies rabbit anti-mouse VE-cadherin (Enzo- ALX-210-232-C100, 1:300), mouse anti-VE-

cadherin (Enzo, ALX-803-305-C100, 1:200), goat anti-mouse talin1/2 (Santa Cruz, sc-7534, 

1:300), mouse anti-p120 catenin (BD Labs, 610133, 1:200), Vinculin (Sigma- V9131, 1:500), b1 

Integrin TS2/16 (Biolegend, 303002, 1:100), phalloidin- Alexa568 (Life Technologies, A12380, 

1:500), Secondary antibodies used were goat anti-mouse Alexa488 and Alexa568 (Life Tech, 

1:400), goat anti-rabbit Alexa-488/568/647 (Life Tech, 1:400), donkey anti-goat Alexa-488/647 

(Life Tech, 1:400). For antibody internalization assays rabbit anti-mouse VE-cadherin (Enzo, 

ALX-210-232-C100, 1:300) and mouse anti-VE-cadherin (Enzo, ALX-803-305-C100, 1:200) 

were utilized.  

 

Flow Cytometry 

For flow cytometry assessment of surface b1 integrin expression, whole lungs were 

enzymatically dissociated in collagenase I (Worthington) as described below, antibody staining 

was performed for 15 minutes on ice with mouse anti-CD31-PE (Biolegend, 102408, 1:100) and 

mouse anti-CD45-APC (Biolegend, 103112, 1:100). For flow cytometry assessment of surface 
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integrin subunit expression in cultured ECs, staining was performed as mentioned above using 

anti-a1-PE (Biolegend, 328303, 1:50), anti-a2-PE (Biolegend, 359307, 1:50), anti-a3-PE 

(Biolegend, 343803, 1:50), anti-a4-PE (Biolegend, 304303, 1:50), anti-a5-PE (Biolegend, 

328009, 1:50), anti-a6-PE (Biolegend, 313611, 1:50), anti-av-PE (Biolegend, 327909, 1:50), 

anti-b1-PE (Biolegend, 303003, 1:50), or anti-b3-PE (Biolegend, 336405, 1:50). Mouse IgG1-PE 

(Biolegend, 400111, 1:50), mouse IgG2a-PE (Biolegend, 400211, 1:50) or mouse-IgG2b-PE 

(Biolegend, 401207, 1:50) were used as isotype controls.  

 

shRNA Transduction and Plasmid Transfection 

Lentivirus was generated using the pLKO.1 backbone expressing either human Talin1 or 

scramble shRNAs sequences (Talin1 #1: 5’- GCCTCAGATAATCTGGTGAAA, Talin1 #2: 5’- 

TCCGAATGACCAAGGGTATTA, scramble: 5’- CGAGGGCGACTTAACCTTAGG).   

HUVECs were infected with virus overnight, puromycin selected 24 hours after infection and 48 

hours after infection trypsinized and replated onto glass coverslips coated with human 

fibronectin or gelatin or seeded into ECIS electrode arrays as described below.    

HUVECs were transfected with DNA plasmids encoding GFP fused to the N-terminus of either 

full-length mouse talin or talin head head domain (amino acids 1-435) using an Amaxa 

Nucleofector IIb (Lonza) and nucleofector kit for HUVECs (Lonza) per manufacturer’s 

instruction. Transfection was done 48 hours after lentiviral transduction of shScramble or shTln1 

shRNA and cells were fixed and analyzed by confocal microscopy 24 hours after transfection.  

 

Cell and Tissue Immunofluorescence  
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For in vitro immunofluorescence, HUVECs were transduced with either shScramble or shTln1 

shRNA and replated as described above on fibronectin (5µg/mL, Sigma) or gelatin (0.1%, 

Sigma) coated coverslips. Cells were fixed for 10 minutes with 4% paraformaldehyde and 

washed with PBS+ (Ca2+/Mg2+). Cells were then permeabilized with 0.1% Triton X-100/PBS+ 

for 10 minutes and washed with PBS+. Primary and secondary antibody incubations were 

performed in 0.1% BSA/PBS+ for 30 minutes at 37°C. Cells were mounted using Vectashield 

with DAPI (Vector Labs) and sealed with nail polish. Where noted, antibodies used for b1 

integrin activation (9EG7, Biolegend), function-blocking (P5D2, Abcam) and non-functional (K-

20, Santa Cruz) were added during cell seeding and incubated for 24 hours or after seeding for 

blocking experiments.  

 Retinal mounts and immunofluorescence were performed as previously described202. 

Briefly, retinas were dissected out of mice at specified times after tamoxifen treatment, fixed in 

4% PFA and whole-mounted following antibody staining. Tissue was mounted using 

Fluoromount (Life Technologies) and imaging was performed on an Olympus FV1000 inverted 

confocal microscope. For intestinal whole-mount imaging, mice were euthanized at the specified 

time after tamoxifen injection and a small piece of the small intestine was splayed onto a silicon 

plate with micro dissecting pins and fixed in 4% PFA at 4°C for 2 hours before being mounted 

on glass coverslips in Fluoromount. Total and Active b1 integrin levels in P7 Tln1 CTRL and 

Tln1 EC-KO retinal vessels were visualized using hamster anti-b1 integrin HMb1-1 (Biolegend, 

102206, 1:100) or β1 9EG7 antibody (BD Biosciences, 550531, 1:100) respectively from 3 mice 

per group. 5-6 images per retina were acquired with endothelium specifically visualized with 

either CD31 (BD Biosciences, 550274, 1:100) or FITC-lectin (Vector Labs, FL1101-5, 1:25). 

Mean fluorescence of either total or active b1 integrin levels were measured only in CD31+ or 
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FITC-lectin+ areas of the acquired images to exclude any non-endothelial integrin signal using 

FIJI software’s threshold masking (Li Threshold) and selection. 

 For analysis of frozen tissue sections, mice were perfused through the heart with 4% 

PFA, further fixed overnight in 4% PFA at 4°C and incubated in 30% sucrose/PBS at 4°C 

overnight.  Organs were washed with PBS, embedded in O.C.T Compound (TissueTek),snap 

frozen in liquid nitrogen and 10µm cryosections were cut at 50µm intervals. Tissue was 

permeablized and blocked with PBS containing 0.3% Triton-X and 1% BSA. Primary antibody 

incubation was performed overnight at 4 degrees in perm/block buffer. Secondary antibody 

incubation was performed in PBS with 0.1% BSA at 37 degrees for 2 hours. Sections were 

mounted using Vectashield with DAPI (Vector Labs). Data collected from frozen sections and 

animal tissue was done so by annotating microscope slides with the animal ID number and 

without the genotype of each animal. Only after all pertinent data was collected and organized 

was the user unblinded to the genotypes of the mice in order to analyze the groups being 

compared in each experiment. For quantitative fluorescence analysis through FIJI, datasets were 

thresholded using FIJI software’s triangle or default algorithm where appropriate to ensure 

unbiased quantitation of datasets. As a negative control for immunostaining experiments, a 

secondary antibody only condition was included in at least one biological replicate of each assay 

presented. Negative control data was collected alongside experimental groups to ensure 

specificity of the antibody signals detected.  

 

Junctional Width Quantitation, Line Intensity Profiles, Internalization Quantitation and 

Cell Contraction Analysis 
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HUVEC junctions were visualized by immunostaining for VE-cadherin (Enzo). Junctional width 

was measured using FIJI software using the line tool to select 3 unique parts of a cell-cell edge. 

The average of the 3 measurements is reported as the junctional width of a single cell-cell 

border. Cell junctions between 40-50 cells from 5-6 fields of view were measured and the data 

shown is from 3 independent experiments.  

 Line intensity profiling was done using FIJI to plot pixel intensity (Grey Values) of 20µm 

regions of cell-cell contacts. Profiles of VE-cadherin and vinculin staining were separately 

collected and overlayed to generate co-localization line-intensity profiles.  

 Antibody internalization assays were performed as previously described45, 46 and 

analyzed using FIJI software. Mean fluorescence intensity (MFI) was measured by calculating 

the area of fluorescence signal of the internalized antibody per field of view from 4-6 fields of 

view for the two conditions analyzed. MFI was divided across the number of cells counted per 

field view as determined by DAPI staining and MFI/cell was compared across the groups.  

Cell contraction was measured in talin-deficient and control HUVECs by staining for pMLC2 

(Cell Signaling, 3674s, 1:100). Staining was performed as described above. 4-6 images (~20 

cells per image) were collected per group and unbiasedly analyzed using FIJI software’s 

threshold algorithm, triangle. pMLC2+ area was reported as a representation of pMLC2 activity 

and statistically analyzed as indicated in the figure legend. Actin stress fiber formation in talin-

deficient and control HUVECs/HDMVECs was analyzed by immunofluorescence staining using 

FITC-Phalloidin (Sigma, P5282, 1:300). Staining was performed in conditions as described 

above and quantitated by counting the number of actin stress fiber positive cells (>3 perinuclear 

stress fibers/cell) from 4-6 fields of view (~15-20 cells/field) per condition tested. Where 

indicated, the number of perinuclear actin stress fibers/cell was also analyzed in HUVECs treated 
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with either shTln1#1, shTln1#2 or shScramble shRNA by assessing the number of perinuclear 

fibers in each cell from 4-6 fields of view. Statistical analysis was performed as indicated in each 

figure legend.  

 

Electrical Cell-Substrate Impedance Sensing 

Barrier function of endothelial monolayers was assessed using an ECIS-Z-Theta (Applied 

Biophysics) instrument. Electrode arrays (8W1E; iBidi) were pre-treated with 10mM L-cysteine 

for 10 minutes at room temperature and coated with 0.1% gelatin and 5µg/ml human fibronectin 

for 1 hour at 37°C. 1.0 x 105 cells were seeded into each well 24 hours prior to starting time-

point for multiple-frequency measurements. Cells were cultured at 37°C in 5% CO2 for 24 hours 

and experimental groups were averaged from 2-3 wells of a standard 8-well set-up. Monolayer 

resistance values reported were measured at 24 hours after seeding and normalized to basal 

resistance in a cell-free well. All resistance values were recorded at a frequency of 4000 Hz. For 

b1-integrin activating/blocking antibody analyses at the 24 hour point, ECIS measurements were 

paused, media was changed to 400µL of fresh EGM-2 media containing antibody and wells 

brought to 37°C by equilibrating in the incubator for 15 minutes prior to restarting data 

collection. Data points reported are 3 hours after antibody addition. For antibody functional 

assays, cells were treated with b1 integrin K20 (Santa Cruz, sc-18887, 5µg/mL), b1 integrin 

9EG7 (BD Biosciences, 550531, 5µg/mL), and b1 integrin P5D2 (R and D Systems, 

MAB17781, 5µg/mL).  

 

In vivo Permeability 
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To measure vascular leak, we performed an Evans blue dye (EBD) assay with slight 

modifications221. (Sigma, St Louis, MO, USA, 1%) was injected into the retroorbital plexus of 

mice. Blood was taken 5 and 120 minuntes post-injection. Two hours following EBD injection, 

mice were euthanized and organs (kidney, liver, brain and intestine) were excised. Organs were 

then weighed and incubated in formamide for 48 hours at 56°C to extract EBD from the tissue. 

The extravasation of dye was measured spectrophotometrically at 620nm and 740nm. Values 

were corrected for hemoglobin with the following formula: OD620-(1.426×OD740+0.03). 

Concentrations were calculated by using a standard curve of known concentrations of EBD and 

normalized by tissue weight. 

Vascular leak in the intestinal villi was also assessed by retro-orbital injections of 200 µL 

of FITC-lectin (2.5 µg/mL, Vector Labs, FL1101-5) into adult 8-12 week old Tln1 CTRL and 

EC-KO mice 15 days following tamoxifen injections. lectin was allowed to circulate for 30 

minutes and mouse tissue was perfusion fixed with 4% PFA. Following several PBS washes, a 

piece of the small intestine proximal to the stomach was splayed and mounted onto a silicon 

plate to reduce tissue elasticity overnight. A piece of the flattened tissue was mounted onto a 

slide where 4-6 whole villi per mouse were imaged. Max-intensity z-stack projections were 

quantitated using FIJI. Intravascular levels of FITC-lectin mean fluorescence were measured by 

first creating a mask on all tdTomato positive areas. Extravascular areas were assessed by 

excluding the tdTomato+ areas followed by quantitation of FITC-lectin fluorescence. 

 

Quantitative real-time PCR 

Total RNA was isolated from CD31+,TdTomato+ and CD31+, TdTomato- cells with a 

miRNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol and reverse transcribed to 
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cDNA using oligodT primers and SuperScript IV reverse transcriptase (Life Technologies) 

according to the manufacturer’s protocol. RNA concentrations were quantified at 260/280 using 

the Nanodrop 2000 (Thermofisher) and 50 ng of RNA was used for first strand cDNA synthesis. 

A non-reverse transcribed sample control was used in which the reaction lacked reverse 

transcriptase.  Quantitative PCR was performed using Fast SYBR Green Master Mix (Applied 

Biosystems) with primers specific for Tln1 (5’-GGCTGGGAAAGCTTTGGAC, 5’-

CATCTCATTGAGCCGCTGG) and β-actin (Actb) (5’-

GGGAAATCGTGCGTGACATCAAAG, 5’-CATACCCAAGAAGGAAGGCTGGAA) using a 

CFX96 Touch real-time PCR detection system (Bio-Rad Laboratories). qPCR reactions were 

carried out in 20µL volumes containing relevant primers at 250nM and 10ng of cDNA template 

in duplicates. Data was analyzed and presented using the 2-DCt method222 for relative gene 

expression analysis.  
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Figure S3.1.  Inducible endothelial cell-specific deletion of talin in Tln1f/f;PDGFβ-iCreERT2+ 

mice causes defects in the integrity of intestinal capillaries.  

A.  Adult, 8-12 week old, Tln1f/f;PDGFβ-iCreERT2+/-, Tln1f/wt;PDGβ-iCreERT2+/- and 

Tln1f/f;PDGFβ-iCreERT2-/- mice were treated with tamoxifen once a day for three consecutive days 

and survival was monitored.  Tln1f/f;PDGFβ-iCreERT2-/- mice all survived for more than 42 days and 

for clarity are not depicted.  B. Intestinal vascular hemorrhage was observed 16 days after tamoxifen 

treatment in Tln1f/f;PDGFβ-iCreERT2+ mice (i-ii).  Bleeding was observed in the intestinal wall of 

small intestines that were cut longitudinally and everted (iii) with bleeds prominent in the villi (iv).  

C. Hematoxylin/eosin staining of organs isolated from Tln1f/f;PDGFβ-iCreERT2+/- and 

Tln1f/f;PDGFβ-iCreERT2-/- mice 16 days after tamoxifen treatment.  Scale bar= 25µm.  D. Flow 

cytometry of peripheral blood of mice with the indicated genotypes 7 days after tamoxifen treatment.  

Platelets were analyzed by gating on region R6 and staining with a FITC-CD41 antibody.  

Leukocytes were analyzed by gating on region R7 and staining with a FITC-CD45 antibody. 
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Figure S3.2. Cdh5-creERT2 is efficiently activated by tamoxifen in the endothelium of several 

organs.   

Talin1 EC-KO-tdTom and Tln1 CTRL-tdTom were treated with tamoxifen and after 16days organs 

were fixed and frozen sections were prepared and analyzed by confocal microscopy.  A. TdTomato 

expression in sections of heart, kidney, and liver. (n=3; scale=100 µm) B. TdTomato and either 

collagen IV or laminin immunofluorescence were examined in liver sections. (n=2; scale = 100 µm). 
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Figure S3.3. Talin1 is deleted in intestinal ECs.   

A. Tln1 EC-KO-tdTom mice were injected with a low dose of tamoxifen (250µg, once) and 10 days 

later small intestine from 3 mice were pooled, enzymatically dissociated and live, CD45- cells were 

FACS-sorted to isolate CD31+ cells that were either TdTomato positive or TdTomato negative.  B. 

Reverse transcription of RNA isolated from the sorted populations was analyzed by real time PCR 

with primers specific for talin1 and β-actin transcripts and talin1 expression was normalized to β-

actin. 
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Figure S3.4. Deletion of talin1 does not alter endothelial cell integrin surface expression. 

A. Flow cytometry analysis of surface b1 integrin expression of lung endothelial cells of Tln1 

EC-KO and Tln1 CTRL mice.  Single cell suspensions were prepared from enzymatically-

dissociated lungs.  β1 integrin expression was quantified on EC populations defined as 

CD31+,CD45-. (n=2). B. Flow cytometry analysis of surface integrin subunit expression (a1, 

a2, a3, a4, a5, a6, av, b1, b3) is comparable in shScramble and shTln1 HUVECs (n=2).  
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Figure S3.5. Loss of talin1 in cultured ECs and retinal vasculature alters ZO-1 junctional 

organization  

A. Immunofluorescence staining of ZO-1 in shTln1 HUVECs shows junctional widening and 

discontinuity of tight junctions relative to shScramble cells (n=2; scale=25 µm). B. P7 retinal 

mounts from Tln1 CTRL and Tln1 EC-KO mice stained with FITC-lectin and ZO-1. White 

arrows identify junctional disorganization in retinal capillaries consistent with changes observed 

in VE-cadherin stained retinal capillaries (n=3; scale=25 µm). 	
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Figure S3.6. Tln1 deletion in venous and dermal microvascular ECs alters cell-cell junction 

organization and promotes cytoskeletal contraction  

A. Immunofluorescence analysis of talin1-depleted HUVECs with multiple shRNAs against Tln1 

showing junctional disorganization relative to control cells (n=3; scale=25 µm). B. Efficient 

deletion of talin1 in HUVECs does not appear to consistently reduce total VE-cadherin and p120 

protein expression as measured by western blot (n=3). C. Deletion of talin1 using two different 

Tln1 shRNAs promotes cellular contraction as highlighted by qualitative changes in actin stress 

fiber formation (n=3; scale=25 µm). D. HDMVECs treated with shTln1 lentivirus increases the 

number of stress fiber positive cells per field of view relative to shScramble control cells (n=3; 

scale=25 µm; *p=.0186 two-tailed unpaired t-test).	
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Chapter 4: Discussion and Future Directions 

 

Understanding the mechanisms by which endothelial cells regulate their adhesive properties 

during pathological blood vessel growth and barrier function in disease states has long been of 

interest to researchers seeking to identify therapies that target EC adhesion in these contexts. An 

example of this research focus has been the targeting of integrins in a number of cancers81, 223 

wherein early pre-clinical success have not yielded the hypothesized efficacy indicating a better 

need to understand the molecular mechanisms at play224-226. Independent research efforts have 

also focused on understanding adherens junction dysregulation in diseases characterized by 

increased vascular permeability, yet only recently have reports focused on how crosstalk 

between focal adhesions and adherens junctions might coordinate endothelial dysfunction73, 113, 

139. To better understand the global contributions of integrin signaling in diseased endothelium in 

the context of cancer or chronic inflammatory states, I have concentrated my research focus on 

understanding how talin, a key regulator of integrins, contributes to barrier function and 

postnatal angiogenesis.  In doing so, research presented in the 2nd chapter has identified the 

indispensable role of EC talin1 in postnatal angiogenesis through its contributions to postnatal 

vascular development, EC proliferation and lumen formation during tumor angiogenesis. The 3rd 

chapter of my thesis research asked the question of whether talin1 is required in the ECs of 

established vessels and specifically whether it plays a role in the maintenance of the vascular 

barrier (Fig 4.1). Collectively, my doctoral research has provided intriguing insights into the role 

of talin in EC function and offers novel information into the basic signaling mechanisms 

whereby cell-cell and cell-matrix contributes to vascular maintenance and pathological states.  

 



	

	

112		

	  

Figure 4.1. Summary model depicting the role of EC talin1 in the maintenance cell-cell 
junction stability and barrier function 
1. Deletion of talin1 results in impaired b1 integrin activation. 2. Loss of talin promotes 
cytoskeletal contraction in a myosin light chain-rho kinase-dependent manner. 3. Increased 
tension promotes the formation of tensile focal adherens junctions characterized by widening 
of cell-cell junctions and vinculin/VE-cad co-localization. 4. Increased cell contraction 
promotes barrier weakening and VE-cadherin internalization. 
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4.1 The Role of EC Talin1 in Postnatal Angiogenesis 

 

Our lab and others reported the indispensable role of endothelial talin1 during embryonic 

angiogenesis. Inducible deletion of talin1 in ECs during mouse development resulted in 

embryonic lethality due to defects in endothelial cell spreading in angiogenic vessels while 

established vessels appeared intact176.  Furthermore, the role of talin1 in endothelial cells was 

investigated in vitro wherein ablation of talin1 or reconstitution of integrin-activation deficient 

mutant L325R in talin-depleted cells was found to inhibit adhesion and spreading174. It remained 

unclear whether the function of EC talin1 during postnatal angiogenesis, both in physiological 

and pathological contexts, was similar to the observed requirement of EC talin1 in embryonic 

angiogenesis. As the talin rod links integrins to the actin cytoskeleton and interacts with a host of 

other cytoskeletal adaptors, the Monkley et al study whereby talin1 is deleted in ECs is limited in 

specifically determining whether defects in integrin activation are responsible for the observed 

phenotype.  Therefore, the approach in the 2nd chapter utilizes two inducible, EC-specific mouse 

models to delete talin1 (Tln1 EC-KO) or to exclusively express a mutant talin1 L325R (Tln1 

L325R) to address this question. Intriguingly, deletion of talin1 and induction of talin1 L325R 

expression during early postnatal development resulted in defects in retinal angiogenesis (Fig 

2.2. and Fig 2.3). However, Tln1 EC-KO pups exhibited vascular hemorrhaging in several 

vascular beds, reduced EC proliferation and early lethality by P8 (Fig 2.1) which was not 

observed in Tln1 L325R pups despite comparable defects in retinal vascularization. Tln1 L325R 

pups survive to adulthood but are dramatically undersized relative to littermate controls (Fig 2.3) 

and have defects in in tumor angiogenesis that gives rise to smaller primary tumors (Fig 2.3). 

These results, though informative in determining the indispensable function of talin, in part 
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through its integrin-activating function, raise a number of questions to be answered in future 

work.  

For example, the talin rod contains multiple actin binding sites and cryptic binding sites 

for a number of cytoskeletal adaptor proteins like vinculin that become exposed only when 

tension is applied across the length of the talin molecule160, 187-189. Is the obvious retention of 

these interactions in Tln1 L325R ECs which are absent in Tln1 EC-KO ECs a source of the 

disparity between these two models? In the Haling et al study, defects in clot retraction of talin1 

L325R platelets were rescued with manganese that stabilizes the high-affinity conformation of 

integrin (effectively bypassing inside-out signaling).  In turn, clot retraction was abrogated by 

Cytochalasin D pre-treatment which inhibits actin polymerization168. These experiments point to 

the importance of the integrin-talin-actin linkage in platelet function and it likely may play a 

critical, unappreciated role in ECs during developmental angiogenesis. Interestingly, a recent 

study discovered a strong association between mutations in tln1 with familial and sporadic cases 

of spontaneous coronary artery dissection227. Of the 11 unique mutations described, all but one 

was located in the talin-rod with a high frequency of these occurring in ABSs indicating that the 

cytoskeletal linkage of talin to actin may play a prominent role in arterial vessel stability. It is 

plausible that the mechanical linkage of talin in connecting the outside of the cell to the 

cytoskeleton is of critical importance in intestinal microvasculature and its inhibition directly tied 

to the leak observed in Tln1 EC-KO mice. 

Given the observed vascular defects in multiple organs in Tln1 EC-KO mice that were 

not present in Tln1 L325R neonates, it is plausible to consider that there exist functions of talin 

in the endothelium that may regulate vascular stability in already established or newly 

developing vessels outside of the known involvement of talin in mediating integrin function. The 
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idea of integrin-independent functions of talin have been somewhat explored in an early report 

analyzing the role of talin1 in follicle cells during Drosophila oogenesis228. Bécam and 

colleagues sought to understand the contributions of talin in this context as regulation of 

adhesive interactions both with the basement membrane and adjoining cells is critical for the 

proper development and localization of oocytes. Curiously, deletion of talin but not b-integrin 

expression in follicle cells resulted in increased expression of DE-cadherin, a key component of 

Drosophila adherens junctions which resulted in defective cell-cell adhesion and impaired 

oocyte localization during development. In light of the observation that DE-cadherin mRNA was 

reduced in talin-null cells, this report concluded that talin functions to repress DE-cadherin 

overexpression by affecting transcription factor control of DE-cadherin transcription228. This 

intriguing study suggests that a canonical cell-matrix protein plays a direct role in modulating the 

transcription, expression and function of adhesion molecules at cell-cell junctions that is 

important in the context of oogenesis. Although we found no changes in VE-cad expression in 

talin-depleted HUVECs and HDMVECs (Fig 3.6F and S3.6) nor did we observe differences in 

VE-cad expression by IF in Tln1 EC-KO retinal and intestinal ECs, we did not measure VE-cad 

expression in talin1-depleted cells during angiogenesis. Future work ought to explore VE-cad 

expression during angiogenesis in Tln1 EC-KO and Tln1 L325R pups. Is it possible that the 

phenotype in Tln1 EC-KO pups is due to altered VE-cadherin expression or stability at cell-cell 

junctions that is not observed when talin1 L325R is expressed in ECs? Future work is required to 

test this hypothesis specifically in the context of angiogenesis, however an intriguing and related 

finding was the focus of the findings presented in the third chapter.  

 

4.2 The Role of EC Talin1 in the Regulation of Barrier Function in Established Vessels 
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In the 3rd chapter of this dissertation, I explored the requirement of talin-dependent integrin 

activation in ECs of already established vessels. The role of various EC integrins and to a lesser 

extent talin1 during angiogenesis has been considered, but whether talin1 plays a role in 

maintenance of the quiescent vasculature in any capacity was unexplored. Given the recent 

report from Yamamoto and colleagues which reported that EC deletion of b1 integrin during 

postnatal angiogenesis resulted in reduced stability of VE-cadherin at cell-cell junctions138 and 

the earlier study from Bécam et al linking talin expression to DE-cadherin transcriptional 

regulation, we hypothesized that EC talin1 could play a role in the regulation of EC barrier 

function in established vessels. Strikingly, deletion of talin1 in ECs of adults 8-10 weeks resulted 

in early lethality within 16-20 days after tamoxifen-mediated activation of cre-recombinase, 

increased vascular permeability in the gut and altered VE-cadherin localization in intestinal and 

retinal ECs (Fig 3.1-3.3). Depletion of talin1 by shRNA in HUVECs phenocopied the weakened 

barrier observed in vivo and interestingly was partially restored through exogenous antibody-

mediated activation of b1 integrin. Furthermore, altered junctional VE-cad organization was 

restored when shTln1 HUVECs were reconstituted with either GFP-Tln1 or GFP-THD but not a 

GFP-THD-L325R mutant which is incapable of activating integrins suggesting that the observed 

junctional defects are at least in part dependent on changes in inside-out integrin activation. 

These collective data posit a unique and previously unappreciated role for talin-mediated integrin 

activation in maintaining adherens junction organization and in-turn EC barrier function. 

However, this study and the specificity of the phenotype in vivo to the gut and retina of Tln1 EC-

KO mice leave open a few outstanding questions concerning the role of talin1 in vascular barrier 

maintenance. 



	

	

117		

 First, whereas talin1 is expressed in all endothelium, it is surprising that changes in 

vascular permeability were not observed in other vascular beds outside of the gastrointestinal 

system in Tln1 EC-KO mice. In light of the observation that VE-cad disorganization in talin1-

depleted EC monolayers is normalized by Rho-kinase inhibition (Fig 3.5), is it possible that the 

absence of talin in the intestinal endothelium causes a tensional imbalance which lends itself to a 

leaky gut vascular barrier? Elegant work from Spadoni and colleagues identified and 

characterized a gut vascular barrier which functions to exclude microbial access to the 

circulation19, 192. In a separate report, the ablation of integrin-linked kinase in the pancreas 

inhibited vascularization of pancreatic islets due to disrupted islet cell-endothelial adhesive 

interactions which are required for islet vascularization 229. As the intestinal tract is subject to 

considerable tension due to peristalsis, could the absence of talin in ECs in the gut promote 

dysregulation of the gut-vascular barrier? Given the specialized gut-vascular barrier described by 

Spadoni and colleagues, it may be prudent to investigate whether the stability of this barrier is 

dependent on regulation of endothelial cytoskeletal tension and more interestingly whether 

targeting it pharmacologically may offer an approach to treating diseases associated with a leaky 

gut vasculature. This recent finding is yet another indication of the extremely specialized nature 

of vascular networks and the regulation of their barrier properties across different tissues. 

Interestingly, the only other vascular bed wherein cell-cell junctions appeared altered was 

in retinal vessels of Tln1 EC-KO mice. Curiously, microvasculature in these two vascular beds 

contains a fenestrated endothelium which accommodates a heightened permeability to solutes 

through diaphragm-restricted pores215 on the luminal side of ECs14, 15. It is possible that the role 

of inside-out integrin activation in these vessels is in part linked to the regulation of these 

fenestrations although this observation requires further study. It has also been reported that 
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VEGF-A/VEGFR-2 signaling is a critical regulator in maintaining fenestrations211, 212 and given 

the well-described link between VEGF signaling and integrin signaling during angiogenesis130, 

230, there may be reason to consider whether diminished integrin activation due to talin1 loss pre-

disposes vascular beds reliant on VEGF signaling such as those in the BRB, GVB or endocrine 

organs to the defects in VE-cadherin localization observed in Tln1 EC-KO mice. 

Although loss of talin1 results in early lethality due to defects in basal intestinal 

permeability which are due, in part, to reduced b1 integrin activation, it remains less clear 

whether this regulatory function extends to contexts of induced permeability. A number of gut-

driven pathologies are associated with pathophysiological intestinal leakage, although most 

efforts have exclusively examined the contributions of the gut epithelial barrier in contexts such 

as chronic cholitis, inflammatory bowel syndrome and diabetes-induced leak231. In light of the 

finding that the GVB restricts bacterial dissemination from entering the circulation through tight 

adherens junctions, it would be prudent to examine whether the aforementioned pathologies 

exhibit defective cell-cell junctions19. Perhaps vascular hyperpermeability in the gut may be 

attenuated through strategies that activate endothelial b1 integrin which would agree with our 

findings that inhibition of b1 integrin in WT HUVECs impairs the EC barrier whereas treatment 

of leaky talin-depleted monolayers with b1 integrin activating antibodies attenuates increased 

leak (Fig 3.6). Furthermore, confocal and 3D structure illuminated microscopy of WT HUVECs 

revealed a pool of active b1 integrin and talin at the cell-periphery (Fig 3.6) suggesting perhaps 

that these molecules which are thought to function exclusively at cell-matrix adhesion may well 

behave at cell-cell contacts, perhaps in complex with other adherens junction components.  
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Figure 4.2. Establishment of a GFP-talin-turboID construct for proximity biotinylation of 
novel talin-interacting proteins 
A. Schematic showing the constructs used in characterizing and validating GFP-HTR construct. 
B. All GFP constructs (green) are expressed in a human microvascular endothelial cell 
(HMECs) line but only GFP-Tln1 and GFP-HTR co-localize with vinculin (green) at focal 
adhesions. C. GFP-HTR, GFP-Tln1 and GFP-TID transfected HMECs cultured with exogenous 
biotin to permit TID-mediated labeling of proximal proteins. IF using fluorescently tagged 
streptavidin to visualize biotinylation reveals GFP-HTR biotinylation of vinculin positive 
structures whereas GFP-TID mediated biotinylation is observed throughout the cell (red). GFP-
Tln1 transfected cells were used as a negative control where no biotinylation was expected or 
observed. 
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4.3 Future Directions  

The surprising role of talin1 in ECs of established vessels in the 3rd chapter is indicative of a 

largely unappreciated role for integrin signaling in coordinating barrier function in ECs through 

cross-talk with cell-cell junctions. Although the observation that impaired barrier function in 

talin1-null monolayers can be partially rescued through exogenous b1 integrin activation, the 

restriction of this phenotype in vivo to the gut microvasculature indicates that there are likely 

unappreciated mechanisms that are talin-dependent which may be critical to regulation of the 

vascular barrier. To identify and determine the extent to which EC talin1 may regulate barrier 

function independent of its role in activating b1 integrin, our lab has adapted an in vitro 

proximity biotinylation approach 232to identify novel interactions of talin1 in resting and 

hyperpermeable conditions. Conceptually, this approach coupled with mass spectrometry can 

identify novel interactions that may mediated talin-dependent regulation of the barrier. The 

recent development of a new generation of a promiscuous biotin ligase termed TurboID by 

Branon and colleagues enables the identification of weak and transient interactions in response to 

pro-inflammatory/pro-angiogenic agonists233. TurboID, when fused to bait protein, biotinylates 

proteins within a 30nm radius of the tagged protein within 10min233. Biotinylated proteins are 

then pulled down using Neutravidin conjugated beads and isolated proteins are identified by 

mass spectrometry. A comparison of proteins identified in untreated and treated groups should 

reveal how talin interactions change in response to agonists known to promote vascular leak. Our 

preliminary work utilized 3 GFP-fusion constructs to characterize the localization pattern of the 

GFP-Talin Head-TurboID-Talin Rod construct hereafter referred to as GFP-HTR by comparing 

it to GFP-TurboID (GFP-TID) and full length GFP-Talin1 (GFP-Tln1) (Fig 4.2A). I expressed 

these three constructs into HUVECs and co-stained with vinculin  
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Figure 4.3. GFP-HTR proximity biotinylation coupled with mass spectrometry identifies 
known talin-interacting proteins as well as novel interactors 
A. Co-transfection of HEK 293Ts: 1) GFP-TID + GFP-VH WT 2) GFP-HTR + GFP-VH WT 3) 
GFP-HTR + GFP-VH A50I pull down of biotinylated proteins with neutravidin beads. Immunoblot 
of pulled down material identifies reduced biotinylation of mutant GFP-VH A50I relative to GFP-
VH WT. GFP-TID was used as a negative non-specific control. (55 kD band = GFP-TID / 52 kD 
band = GFP-VH)B. Mass spectrometry raw data. HMECs transfected with GFP or GFP-HTR were 
culture din presence of biotin for 3 hours. Peptide Spectrum Match which is a quantitatve 
representation of biotinylation by GFP-HTR reveals labeling of many known talin interacting 
proteins. C. Co-transfection and immunoprecipitation of HMECs expressing GFP-HTR/GFP and 
RFP-p120. IP of GFP-HTR transfected cells with anti-GFP conjugated beads but not GFP 
transfected followed by immunoblotting for RFP reveals association of p120 with GFP-HTR. 
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antibody to validate the localization of the GFP-HTR and GFP-Tln1 constructs to focal 

adhesions (Fig 4.2B). Furthermore, the functionality of the biotin ligase was assessed by 

transfecting cells with GFP-TurboID, GFP-Tln1 and GFP-HTR independently followed by co-

staining with fluorescently tagged anti-streptavidin antibody to visualize biotinylation by IF. 

Indeed, only GFP-HTR and GFP-TID were positive for streptavidin signal and streptavidin 

signal was observed at focal adhesions in GFP-HTR but not GFP-TID transfected cells 

indicating specificity of biotinylation to known localization sites of talin1 (Fig 4.2C). As further 

proof of principle, we co-expressed GFP-HTR with either WT GFP-vinculin head (GFP-VH) or 

mutant vinculin head A50I (GFP-VH A50I)234 which is known to have reduced binding affinity 

for talin1 and pulled down all biotinylated material using neutravidin-conjugated beads. Indeed, 

GFP-VH was pulled down indicating GFP-HTR induced biotinylation of this known interacting 

protein had occurred while considerably less GFP-VH A50I was pulled down indicating reduced 

biotinylation and reduced interaction with GFP-HTR relative to WT GFP-VH (Fig 4.3A). 

Furthermore, a pilot experiment was performed wherein ECs were transfected with GFP or GFP-

HTR.  Mass spectrometry analysis of isolated proteins revealed efficient labeling of a number of 

known talin-binding proteins including b1 integrin, vinculin and kank2 (Fig 4.3B). These data 

also revealed an intriguing interaction of GFP-HTR with p120-catenin (p120), a canonical VE-

cad binding protein which stabilizes VE-cadherin at cell-cell junctions.  Initial validation of the 

interaction between talin and p120 was performed by co-immunoprecipitation of GFP-HTR and 

RFP-p120 (Fig 4.3C). Collectively, my results suggest the feasibility of using this proteomic 

approach to identify novel talin-interacting proteins that may contribute to regulation of the 

barrier during agonist stimulation. Future efforts will look to test the functional significance of 

these as well as other interactions by using in vitro techniques to measure permeability in resting 
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and hyperpermeable states in the absence/presence of newly identified talin interactors. I 

envision that novel talin interactors that function to promote increased leak in agonist-induced 

states may be tested in in vivo in murine models of cancer, diabetes or sepsis wherein 

pathophysiological permeability drives disease progression.  
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