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SUMMARY 

Endothelial cells form a semi-permeable barrier that lines all blood and lymphatic vessels in the 

body, and regulates exchange of fluid and nutrients between the blood and surrounding tissues.  

Changes in vascular permeability can be initiated by inflammatory mediators or growth factors that bind 

receptors on endothelial cells and trigger internal signaling cascades.  Increased endothelial permeability 

in the lungs can result in unchecked leakage of liquid and proteins into tissues, edema formation and 

impaired gas exchange.  Understanding the molecular mechanisms regulating permeability is imperative 

in order to identify therapeutic targets to treat inflammatory disorders, reduce edema and prevent 

diseases such as Acute Respiratory Distress Syndrome (ARDS).  

  Interendothelial junctions are important in regulating endothelial permeability.  The majority of 

interendothelial junctions in the lung vasculature are adherens junctions (AJs), which are formed 

through vascular endothelial (VE)-cadherin adhesions.  p120-catenin (p120) binds and stabilizes VE-

cadherin at the junction, and inhibits VE-cadherin internalization, but the mechanism regulating p120 

association with VE-cadherin is not well understood.  Pro-inflammatory mediators, such as thrombin and 

LPS, bind endothelial cells and induce disassembly of interendothelial junctions to increase permeability.      

This thesis is divided into two parts.  The first part focuses on the role of protein kinase C (PKC)-

 h on VE-ŎŀŘƘŜǊƛƴ ǎǘŀōƛƭƛǘȅΣ ōŀǊǊƛŜǊ ŦǳƴŎǘƛƻƴ ŀƴŘ ƭǳƴƎ ǾŀǎŎǳƭŀǊ ǇŜǊƳŜŀōƛƭƛǘȅΦ  tY/ʰ is activated 

downstream of inflammatory mediators and causes increased permeability.  tY/ʰ has been shown to 

induce changes in phosphorylation of several AJ proteins, but the effect of these modifications is not 

clear.  In /ƘŀǇǘŜǊ оΣ ǿŜ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ǊƻƭŜ ƻŦ tY/ʰ ƛƴ ǊŜƎǳƭŀǘƛƻƴ ƻŦ !W ǎǘŀōƛƭƛǘȅΦ  ²Ŝ ǳǎŜŘ ŀƴ in vivo  
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SUMMARY (continued) 

ƪƴƻŎƪƻǳǘ ƳƻǳǎŜ ƳƻŘŜƭΣ ŀƴŘ ƻōǎŜǊǾŜŘ ǘƘŀǘ ŘŜƭŜǘƛƻƴ ƻŦ tY/ʰ ŘƛƳƛƴƛǎƘŜŘ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ƭǳƴƎ vascular 

permeability in response to protease activated receptor (PAR)-1 peptide stimulation by almost 50%.  

¦ǎƛƴƎ tY/ʰ ǎƛwb!Σ ǿŜ observed that cells depleted of tY/ʰ ƳŀƛƴǘŀƛƴŜŘ ƛƴǘŀŎǘ ƧǳƴŎǘƛƻƴǎ ŀƴŘ ǊŜǘŀƛƴŜŘ ±9-

cadherin at the junction after thrombin stimulation.  We ŦƻǳƴŘ ǘƘŀǘ tY/ʰ ƛƴŘǳŎŜǎ Ǉмнл dissociation 

from VE-cadherin, and tY/ʰ-regulated disassembly of the p120/VE-cadherin complex increased binding 

of VE-cadherin to a clathrin adaptor protein, causing VE-cadherin internalization.  We also found that 

tY/ʰ ǇƘƻǎǇƘƻǊȅƭŀǘŜǎ ǎŜǊƛƴŜ утф ό{утфύ ƻƴ Ǉмнл ƛƴ Ǌesponse to thrombin, which occurs in conjunction 

with p120 dissociation from VE-ŎŀŘƘŜǊƛƴΦ  CƛƴŀƭƭȅΣ ǿŜ ǾŜǊƛŦƛŜŘ ǘƘŀǘ tY/ʰ ŎŀǳǎŜǎ ōƻǘƘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ 

permeability, and phosphorylation of S879 on p120, in response to LPS as well as thrombin.   

¢ƘŜ ǎŜŎƻƴŘ ǇŀǊǘ ƛƴǾŜǎǘƛƎŀǘŜǎ ǘƘŜ ǊƻƭŜ ƻŦ tY/ʰ-mediated phosphorylation of S879 on p120, and 

the resulting effect on p120/VE-cadherin association and endothelial permeability.  Chapter 4 examines 

the effect of S879 phosphorylation on p120 binding affinity for VE-cadherin, VE-cadherin stability and 

endothelial barrier function.  We expressed phosphodefective p120, as well as a phosphomimic p120, in 

endothelial cells and found that phosphorylation of S879 caused p120 to dissociate from AJs, and 

disrupted monolayer integrity.  Inhibition of S879 phosphorylation of p120 in mouse lung vessels 

significantly reduced the permeability increase seen in response to the pro-inflammatory mediators 

thrombin and LPS.   

In both sections we exploited a variety of methodologies and approaches, including expression 

of p120 phospho-mutants in primary endothelial cells and mouse lungs, quantitative fluorescence 

microscopy and biochemistry, functional assessments of barrier function and measurement of vascular 
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SUMMARY (continued) 

permeability in vivoΣ ǘƻ ǳƴŘŜǊǎǘŀƴŘ Ƙƻǿ tY/ʰ-mediated phosphorylation of S879 on p120 affects VE-

cadherin stability and vascular permeability.  We found that inhibition of tY/ʰ-mediated S879 

phosphorylation on p120 is sufficient to decrease edema formation, and identified a novel potential 

anti-inflammatory target.   
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1. LITERATURE REVIEW 

1.1 Endothelial Permeability   

The endothelium is a semi-permeable barrier which lines all blood and lymphatic vessels, and 

regulates exchange of fluids and solutes between the blood and the surrounding tissue (1).  Regulation 

of endothelial permeability is imperative for transfer of nutrients and oxygen, as well as transmigration 

of white blood cells and angiogenesis.  Dysfunction of the endothelial barrier results in protein-rich 

tissue edema (2), adult respiratory distress syndrome (ARDS) (3) and increased metastasis (4).  

Circulating inflammatory mediators, such as thrombin (5), lipopolysaccharide (LPS)(6) and histamine (7), 

bind to receptors on the surface of endothelial cells and activate signaling cascades that result in 

increased permeability across the vasculature (1).   

The endothelium is permeable via two routes.  The transcellular pathway allows passage across 

the endothelial barrier via vesicular transport, carrier proteins or ion channels.  The paracellular route 

goes between endothelial cells, through interendothelial junctions.  Unlike transcytosis, transport 

through the paracellular route is passive and driven by gradients (8), and therefore has lower selectivity.  

Paracellular passage is controlled by the integrity of cell-cell junctions.  The junctions function to control 

movement across the endothelial barrier and maintain gradients.  Decreased barrier integrity, which 

occurs during an inflammatory response, is a result of disassembly of interendothelial junctions and 

leads to unchecked transport of protein-rich fluid through the endothelium.  The aim of this thesis is to 

understand regulation of paracellular permeability by interendothelial junctions, so henceforth all 

references to endothelial permeability refer only to paracellular permeability.    

Influx of protein-rich fluid into cells through the paracellular pathway is a passive process that 

relies on gradients and differences in oncotic pressure (9).  The Starling equation describes the 
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hydrodynamic forces that regulate fluid movement across the endothelium (Figure 1) (10).  The 

equation was recently revised to account for the effect the glycocalyx has on restricting permeability 

(11,12).  The new equation states:  

Jv/A=Lp[(Pc-Pi)-ˋόˉp ς̄g)] 

where Jv is the fluid volume filtration rate (mL/s), A is the endothelial surface area (cm2), Pc is the 

hydrostatic pressure inside the capillary (mm Hg), Pi is the hydrostatic pressure in the interstitium 

outside the capillary (mm Hg), ̄p is the oncotic pressure of the plasma (mm Hg), Lp is the hydraulic 

ŎƻƴŘǳŎǘƛǾƛǘȅ όŎƳκǎκƳƳ IƎύΣ ŀƴŘ ˋ ƛǎ ǘƘŜ ǊŜŦƭŜŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΣ ǿƘƛŎƘ ŘŜǎŎǊƛōŜǎ ǘƘŜ ǇŜǊƳŜŀōƛƭƛǘȅ ƻŦ ǘƘŜ 

ŎŀǇƛƭƭŀǊȅ ǿŀƭƭ όˋ Ґ л ƳŜŀƴǎ ŎƻƳǇƭŜǘŜƭȅ ǇŜǊƳŜŀōƭŜΤ ˋ Ґ м ƳŜŀƴǎ ŎƻƳǇƭŜǘŜƭȅ ƛƳǇŜǊƳŜŀōƭŜύ (9,12).  The 

revision comes with ḡ, which is interstitial oncotic pressure of the intercellular cleft (mm Hg), but was 

previously ī, the oncotic pressure of the interstitum (Figure 1) (11).  This change was implemented to 

account for the previously unknown effects of the glycocalyx.  The glycocalyx is a network of 

glycoproteins and polysaccharides, primarily proteogylcans and glycoaminoglycans, which sit on the 

luminal side of the endothelium and form an additional semi-permeable barrier due to the extensive 

branching and negative charge (11,13).  A healthy influx of protein-rich fluid can be cleared away by 

lymphatics, but if the rate of fluid entering exceeds a critical amount, or offsetting the increase in fluid 

by changing the interstitial pressure or increasing lymphatic flow in the area fails to reduce accumulating 

fluid, edema occurs (2).  This can occur during inflammation, when endothelial cells are signaled to 

disassemble AJs to create interendothelial gaps, allowing protein-rich fluid to flow unchecked between  
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Figure 1: Effect of Starling forces on endothelial barrier function.  The Starling equation describes the 
hydrodynamic forces that regulate fluid movement in the endothelium.  Starling forces describe the 
difference in hydrostatic pressure and oncotic pressure between the lumen and the interstitum, 
factoring in hydraulic conductivity and the permeability of the vessel wall to fluid.  Lymphatic vessels 
clear away excess interstitial fluid.  wŜǇǊƻŘǳŎŜŘ ǿƛǘƘ ǇŜǊƳƛǎǎƛƻƴ ŦǊƻƳ ¸ǳŀƴ ŀƴŘ wƛƎƻǊ άwŜƎǳƭŀǘƛƻƴ ƻŦ 
9ƴŘƻǘƘŜƭƛŀƭ .ŀǊǊƛŜǊ CǳƴŎǘƛƻƴέΣ нлмм (11).     
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cells (2).  Interendothelial gaps are morphological changes between cells due to disruption of 

interendothelial junctions, and a gap can form as a result of a single pore or multiple pores combined 

(14,15).  Gap formation and reassembly of junctions are transient processes than can occur without 

disrupting cell behavior (16), and reassembly can reinstate fluid homeostasis across the endothelium.   

1.2 Structure and Function of Interendothelial Junctions  

Cell adhesion is controlled by the strength of cell-cell junctions and the intracellular binding 

partners (17).  Endothelial cells form tight junctions (TJs) and adherens junctions (AJs) to create a semi-

permeable barrier, as well as a signaling interface between cells.  TJ-associated MARVEL proteins 

(TAMPs), claudins and occludin, are the structural core of TJs (18).  Claudins are the main adhesive 

component of TJs, forming both homo- and heterotypic interactions.  Expression of claudins is tissue-

specific, and claudin-5 the only endothelial-specific isoform (19,20), but endothelial cells also express 

claudin-3, 12 (21) and 15 (22).  Occludin was previously thought to also be a structural protein but 

evidence now suggests its major role is signal transduction (23,24).  Generally, TJs reside on the apical 

border of endothelial cells and are more restrictive than AJs, which form on the basolateral side.   There 

is crosstalk between the junctions, and there is mounting evidence that TJ structure and function is 

regulated by AJs (20,25,26).   

AJs are the primary intercellular junction in the lung microvasculature.  AJs are formed through 

cadherins clustering and binding cadherins on adjacent cells in a Ca2+-dependent manner (Figure 2)(27).  

Cadherins are comprised of five ectodomains, which are characterized by 110 repeating amino acids 

(27,28).  The ectodomains control cis and trans cadherin binding and require Ca2+ to link the domains 

together (29,30).  Cadherins also contain a transmembrane domain and an intracellular domain, which 
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contains the highly conserved juxtamembrane domain (JMD) and the C-terminal domain (CTD).  

Intracellularly, cadherins bind catenins, which regulate AJ stability and signaling.  p120-catenin (p120) 

binds cadherins at the JMD (31) and regulates cadherin stability at AJs (32,33).  The CTD of cadherins 

anchors AJs to the actin ŎȅǘƻǎƪŜƭŜǘƻƴ ǘƘǊƻǳƎƘ ōƛƴŘƛƴƎ ƻŦ ʲ-ŎŀǘŜƴƛƴ ƻǊ ǇƭŀƪƻƎƭƻōƛƴΣ ōƻǘƘ ƻŦ ǿƘƛŎƘ ōƛƴŘ ʰ-

catenin, and connect the junction to the actin filaments protruding from the cortical actin band (1)Φ  ʰ-

catenin is the only catenin that contains a defined actin-binding domain (34), that allows it to bind and 

actively regulate the association between the actin cytoskeleton and junction (35).  It shifts between a 

ƳƻƴƻƳŜǊ ŀƴŘ ŘƛƳŜǊ ǘƻ ǊŜƎǳƭŀǘŜ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ŀŎǘƛƴ ŀƴŘ ʲ-catenin, thereby contributing to the 

dynamic nature of AJs (36,37).  A connection between AJs and the actin cytoskeleton allows intracellular 

signaling and coordination between the cytoskeleton and the junction.  It has recently been suggested 

ǘƘŀǘ ʰ-catenin interacts directly with p120, and reinforces the p120/cadherin interaction, however the 

importance of this interaction is still unclear (38).   

Endothelial cells express both Vascular Endothelial (VE)- and Neuronal (N)-cadherins (39).  

Cadherins have similar protein expression in endothelial cells, but they differ in their localization within 

the cell (40).  N-cadherin is distributed over the entire plasma membrane and is vital for organization of 

the junctions during development, as well as cell proliferation and motility (40,41).  Functionally, N-

cadherin stabilizes mature blood vessels through homotypic binding of cadherins on smooth muscle 

cells and pericytes (42,43).  VE-cadherin resides at interendothelial junctions, regulating barrier function 

by binding surrounding endothelial cells (44-46).  Both cadherin knockouts are embryonic lethal (26,47), 

stressing the independent yet necessary functions of both cadherins despite some functional overlap.   
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Figure 2: Adherens junction structure.  VE-cadherin clusters bind cadherins on adjacent cells in a Ca2+-
dependent manner, primarily through interaction of EC1 and EC2 domains.  Intracellularly, AJs are 
stabilized by the CTD of VE-cŀŘƘŜǊƛƴ ōƛƴŘƛƴƎ ǘƻ ʲ-ŎŀǘŜƴƛƴΣ ƻǊ ǇƭŀƪƻƎƭƻōƛƴΣ ǿƘƛŎƘ ōƛƴŘǎ ʰ-catenin, 
connecting the junction to the actin cytoskeleton.  VE-cadherin is stabilized at the junction p120 binding 
to the JMD, and preventing internalization.  Reproduced with permission from Dejana, E. et al. J Cell Sci 
2008;121:2115-2122 (17). 
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Increased expression of N-cadherin has been shown to compensate for depleted VE-cadherin in cell 

culture, and vice-versa, however this is dependent on maturity of the endothelial monolayer (48).  Both 

VE-cadherin and N-cadherin bind p120, and it has been suggested that the surface expression of VE- and 

N-cadherin are inversely related due to competition for p120 binding in mature vessels (48,49).   

1.3  Regulation of Vascular Permeability During Inflammation 

Regulation of endothelial permeability is critical during an immune response (1).  Increased 

permeability allows invasion of neutrophils into tissue, as well as protein-rich fluid containing nutrients 

and other support for the affected tissue.  Circulating inflammatory agents, such as thrombin (50), 

increase vascular permeability via activation of their respective G protein-coupled receptors (GPCR) 

expressed on endothelial cells (51).  Inflammatory mediators act on the endothelium to form 

interendothelial gaps through AJ disassembly (16), as well as induce rearrangement of the actin 

cytoskeleton into stress fibers (52).  Specifically, thrombin binds and activates protease activated 

receptor (PAR)-1 on endothelial cells (50), and induces a transient intracellular signaling cascade that 

results in increased intracellular Ca2+, activation of protein kinase C (PKC)-  hand a reversible increase in 

permeability through AJ disassembly and increased RhoA GTPase activation (51)Φ  tY/ʰ ǎƛƎƴŀƭƛƴƎ 

increases endothelial permeability through several diverging pathways, including RhoA activation and 

phosphorylation of AJ proteins (Figure 2) (5).   RhoA is a small GTPase that regulates actin dynamics by 

reorganizing cortical actin into stress fibers in response to inflammation (53).  The stress fibers, with 

phosphorylated myosin light chain (MLC) (54), cause myosin-actin crossbridge cycling.  This results in cell 

rounding and contraction, and increases permeability (55).  MLC is phosphorylated by myosin light chain 
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kinase (MLCK) in a Ca2+-calmodulin-dependent manner.  RhoA also increases MLC phosphorylation by 

inhibiting the MLC phosphatase PP-1 and activation of Rho Kinase (ROCK).  Cell contraction alone is not 

sufficient to create interendothelial gaps (56), so to elicit the maximum increase in permeability both 

cell contraction and AJ disassembly must occur (2,57).  This signaling pathway is outlined in Figure 3.          

LPS is an endotoxin that resides on gram negative bacteria and causes inflammation.  It binds 

toll-like receptors (TLR) to initiate an innate immune response (58).  TLR activation causes the release of 

pro-inflammatory mediators into the blood, which bind and cause increased permeability of the 

endothelium (59).  TLR activation can lead to sepsis, which has a mortality rate approaching 25% and is 

the leading cause of death in critically ill patients (60).  LPS specifically increases vascular permeability in 

endothelial cells by activating TLR-4 and CD14 (61), leading to activation of Src-family kinases (SFK) (62) 

and myeloid differentiation factor (MyD)-88 (6), among other things.  LPS-induced activation of TLR-4 

increases Ca2+ through activation of transient receptor potential cation channel (TRPC)6, and expression 

of TRPC6 is required to increase permeability following LPS stimulation (63).  AJ protein p120 was 

recently implicated in LPS signaling by suppressing TLR-4 association with MyD88 (64), thus reducing the 

inflammatory response to LPS.  TLR-п Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ŀŎǘƛǾŀǘŜ tY/ʰ ƛƴ ƴŜǳǘǊƻǇƘƛƭǎ (65), and more 

recently in brain endothelial cells where it disrupts interendothelial junctions (66), however the effect of 

tY/ʰ ŀŎǘƛǾŀǘƛƻƴ ŘƻǿƴǎǘǊŜŀƳ ƻŦ [t{ ƛƴ ǘƘŜ ƭǳƴƎ ǾŀǎŎǳƭŀǘǳǊŜ ƛǎ ǳƴƪƴƻǿƴΦ   

Endothelial cells have intrinsic feedback mechanisms to combat increased permeability and 

reform junctions during inflammation (37,67).  Thrombin increases sphingosine-1-phosphate (S1P) 

signaling to increase AJ reannealing (37,68), possibly in a PKC-dependent manner (69).   Activation of 

monomeric GTPases Cdc42 and Rac1 rearrange the actin cytoskeleton to promote reassembly of AJs and 
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Figure 3Υ tY/ʰ ǎignaling during inflammation.  Inflammatory mediators bind endothelial cells, cleaving 
PIP2, and producing DAG and increased intracellular Ca2+ ǘƻ ŀŎǘƛǾŀǘŜ tY/ʰΦ  !ŎǘƛǾŀǘƛƻƴ ƻŦ tY/ʰ ƛƴŎǊŜŀǎŜǎ 
actinomyosin contraction through ŀŎǘƛǾŀǘƛƻƴ ƻŦ wƘƻ! ŀƴŘ ŘŜǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ a[/Φ  tY/ʰ ŀƭǎƻ ŎŀǳǎŜǎ 
changes in phosphorylation of AJ proteins to destabilize AJ integrity.  Both cell contraction and 
decreased AJ integrity result in increased endothelial permeability.  Reprinted from Vascular 
Pharmacology, 39(4-рύΣ ¢ƛǊǳǇǇŀǘƘƛ /Σ aƛƴǎƘŀƭƭ w5Σ tŀǊƛŀ ./Σ ±ƻƎŜƭ {aΣ aŀƭƛƪ !.Φ άwƻƭŜ ƻŦ /ŀ2+ Signaling 
in the regulation of endothelial perƳŜŀōƛƭƛǘȅέΣ нллнΣ мто-185, with permission from Elsevier (70).  
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reestablish endothelial barrier integrity (71).  Activation of small GTPase Cdc42 contributes to AJ 

reformation of AJs by inŎǊŜŀǎƛƴƎ ōƛƴŘƛƴƎ ƻŦ ʰ-ŎŀǘŜƴƛƴ ǿƛǘƘ ʲ-catenin (72).  VE-cadherin outside-in 

signaling, as well as S1P receptor 1 signaling, activate Rac1, which induces remodeling of actin into 

cortical bundles to stabilize AJs (73-75).  Changes in phosphorylation of AJ proteins have also been 

implicated in junctional reannealing.  Src homology 2 domain containing tyrosine phosphatase (SHP2) 

decreases tyrosine phosphorylation ƻŦ ʲ-catenin to allow reassembly of AJs (76), and activated focal 

adhesion kinase (FAK) associates with p120 to promote reannealing of AJs (77).         

1.4 AJ Regulation and Signaling 

Maintaining endothelial permeability in the lung microvasculature relies on VE-cadherin 

expression at AJs.  Cadherins are continuously reorganizing, laterally and through endocytosis, and 

recycle back to the membrane (78), which is essential for proper tissue organization (30).  Stimulation of 

endothelial cells by inflammatory mediators increases disassembly of AJs and internalization of VE-

cadherin (79).  Internalization of VE-cadherin occurs primarily through clathrin-dependent endocytosis, 

although caveolae-mediated endocytosis has also been shown (80,81).  During clathrin-mediated 

internalization, VE-cadherin binds adaptor protein (AP)-2, which recruits VE-cadherin into clathrin-

coated pits, resulting in endocytosis (81).  AP-2 functions as a cargo adaptor for clathrin, and 

nonspecifically binds to tyrosine-based sorting signals on the cytoplasmic regions of transmembrane 

proteins to induce endocytosis (82).  Because permeability increases can be reversible, VE-cadherin is 

often recycled back to the plasma membrane, allowing AJs to reassemble and permeability to return to 

prior levels.      
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p120 is known to regulate cadherin stability and turnover (32,33,83).  Decreased protein 

expression of p120 leads to a decrease in the surface expression of cadherins (32).  Loss of p120 binding 

at the JMD causes cadherin internalization (32,80,81,84,85), and subsequent disassembly of AJs (33,85).  

As shown in Figure 4, binding of p120 to the cadherin JMD physically blocks binding of AP-2 by masking 

the AP-2 binding site on cadherins (81,86), inhibiting VE-cadherin recruitment into clathrin-coated pits 

and subsequent internalization (80,81).  The JMD is the most conserved region on cadherins, and 

therefore p120 is hypothesized to bind all cadherins in the same manner (87).    The crystal structure of 

the p120/E-cadherin binding interaction was recently published, and it exposed two different binding 

motifs between p120 and cadherins (86). The stronger, static interaction encompasses a greater portion 

of p120 bound to the JMD, whereas the dynamic interaction masks the AP-2 binding site on E-cadherin 

and forms a weaker interaction that is subject to regulation (86).  It confirms that p120 binding sterically 

hinders binding of endocytotic machinery to prevent internalization of VE-cadherin, and the dynamic 

interaction is weak enough that single residue mutation of p120 could be sufficient to uncouple p120 

from the JMD (86).   

Regulation of VE-cadherin membrane stability has long been speculated to be the result of post-

translational modifications, mainly phosphorylation.  It was commonly thought that Src-mediated 

tyrosine phosphorylation of VE-cadherin on tyrosine 658 and 731 induced formation of interendothelial 

gaps via AJ disassembly by inhibiting p120 ŀƴŘ ʲ-catenin binding to VE-cadherin (7,17,88,89), but 

recently this view has been challenged.   Adam et al. published that Src-induced phosphorylation was 

not sufficient to decrease barrier function of the endothelium alone (90).  Interestingly enough, 

phosphorylation of tyrosine residues do regulate leukocyte extravasation in endothelial cells (91), but  
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Figure 4: Proposed model of p120 regulation of cadherin internalization.  Left panel: The structure of 
AJs shows p120 binding to the JMD of cadherins.  Right panel:  A hypothesized model of p120 
dissociation from VE-cadherin involves either p120 phosphorylation or cadherin phosphorylation.  Once 
p120 dissociates from the cadherin, it can be recruited into clathrin-coated pits by AP-2, and 
ƛƴǘŜǊƴŀƭƛȊŜŘΦ  wŜǇǊƛƴǘŜŘ ŦǊƻƳ /ŜƭƭΣ мпм όмύΣ wŜȅƴƻƭŘǎ !.Σ ά9ȄǇƻǎƛƴƎ Ǉмнл /ŀǘŜƴƛƴΩǎ Ƴƻǎǘ ƛƴǘƛƳŀǘŜ ŀŦŦŀƛǊέΣ 
2010, 20-22, with permission from Elsevier (92). 
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not overall vascular permeability.  Phosphorylation of p120 has also been hypothesized to regulate 

cadherin binding and stability, which we discuss in depth in Section 1.6, but again, the results are 

inconclusive.  S-ƴƛǘǊƻǎŀǘƛƻƴ ƻŦ ōƻǘƘ Ǉмнл ŀƴŘ ʲ-catenin, caused by an increased in nitric oxide in 

response to platelet activating factor (PAF), is yet another post-translational modification that was 

recently shown to reduce binding to VE-cadherin, and induce hyperpermeability (93).  Overall, there 

have been many post-translational modifications of cadherins and catenins identified, but most are still 

poorly understood.        

Not only do cadherins regulate AJ integrity, they also function as signaling hotspots to 

communicate with surrounding cells.  Signal transduction occurs bi-directionally through the cadherin 

(30); both outside-in and inside-out signaling is transduced through AJs.  Inside-out signals are 

transduced from the cell through changes in intracellular binding of catenins, and through changes in 

the actin cytoskeleton (94).  Extracellular signals are exchanged through alterations of cell-cell adhesion 

and the resulting conformational changes in cadherin ectodomains are relayed into the cell (95).  These 

signals are vital to coordinate tissue architecture and remodeling, and both VE-cadherin and N-cadherin 

can be involved in endothelial signaling based on the requirement of the cell (27,96), .  This type of 

signaling, orchestrated through cadherins to communicate and coordinate movement, is vital to the 

integrity of the vasculature.    

Regulation of AJ integrity also affects transcription.  Increased VE-cadherin expression at 

ƧǳƴŎǘƛƻƴǎ ŘŜŎǊŜŀǎŜǎ ʲ-catenin transcriptional activity by sequestering ̡-catenin at the junction (97)Φ  ʲ-

catenin is a co-activator of the canonical Wnt signaling pathway, which regulates vascular development, 



 

14 

 

 

proliferation and cell survival (97,98).  Transcriptional activity ƻŦ ǘƘŜ ʲ-catenin/Wnt pathway upregulates 

claudin-5 (20) and N-cadherin expression (96), as well as genes linked to angiogenesis and cancer 

(99,100).  VE-cadherin similarly regulates p120 transcriptional activity through binding cytoplasmic p120, 

preventing translocation into the nucleus and transcriptional regulation (101).  In the nucleus, p120 

binds transcription suppresor Kaiso, and removes the suppression from target genes (102).  p120 also 

increases -̡catenin nuclear activity by inhibiting Kaiso suppression of -̡catenin transcriptional activity 

(103,104)Φ  wŜƭŜŀǎŜ ƻŦ ōƻǘƘ Ǉмнл ŀƴŘ ʲ-catenin from AJs following thrombin stimulation can result in 

translocation of both to the nucleus, resulting in an angiogenic response to increased permeability 

(104).     

1.5 Protein Kinase C 

 PKC is a serine/threonine kinase that is known to be involved in the formation of pulmonary 

edema (105).  PKC has 10 different isoforms, and they are separated into three different groups based 

on structure and method of activation (Figure 5).  Classical isoforms (tY/ʰΣ I̡Σ ʲII ŀƴŘ ʴ) require binding 

of Ca2+ and diacylglycerol (DAG), while the novel isoforms (ʵΣ ʶΣ ʹ ŀƴŘ ʻύ require only binding to DAG 

(106).  The atypical isoforms όʸ ŀƴŘ ̔ κ˂ύ lack the Ca2+ binding domain altogether and the mechanism of 

activation is unknown, although they still bind phospholipids, such as phosphatidylserine, at the 

membrane (107).  PKC Figure 5 illustrates tƘŜ άŎƭŀǎǎƛŎŀƭέ ǎƛƎƴŀƭƛƴƎ pathway to induce PKC activation 

downstream of GPCRs or Receptor Tyrosine Kinases (RTKs), both of which activate phospholipase C-ʲ 

(PLC-ʲύ ǘƻ ŎƭŜŀǾŜ phosphatidylinositol 4,5-bisphosphate (PIP2) into DAG and inositol trisphosphate (IP3) 

(106).  IP3 binds the endoplasmic reticulum and releases intracellular stores of Ca2+, which binds the C2 
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domain on classical PKC isoforms (108).  DAG binds the C1 domain on both the classical and novel 

isoforms, and removes the pseudosubstrate inhibition on the catalytic domain (108).  DAG also increases 

the affinity of PKC for phospholipids (109).  Receptor to Activated C Kinase (RACKs) proteins also bind 

the C1 domain during activation of PKC and different RACKS proteins are thought to bind specific 

isoforms of PKC to influence PKC subcellular localization (110).  Furthermore, PKCs undergo 

autophosphorylation on 3 different residues after removal of the pseudosubtrate inhibition, which are 

important for prolonged activation (108).  Activation of PKC occurs within 90 seconds of GPCR 

activation, and can last upwards of an hour (111).  Termination of PKC activity occurs with reverse 

translocation of PKC away from the membrane (108).   

Despite the structural differences in isoforms, there are still overlapping substrates and 

functions of PKCs.  PKC signaling has been implicated in changes in endothelial permeability (5).  Back in 

the 1980s, it was observed that phorbol 12-myristate 13-acetate (PMA), a potent PKC activator, induced 

a pathophysiology that was similar to ARDS in terms of increased endothelial permeability followed by 

edema (105,112).  Since then, PKC has been studied for its role in regulating vascular permeability.  PKC 

has been shown to phosphorylate AJ proteins, as well as increase RhoA activity, to increase endothelial 

permeability (113-116).  Nephropathy and vascular abnormalities in renal, retinal and cardiovascular 

tissues in diabetic patients have all been linked to activation of PKC, as has transitioning to a malignant 

cancer phenotype due to loss of integrity of cell-cell junctions (117,118).   

tY/ʰ ƛǎ ŀ ǳōƛǉǳƛǘƻǳǎƭȅ ŜȄǇǊŜǎǎŜŘ ƛǎƻŦƻǊƳ ǘƘŀǘ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ōŜ ǘƘŜ ǇǊƛƳŀǊȅ ƛǎƻŦƻǊƳ 

responsible for increasing endothelial permeability in the lung vasculature in response to inflammatory  
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Figure 5: Structure and activation of PKC isoforms.  (A) PKCs contain a regulatory domain, which varies 
between different isoforms, and a catalytic domain.  The regulatory domain is conserved among PKC 
isoforms, and contains a C3, ATP-binding domain and a C4, substrate-binding domain.  The catalytic 
domain may contain a C1, DAG/phorbal ester-binding domain and a C2, Ca2+-binding domain.  The 
catalytic domain also contains a pseudosubstrate (PS) domain, which binds the catalytic domain in the 
inactive state, and is released upon activation.  (B)   GPCR or RTK activate PLC-ʲ όtL-PLC) to cleave PIP2 
into DAG and IP3.  IP3 binds the endoplasmic reticulum (ER), causing it to release intracellular Ca2+, which 
binds the C2 domain on classical PKC isoforms.  PKCs translocate to the membrane to bind DAG, which 
removes the pseudosubstrate inhibition on the catalytic domain, allowing PKC to bind and 
phosphorylate substrates.  Reprinted from Drug Resistance Updates: Reviews and Commentaries on 
Antimicrobial and Anticancer ChemotherapyΣ с όсύΣ [ƻǊŜƴȊƻ t{ ŀƴŘ t! 5ŜƴƴƛǎΦ άModulating Protein 
Kinase C (PKC) to increase the efficacy of chemotherapy: Stepping into the darknessέΣ нллоΣ онф-339, 
with permission from Elsevier (119).    
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mediators (114,120)Φ  !ŎǘƛǾŀǘƛƻƴ ƻŦ tY/ʰ ƛƴŎǊŜŀǎŜǎ wƘƻ! ŀŎǘƛǾƛǘȅ ŀƴŘ ǎǘǊŜǎǎ ŦƛōŜǊ ŦƻǊƳŀǘƛƻƴ ǘƘǊƻǳƎƘ 

phosphorylation of p115RhoGEF (116) and RhoGDI-1 (115)Φ  tY/ʰ ŀŎǘƛǾŀǘƛƻƴ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ǎƘƻǿƴ ǘƻ 

alter the phosphorylation state of VE-ŎŀŘƘŜǊƛƴΣ ʲ-catenin and p120, resulting in disruption of VE-

cadherin adhesion (114), however the mechanism in whƛŎƘ tY/ʰ ŘƛǎǊǳǇǘǎ ƧǳƴŎǘƛƻƴǎ Ƙŀǎ ƴƻǘ ōŜŜƴ fully 

elucidated.   

  1.5.1  Statement of Aim 1 

  tY/ʰ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ǊŜƎǳƭŀǘŜ ŜƴŘƻǘƘŜƭƛŀƭ ǇŜǊmeability and AJs, however the 

mechanism is unclear.  This is in part due to the lack of a relevant physiologic model to determine the 

effect of tY/ʰ activation on increased permeability and resulting edema.  In Section 3, we addreǎǎ tY/ʰ 

regulation of endothelial permeability, specifically regulation of AJ integrity.  WŜ ǳǘƛƭƛȊŜ ŀ tY/ʰ ƪƴƻŎƪƻǳǘ 

ƳƻǳǎŜ ƳƻŘŜƭΣ ŀƳƻƴƎ ƻǘƘŜǊ ƳŜǘƘƻŘǎΣ ǘƻ ǎƘƻǿ ǘƘŜ ƛƳǇŀŎǘ tY/ʰ Ƙŀǎ ƻƴ ƭǳƴƎ ǇŜǊƳŜŀōƛƭƛǘȅ ŀƴŘ ǘƻ 

deterƳƛƴŜ ŀ ǘƘŜǊŀǇŜǳǘƛŎ ǘŀǊƎŜǘ ǘƻ ǊŜŘǳŎŜ ŜŘŜƳŀ ŎŀǳǎŜŘ ōȅ tY/ʰ ŀŎǘƛǾƛǘȅΦ   

1.6 p120-catenin 

p120 was originally discovered as a Src substrate and classified as an oncoprotein (121).  Later, it 

was found to bind cadherins and was placed as a member of the catenins family due to the repeated, 

highly conserved amino acid sequence it contains to bind cadherins, known as armadillo repeat motifs 

(ARM).  p120 contains 10 ARMs, and uses ARM 1-5 to bind cadherins (86) (Figure 6).  The ARM repeats 

are flanked by a short CTD, with an unknown function, and a regulatory N-terminal domain (NTD), which 

contains a phosphorylation domain.  There are 4 ATG start sites, resulting in 4 p120 isoforms (122), with 
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p120-1 and p120-3 the most widely expressed in humans (123).  p120-1 is the only isoform that contains 

the coiled-coil domain, which recently has been suggested to also bind cadherins (124).  It also is able to 

bind other coiled-coil-containing proteins, such as delta interacting protein A (DIPA) (125), highlighting 

the functional diversity of p120 isoforms.  p120 also contains 3 alternatively spliced exons (A, B and C), 

giving rise to different splice variants (122), however the functional consequence of different splice 

variants is under investigation.     

p120 stabilizes cadherins by binding to the JMD, preventing internalization of the cadherin 

(126).  It is a ubiquitously expressed member of a subset of the ARM family of proteƛƴǎ ǘƘŀǘ ƛƴŎƭǳŘŜ ʵ-

catenin (127), ARVCF (Armadillo Repeat gene deleted in Velo-Cranial-Facial syndrome) (128), p0071 

(129), and plakophilins (130) .  There are functional redundancies between proteins within the family, 

however p120 expression is essential in vertebrates while the loss of other family members are 

tolerated (131).  p120 has a homolog in Drosophila, which is non-essential, and two splice variants in 

mice, M1 and M3, which correspond to human p120-1 and p120-3 (123,131).  p120 isoforms exhibit 

tissue-specific localization, with the long isoform (p120-1) expressed in  vascular endothelial junctions, 

and p120-3 in epithelial cells and fibroblasts (123).  Isoform p120-4 lacks the NTD phosphorylation 

domain altogether, and is rarely expressed in tissue (131).   

In the last 20 years, p120 downregulation has been attributed to disease states such as ARDS, 

diabetes-ŀǎǎƻŎƛŀǘŜŘ ǾŀǎŎǳƭŀǊ ŘƛǎŜŀǎŜΣ /ǊƻƘƴΩǎ Disease and several different cancers (132-134).  Mouse 

models using p120 deletion and cell depletion of p120 have provided interesting insights to the diverse 

function of p120.  Global knockout of p120 in mice is early embryonic lethal due to impaired  
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Figure 6: p120 structure.  p120 is subdivided into 4 domains.  The NTD regulatory domain contains the 
majority of the phosphorylation sites, which is termed the phosphorylation domain, and contains 9 
tyrosine residues and 6 serine/threonine residues that have been shown to be phosphorylated.  The 
armadillo repeat domain contains 10 ARM repeats, which bind cadherins at repeats 1-5.  The CTD tail 
contains 2 phosphorylation sites, S879 and threonine 910, with an unknown function.  There are 4 
different ATG start sites, which gives rise to 4 different isoforms.  While they all contain the ARM domain 
and the CTD, p120-1 is the only isoform to contain the coiled-coil domain and p120-4 lacks the 
phosphorylation domain.    
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microvessel formation (135).  Conditional p120 knockout mouse models have shown that p120 is 

essential for regulating cadherin expression during vascular development (135), as well as assembly of 

AJs (136,137).  Loss of p120 in the neonatal intestinal barrier leads to catastrophic inflammation (136), 

and loss of p120 in other tissues has been shown to lead to development of a tumor microenvironment 

by increasing immature myeloid cells (137).  Decreased p120 in tumor cells lines predicts a more 

invasive phenotype, presumably due to the resulting decrease in surface expression of cadherins (133).  

Similarly, a decrease in p120 results in more severe inflammation and increased mortality (64).  

Conditional knockout of p120 increases inflammation by increased cytokine production (136) and 

increased NF-ˁ. ŀŎǘƛǾƛǘȅ (134).  It also reduces the response to LPS by interfering with TLR-4 signaling 

(64).    

The mechanisms behind these phenotypes are not completely understood, but it is clear that 

different cellular pools of p120 have different functions.  As previously mentioned, nuclear p120 

regulates expression of pro-inflammatory genes through binding transcription suppressor Kaiso (102).  

p120 suppresses transcription of pro-inflammatory mediators, including Intercellular Adhesion Molecule 

(ICAM)-1, NF-ˁ.Σ !t-1 and E and P-selectins (138,139), which may be part of a feedback mechanism to 

reduce inflammation once p120 is lost from AJs.  Cytoplasmic p120 is involved in cadherin trafficking to 

the cell surface during junction reassembly, as well as regulation of RhoA activity (126,140).  p120 

regulates cadherin trafficking by acting as a scaffold and recruiting the microtubule motor protein 

kinesin, then moving in a unidirectional manner on microtubules to relocate cadherins to AJs (141).  

p120 inhibits RhoA activity by directly functioning as a Rho Guanine nucleotide Dissociation Inhibitor 
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(GDI), which p120 is only able to do if not bound to cadherins (140).  p120 can also indirectly inhibit 

RhoA activity while incorporated in AJs through binding and suppressing p190RhoGAP (142).  Finally, 

p120 was recently shown to affect cell cycle progression in cancer cells by causing up-regulation of cyclin 

D1 and cyclin E, Ǉƻǎǎƛōƭȅ ƛƴ ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ Yŀƛǎƻ ƻǊ ʲ-catenin (143).       

Studies examining p120 regulation of cadherin stability have focused on post-translational 

modifications of its NTD that contains multiple phosphorylation sites (144).  Tyrosine phosphorylation of 

p120 NTD controls p120 binding to RhoA (145), allowing p120 to function as a Rho GDI, yet it is 

insufficient to increase endothelial permeability (90).   Furthermore, p120 maintains VE-cadherin surface 

expression and endothelial permeability independent of the presence of NTD (146).  We focused on the 

CTD of p120, the domain containing two phosphorylation sites: threonine 916 and serine 879 (S879) 

(147).  Threonine 916 phosphorylation does not appear to affect VE-cadherin interaction with p120 

(148).   However, S879 is of particular interest since it in is a PKC consensus motif.  Phosphorylation of 

S879 is PY/ʰ-dependent, and S879 is phosphorylated in response to inflammatory mediators and 

growth factors in endothelial cells, epithelial cells, and fibroblasts (147,149,150), but no functional 

significance of S879 phosphorylation has even been shown.  The majority of serine or threonine 

phosphorylation on p120 is constitutive (148), and S879 is a rare site that is unphosphorylated under 

resting conditions and phosphorylated during inflammation.  Likewise, while PKC activation causes de-

phosphorylation of several residues, S879 is the only site that is phosphorylated in response to PKC 

activation (147).     
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1.6.1  Statement of Aim 2  

S879 on p120 is phosphorylated in response to many different pro-inflammatory 

mediators, however no downstream mechanisms have even been elucidated.  p120 is vital to regulation 

of VE-cadherin stability at AJs, and for the integrity of interendothelial junctions and vascular 

permeability.  ²Ŝ ƪƴƻǿ ǘƘŀǘ {утф ƛǎ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ōȅ tY/ʰΣ ǿƘƛŎƘ Ƙŀǎ ǇǊŜǾƛƻǳǎƭȅ ōŜŜƴ ǎǳƎƎŜǎǘŜŘ ǘƻ 

cause disassembly of AJs during inflammation.  In Section 4, we address the role of S879 

ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ Ǉмнл ōȅ tY/ʰ ƛƴ regulation of endothelial permeability, specifically regulation of 

p120 binding affinity toward VE-cadherin.  We utilize primary cell culture, as well as expression of p120 

mutants in mice, to dissect the effect S879 phosphorylation has on the p120/VE-cadherin complex, and 

the resulting effect it has on AJ integrity.     
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2. MATERIALS AND METHODS 

2.1  Materials 

 Primary eƴŘƻǘƘŜƭƛŀƭ ŎŜƭƭǎ ŀƴŘ ƳŜŘƛŀ ǿŜǊŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ [ƻƴȊŀ ό.ŀǎŜƭΣ {ǿƛǘȊŜǊƭŀƴŘύΦ  IǳƳŀƴ ʰ-

thrombin was obtained from Enzyme Research (South Bend, IN) and LPS from Sigma (St. Louis, MO). 

PAR-1 agonist peptide (TFLLRNPNDK-NH2) was synthesized (151). tY/ʰ ǎƛwb! 

(UAAGGAACCACAAGCAGUAUU) and mismatch (MM) control (UAAGGAGCCACGAGCGGUAUU) siRNA 

were purchased from Dharmacon (Lafayette, CO).  Anti-p120, anti-VE-cadherin, and anti-GAPDH were 

purchased from Santa Cruz Biotechnologies (Santa Cruz, CA) and anti-tY/ʰΣ anti-p-tY/ʰΣ ŀƴŘ anti-Na-K 

ATPase from Cell Signaling (Beverly, MA).  pS879-p120 was purchased from BD Biosciences (San Jose, 

CA) and anti-GFP from GeneTex (San Antonio, TX).  EZ-Link Sulfo-NHS-SS-Biotin and high capacity 

Streptavidin Agarose Resin were from Thermo Fisher (Rockford, IL).  AlexaFluor 488 and 594 secondary 

antibodies and ProLong were from InVitrogen (Grand Island, NY).  S879A-p120-1A and WT-p120-1A 

cDNA were gifts from Dr. Al Reynolds (Vanderbilt University) and S879D-p120-1A was generated using 

the QuikChange site-directed mutagenesis kit from Stratagene (Santa Clara, CA).  Primers used to create 

p120-S879D mutation were 5' CCCCTCATTGACCGGAATCAAAAAGATGATAAGAAACCTGACCGG 3'(sense) 

and 5' CCGGTCAGGTTTCTTATCATCTTTTTGATTCCGGTCAATGAGGGG 3' (antisense).   

2.2 Mice 

prkca-/ - mice were a gift from Dr. Jeffrey Molkentin (University of Cincinnati) (152).  Genetic 

background of prkca-/ - mice is C57/Bl6.  prkca-/ - mice had no overt phenotype through 16 weeks of age 

(152), and appeared normal in terms of viability and fertility.  Control mice were of C57/Bl6 genetic 

background (obtained from Jackson Laboratory, Bar Harbor, ME).  Experiments were made using 8-10 
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week old males.  All mice were bred and maintained in the Association for Assessment and Accreditation 

of Laboratory Animal Care-accredited facilities at the University of Illinois at Chicago in accordance with 

NIH guidelines.  Approval for animal care and for all experiments was granted by the IUCAC of University 

of Illinois at Chicago.   

2.2.1 Genomic Analysis of Mice 

Genotype of prkca-/ - mice was confirmed using DNA extracted from a tail snip from 10-

14 day old pups.  DNA was extracted and amplified using the REDExtract-N-Amp tissue PCR kit from 

Sigma (St Louis, MO) and primers  рΩ-GCGCATCGCCTTCTATCGC-оΩΣ  рΩ-AGCTAGGTCCTGTTGGTAAC-оΩ, рΩ-

CCAAGTGTGAAGTGTGTGAG-оΩ, as according to the protocol.   

2.3 Mouse Lung Preparation and Permeability Measurement   

2.3.1 Microvessel Filtration Coefficient 

Wild-type control (WT) and prkca-/ - mice were placed in chamber and anesthetized with 

3% halothane with an air flow rate of 2 ml/min.  The microvessel filtration coefficient (Kf,c) is a measure 

of pulmonary microvascular permeability to fluid and is defined as the rate of weight gain over the 

imposed change in capillary pressure (50).  Mouse lungs were perfused in situ using a peristaltic pump, 

excised and placed on a force-displacement transducer.  The lung weight was electronically nulled and 

the outflow pressure was then elevated by 10 cm H2O for 30 minutes.  The weight gain was recorded, 

Kf,c (ml x min-1 x cm H2O) was calculated from the slope of the weight gain and normalized to the dry 

lung weight (lungs were dried overnight at 60°C). 
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2.3.2 Evans Blue Albumin Extravasation 

Evans Blue Albumin (EBA; 20 mg/kg) was injected using a retro-orbital i.v. injection 

together with PAR-1 peptide (TFLLRNPNDK-NH2, 1 mg/kg) 30 minutes before euthanasia (68).  Blood was 

collected from the right ventricle into heparinized syringes and plasma was separated by centrifugation 

at 1,300 x g for 10 minutes.  The lungs were perfused with PBS containing 5nM EDTA via thoracotomy, 

excised en bloc, blotted dry, weighed and snap frozen.  The right lung was homogenized in PBS (1 

ml/100 ug tissue), incubated with 2 volumes formamide for 18 hours at 60°C, centrifuged at 5,000 x g 

for 30 minutes, and the optical density of the supernatant was measured with a spectrophotometer at 

620 nm.  The extravasated EBA concentration was calculated against a stŀƴŘŀǊŘ ŎǳǊǾŜ ό˃Ǝ 9Ǿŀƴǎ ōƭǳŜ 

dye/lung).  Finally, the left lung from the same mouse were excised and dried at 60°C overnight for 

calculation of wet-dry ratio.        

2.4 Liposome Preparation and Delivery of cDNA  

Cationic liposomeǎ όмлл ˃ƭύ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ǳǎƛƴƎ ŀ мΥм ƳƻƭŀǊ Ǌŀǘƛƻ of dimethyldioctadecyl-

ammonium bromide (DDAB; Sigma) and cholesterol (Calbiochem, La Jolla, CA) in chloroform (77).  The 

solution was dried with a Rotavaporator (Brinkmann, Westbury, NY), dissolved in 5% glucose and 

sonicated for 20 minutes. рл ˃Ǝ Ŏ5b! ǿŀǎ ƳƛȄŜŘ ǿƛǘƘ млл ˃ƭ ƻŦ ƭƛǇƻǎƻƳŜǎΣ ŀƴŘ ƛnjected via a retro-

orbital i.v.  
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2.5 Cell culture and transfection   

Human lung microvascular endothelial cells (HLMVECs) and human pulmonary artery 

endothelial cells (HPAECs) were cultured in T-75 flasks on 0.1% gelatin in EBM-2 or EGM-2 (Lonza), 

respectively, supplemented with 10% FBS.  Cells were kept at 37°F in humid air with 5% CO2, and all cells 

were used between passages 4-7.  HLMVECs were transfected with siRNA at 80% confluence by 

nucleofection, using the AMAXA kit (Lonza), and used 72 hours post-transfection.  HPAECs were 

transfected at 70% confluence using Turbofect (Fermentas, Glen Burnie, MD) as according to the 

instructions, and used 48 hours post-transfection.   

2.6 Transendothelial Electrical Resistance 

 Transfected cells were seeded on a gelatin-coated gold electrode (5.0×104/cm2) and grown to 

confluence.  The small electrode and the larger counter-electrode were connected to a phase-sensitive 

lock-in amplifier.  ! Ŏƻƴǎǘŀƴǘ ŎǳǊǊŜƴǘ ƻŦ м ˃! ǿŀǎ ǎǳǇǇƭƛŜŘ ōȅ ŀ м-V, 4000-Hz AC signal connected serially 

to a 1 aʍ ǊŜǎƛǎǘƻǊ ōŜǘǿŜŜƴ the electrodes.  The voltage was monitored by a lock-in amplifier, stored 

and processed by a computer.  The same computer controlled the amplifier output and switched the 

measurement to different electrodes during an experiment.  Before each experiment, endothelial 

monolayers were washed with serum-free medium and used for measuring changes in transendothelial 

electrical resistrance (TER). TER was measured in real-time using ECIS software (Applied Biophysics, 

Troy, NJ) and expresǎŜŘ ŀǎ ǎǇŜŎƛŦƛŎ ŜƭŜŎǘǊƛŎŀƭ ǊŜǎƛǎǘŀƴŎŜ όʍ ŎƳ2).  Data are presented as the change in 

resistance, normalized to its value at time 0. 
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2.7 Fluorescent Imaging   

Cells were grown to confluence on glass coverslips, serum-starved, and treated with thrombin (4 

U/ml).  Cells were fixed in 4% paraformaldehyde and permeabilized with 0.05% Triton-X.  Cells were 

incubated in primary antibodies, then secondary, fluorescently labeled secondary antibody and finally 

mounted on slides with ProLong anti-fade reagent (Invitrogen).  Cells were visualized using a 63x 1.2 NA 

objective on a LSM 510 Meta confocal microscope (Carl Zeiss, Inc.) with Ar ion and dual HeNe lasers, 

driven by LSM software.   

2.7.1  Time-Lapse Imaging 

Cells were serum starved in phenol-free EBM media (Lonza) and maintained at 37°C 

with a stage heater (Tempcontrol-37, Zeiss, Thornwood, NJ).  Images were acquired every 10 seconds 

using the Nikon Eclipse TE-2000S microscope equipped with UltraView confocal head (PerkinElmer Life 

Sciences), ORCA-ER-1394 camera (Hamamatsu, Bridgewater, NJ), AR/KR 3-line ƭŀǎŜǊ ό˂ҐпууΣ рсу ŀƴŘ спт 

nm)  Plan Apo 100x 1.4NA objective and Volocity 5 software (Improvision, Waltham, MA).  Thrombin (4 

U/ml) or PBS was applied to cells after the second exposure.  As we observed no significant 

photobleaching, no correction for photobleaching was required. 

2.7.2  Image Analysis      

Interendothelial gap area and average fluorescence intensity of p120 and VE-cadherin at 

AJs was quantified using MetaMorph software (Molecular Devices, Sunnyville, CA).  Projection images 

were generated by collecting the maximum pixel intensity from each image of the z-stack and projecting 
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pixel intensity onto the single (projection) image.  The relative accumulation of VE-cadherin or p120 

(mean fluorescence intensity) at AJs and the area of gaps were measured on projected images.  The 12-

bit images were thresholded by subtracting the intracellular background, and the mean fluorescence 

intensity at AJs was measured.  The area of intercellular gaps was quantified using MetaMorph 7.1.0 by 

manually outlining cells and selecting for gaps.  The values are expressed as a percentage of the total 

surface area.  The dissociation of p120-GFP and mutants from AJs was quantified by kymograph analysis 

and expressed as fluorescence decay.   

2.8 Biochemical Analysis 

Cells were lysed with a modified ODG buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% Triton X-

100, 5% glycerol, 10 µg/ml leupeptin, 10 µg/ml aprotinin, and 0.1 mM PMSF) (153), centrifuged at 

14,000 rpm for 20 minutes at 4°C, and pellets were removed and discarded.  Equal protein 

concentration of the resulting lysate was determined using a BCA protein assay kit (Pierce) following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  Samples were run on 4-12% gradient NuPAGE gels (Invitrogen) as 

according to the protocol.  Proteins were transferred to a PVDF membrane, blocked with 3% BSA and 

incubated in primary antibody.  For immunoprecipitation experiments, 350 µg of total protein was 

incubated with a primary antibody at 4°C, and precipitates were collected with protein A/G agarose 

beads (Santa Cruz) and analyzed by Western Blot.  Densitometry of scanned protein bands was 

perfomed using ImageJ software (NIH, Bethesda, MD), and changes in protein expression were 

normalized to loading controls.    
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2.8.1 Cell Fractionation 

Cells were washed with cold PBS, manually scraped off plates using PBS, and centrifuged 

at 7,000 rpm for 10 minutes at 4°C.  Cells were resuspended in Lysis Buffer A (50 mM HEPES-NaOH pH 

7.4, 1 mM DTT, 10 µg/ml leupeptin, 10 µg/ml aprotinin, and 0.1 mM PMSF) and lysates were sonicated 

briefly, then centrifuged at 40,000 rpm for 20 minutes at 4°C.  The supernatant was collected and set 

aside as the cytosolic portion.  The remaining pellet was resuspended in Lysis Buffer B (50 mM HEPES-

NaOH pH 7.4, 10 mM DTT, 1% Triton-X, 1% DOC, 0.1% SDS, 10 µg/ml leupeptin, 10 µg/ml aprotinin, and 

0.1 mM PMSF), then centrifuged at 55,000 rpm for 40 minutes at 4°C.  The supernatant contained the 

membrane-bound fraction.  Both lysates were assayed for total protein, and were analyzed by Western 

Blot as previously described.   

2.8.2 Biotinylation 

Cells were placed on ice and rinsed with PBS containing Ca2+ and Mg2+.  Cells were then 

labeled with 0.2 mg/ml sulfo-NHS-SS biotin in Ca2+ and Mg2+-containing PBS for 45 minutes on ice.  Cells 

were rinsed with Ca2+ and Mg2+-containing PBS on ice, then incubated in for 10 minutes in 50 mM Tris 

(pH 8) with 100 mM NaCl to quench unbound biotin.  Cells were rinsed again with PBS, then lysed as 

described for immunoprecipitation.  Biotinylated proteins were precipitated overnight with streptavidin 

agarose resin at 4°C, and precipitated proteins were analyzed by Western Blot as previously described.      

2.9 Surface Plasmon Resonance 

 Proteins were generated from cDNA using in vitro protein expression kit (Pierce, Rockford, IL) as 

according to the instructions.  Surface plasmon resonance (SPR) biosensor binding experiments were 



 

30 

 

 

done at 25°C on a CM-5 sensor chip (GE Healthcare, Burr Ridge, IL) using a 150 mM NaCl (pH 7.4), 10mM 

HEPES, 3 mM EDTA and 0.005% Surfactant P20 running buffer.  VE-cadherin was immobilized directly on 

the chip, and was achieved at pH 5.0.  p120 was programmed to flow over VE-cadherin at rate of 10 

g˃/min for 180 seconds for binding analysis.  Between samples, chips were washed with running buffer 

to remove bound p120, and regeneration was done at pH 2.5.  Non-specific binding was calculated by 

subtracting the response of p120 binding to an empty cell from p120 binding to VE-cadherin.  At least 7 

different concentrations of each analyte were used to assess binding affinity, and the ligand was not 

allowed to be saturated to avoid binding to non-functional or dead ligands.  Measurements were made 

using Biacore T100 (GE Healthcare), and calculations of binding affinity were made using the Biacore 

T100 Evaluation Software.     

2.10 Peptide Generation and Application 

tY/ʰ blocking peptide (Myr-LIPDPKNESKQKTKTIRS) is the sequenŎŜ ƻŦ tY/ʰ ŦǊƻƳ ŀƳƛƴƻ ŀŎƛŘ 

200-217, and was generated based on the peptide used by Martelli et. al (2002) (154).  Varying 

concentrations of the peptide were directly applied to HPAECs in serum-free medium, prior to thrombin 

stimulation, for 30 minutes.  Antennapedia (RQIKIWFQNRRMKWKK), a cell permeable peptide, was used 

as a control.             

2.11 Statistical Analysis 

 StuŘŜƴǘΩǎ t test and ANOVA with Bonferroni post-hoc tests were used to determine significance.  

P <0.05 denoted a significant difference.   
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3Φ tY/ʰ REGULATES ADHERENS JUNCTION INTEGRITY 

*Portions of the text and figures 8, 9, 11-14 and 16-21 were reprinted with permission from 

Vandenbroucke St Amant, E., Tauseef, M., Vogel, S.M., Gao, X., Mehta, D., Komarova, Y. and Malik, A.B. 

(2012) PKCalpha activation of p120-catenin serine 879 phospho-switch disassembles VE-cadherin 

junctions and disrupts vascular integrity. Circulation Research, 111, 739-749. 

 

3.1  tY/ʰ Activation Increases Endothelial Permeability  

To ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǊƻƭŜ ƻŦ tY/ʰ ƛƴ ƛƴŎǊŜŀǎƛng vascular permeability in vivo, ǿŜ ƻōǘŀƛƴŜŘ tY/ʰ 

knockout mice (prkca-/ -).  The knockout mice were created to investigate ǘƘŜ ǊƻƭŜ ƻŦ tY/ʰ ƛƴ ŎŀǊŘƛŀŎ 

contractility (152), and showed that tY/ʰ ŘŜƭŜǘƛƻƴ ƛƴŎǊŜŀǎŜŘ ŎƻƴǘǊŀŎǘƛƭƛǘȅ in response to pressure-

induced overload in murine hearts due to changes in Ca2+ signaling, and protected against 

cardiomyopathy and heart failure (152).  Before we assessed the effects of PK/ʰ ŘŜƭŜǘƛƻƴ ƻƴ ƭǳƴƎ 

permeability, genotypes of prkca-/ -mice were verified with PCR (Figure 7).  The prkca-/ - cassette is 100 bp 

longer than the prkca+/+ (WT), and we confirmed that all transgenic mice were prkca-/ -.  Using WT and 

prkca-/ - mouse lungs, we measured the change in total PKC activity and found ŘŜƭŜǘƛƻƴ ƻŦ tY/ʰ ŎŀǳǎŜŘ ŀ 

50% reduction in total activity (Figure 8A).  We also looked for possible compensation in expression of 

PKC isoforms ʲΣ ʵΣ ʶ ŀƴŘ ʸ, which are also expressed in mouse lungs.  However, western blot analysis 

showed no change in protein expression of other PKC isoforms in the lung (Figure 8B).  

To ŀǎǎŜǎǎ ǘƘŜ ŜŦŦŜŎǘ ƻŦ tY/ʰ ŘŜƭŜǘƛƻƴ ƻƴ endothelial barrier function, we measured the Kf,c in WT 

and prkca-/ - mice.  Kf,c is a measure of vessel wall permeability to fluid, based on the hydraulic 

conductivity and the surface area available for exchange (50).  We used PAR-1 agonist peptide, which 

activates tY/ʰ ŘƻǿƴǎǘǊŜŀƳ ƻŦ PAR-1 in endothelial cells, to stimulate increased permeability (5,113).   
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Figure 7.  Genomic analysis of prkca-/ - mice.  PCR of prkca-/ - mouse tail snips, used to extract DNA and 
confirm expression of the targeting vector and deletion of PKCʰΦ  {ŀƳǇƭŜǎ м-7 were transgenic mice, and 
WT, plasmid (KO) and H20 were used as controls.      

 

 

 



 

33 

 

 

 

 

 

 

Figure 8Υ tY/ʰ ŘŜƭŜǘƛƻƴ ŘŜŎǊŜŀǎŜǎ ǘƻǘŀƭ tY/ ŀŎǘƛǾƛǘȅ ǿƛǘƘƻǳǘ ŀƭǘŜǊƛƴƎ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ƻǘƘŜǊ tY/ ƛǎƻŦƻǊƳǎΦ  
ό!ύ ²¢ ƻǊ tY/ʰ ƴǳƭƭ ƭǳƴƎǎ ǿŜǊŜ ƘƻƳƻƎŜƴƛȊŜŘ ŀƴŘ ǘotal PKC activity was determined using myelin basic 
proteins. WT lung homogenates show 50% more PKC enzyme activity as compared to prkca-/ - mice. (B) 
Immunoblots of lung homogenates show no alteration in protein expression of any other PKC isoforms 
known to be expressed in the lung. Reproduced with permission from Vandenbroucke St Amant, E. et al. 
Circ Res 2012;111:737-749(155). 

 

 


