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ABSTRACT  

THE ROLE OF CAVEOLAE IN PECAM-1 MECHANOTRANSDUCTION 

Michelle Diane Heayn 
Doctor of Medicine 

Doctor of Philosophy 
Temple University 2014 

Doctoral Advisory Committee Chair: Dr. Victor Rizzo 
      

     Altered fluid flow, which is found in branches and curvatures of arteries, results in 

abnormal forces on the endothelial cells (EC).  These forces have been shown to alter 

EC gene expression and phenotype and to activate several cellular structures including 

G-proteins, ion channels, adhesion molecules, and caveolae.  Recently, PECAM-1 has 

been implicated as the primary sensor of hemodynamic forces in EC.  Shear stress 

rapidly induces tyrosine phosphorylation of PECAM-1 and the recruitment of SHP-2.  

These events appear to contribute to shear-activation of ERK1/2.  Additionally, PECAM-

1 has been shown to form a mechanosensory signaling complex with VE-cadherin, 

VEGFR2, and βcatenin which plays a role in adhesion molecule expression and 

regulation of NF-κB.  Past work has shown that caveolae membrane domains also serve 

as mechanotransduction sites that regulate many of these same second messengers. 

Based on these novel observations, we hypothesize that the PECAM-1 mediated 

mechanotransduction requires caveolar membrane domains to effectively propagate 

mechano-signals. In this study, we intended to specifically test this hypothesis by 1) 

evaluating the role of caveolae in shear stress-induced PECAM-1 tyrosine 

phosphorylation, recruitment of SHP-2, and formation of a signaling complex with VE-

cadherin, VEGFR2, and βcatenin and 2) determining the functional significance of 

PECAM-1 compartmentalization within caveolae with regard to changes in endothelial 

cell phenotype induced by atherogenic patterns of flow. Here, we have identified a pool 



 

iii 

 

of PECAM-1 which localizes within lipid rafts and caveolar membranes. This pool of 

PECAM-1 was shown to be activated by tyrosine phosphorylation and recruitment of 

mechanosignaling complex members in response to shear stress. We were also able to 

demonstrate complex formation in an in vivo model of disturbed blood flow. The 

significance of PECAM-1 compartmentalization to these membrane microdomains was 

demonstrated in endothelial cells treated with raft/caveolae disrupting compounds where 

shear stress-induced PECAM-1 tyrosine phosphorylation was markedly attenuated. 

Finally, we attempted to generate an adenovirus expressing a mutant form of PECAM-1 

which was unable to target to lipid rafts in order to determine the importance of PECAM-

1 localization in lipid rafts and caveolae on its downstream signaling in response to 

shear stress. Results from these studies provide new knowledge as to how endothelial 

cells respond to changing hemodynamic parameters, which could provide greater insight 

into how flow influences vascular homeostasis.   
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

Atherosclerosis 

     Atherosclerosis is a disease of large and medium sized blood vessels that can 

manifest as angina pectoris, myocardial infarction, transient cerebral ischemia, stroke, 

intermittent claudication of the extremities, mesenteric ischemia, and/or renal 

dysfunction depending on the vessels affected (1). The earliest visible sign of an 

atherosclerotic lesion is the formation of a “fatty streak” composed of lipid containing 

monocytes and macrophages (“foam cells”) and leukocytes within the intima of the 

vessel. These lesions continue to progress with accumulation of inflammatory cells and 

lipids and the formation of a fibrous cap and necrotic core. In unstable plaques the 

fibrotic cap ruptures and can cause thrombosis and occlusion of the vessel, leading to 

ischemia downstream of the plaque (1-3) (Figure 1). 

 

Figure 1 Development and progression of atherosclerosis. Ross, 1999 (2)        
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     Risk factors for the development of atherosclerotic plaques include elevated plasma 

levels of LDL and homocysteine, low plasma levels of HDL, diabetes, hypertension, 

gender, smoking, and sedentary lifestyle (3). These factors play a role in the 

development of endothelial dysfunction, which is the initiating event in the development 

of plaques (2). Dysfunctional endothelium loses the ability to properly regulate smooth 

muscle relaxation through nitric oxide which can in part lead to vasospasm, angina, and 

ischemia (4). In addition, dysfunctional endothelium has increased permeability to 

macromolecules such as LDL, increased expression of adhesion molecules such as 

ICAM-1 and VCAM-1, increased expression of chemotactic molecules such as MCP-1, 

increased recruitment of monocytes and macrophages, and decreased endothelial cell 

survival (5). These changes lead to the accumulation of foam cells and lymphocytes in 

the intima of the vessel as described above 

 

Hemodynamic Forces 

     Hemodynamic forces are the biomechanical forces that are exerted on vessels and 

are generated as blood flows through the vasculature. They include hydrostatic 

pressure, circumferential strain or stretch, and shear stress (6). Hydrostatic pressure is 

the force of blood within the vessel (7). It exerts stress perpendicular to the vessel wall 

and affects all layers of the vessel wall including  the endothelium, smooth muscle cells, 

and extracellular matrix (7, 8). Circumferential stretch or strain is the longitudinal force 

created by intercellular connections and occurs with changes in vessel diameter during 

the cardiac cycle (9). It also affects all layers of the vessel wall. Shear stress acts 

parallel to the vessel wall and is created by the flow of blood over the surface of the 

vessel wall. It primarily affects endothelial cells (Figure 2) (7, 10).   
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Figure 2. Hemodynamic forces on the vessel. Hahn and Schwartz, 2009. (11) 

Hydrostatic pressure is represented as p, while shear stress is represented as τ. 

 

     Shear stress is a vector force, having both magnitude and direction. In classical 

Pousseuille fluid dynamics, which assume a rigid tube and a Newtonian fluid (one that is 

noncompressible and frictionless) the magnitude of shear stress can be calculated by 

the equation SS = 4µQ/πr3 where µ is the viscosity of the fluid, Q is the fluid flow, and r is 

the radius of the tube (7). Measurement of shear stress in the arterial vasculature is 

complicated by the pulsatile nature of blood flow, the compliance of the arteries, the 

changing arterial diameter, the non-Newtonian properties of blood, and the branching 

and curving of the arteries (12).  

     The pulsatile flow of blood through variable geometric configurations of the arteries 

creates various patterns of shear stress on the endothelial lining of the vasculature (13). 

In relatively straight portions of the large arteries blood flow is unidirectional, laminar, 

and pulsatile with a shear stress magnitude ranging from 15 to 70 dynes/cm2 over the 
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course of the cardiac cycle. At geometrically irregular regions the blood flow has a 

disturbed laminar pattern, causing low and/or oscillatory shear stress magnitude at the 

vessel wall. Here, there are high temporal gradients in shear stress that average out to a 

low net magnitude (<10 to 12 dynes/cm2) over the course of the cardiac cycle (Figure 3) 

(12-14).   

 

 

Figure 3. Blood flow and endothelial shear stress at the carotid bifurcation. White and 

Frangos, 2007 (8).   

 

 

Shear stress and Atherosclerosis 

     Observational studies in humans have shown that atherogenic plaques preferentially 

form at vascular regions with low or oscillatory shear stress (15). In fact, a low level of 

chronic inflammation in these areas has been observed in human infants as well as in 

mice, which are generally resistant to atherosclerosis (11, 16). In mice conditioned to be 

prone to the formation of atherosclerotic plaques with factors such as a high fat diet and 
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the deletion of the LDL receptor or apoE, plaques can be shown to form preferentially in 

these regions (17). Intentional disturbance of blood flow in mouse models through 

ligation or cuffing has also shown formation of atherosclerotic plaques in regions of low 

or oscillatory shear stress and protection against plaque formation in regions of laminar 

shear stress (18, 19).  

     Many experimental models involve the application of laminar shear stress for short 

periods of time. This creates high temporal gradients of shear stress similar to those 

seen in areas of low or oscillatory shear stress. Over time cells adapt to the flow and 

begin to display the phenotype seen in areas of high shear stress. The signaling in 

response to these two types of flow is therefore interrelated; initially laminar shear stress 

causes activation of the same mechanosignaling complexes that are activated in regions 

of disturbed flow. However, by 1 hour after the initiation of laminar flow, many of these 

complexes have become deactivated.  In contrast, these complexes remain active in the 

presence of low or oscillatory flow, leading to the gene expression profiles, remodeling, 

and inflammation observed in these vascular regions (Figure 4).  

 
 
 

 
Figure 4. Timeline of endothelial response to disturbed and laminar flow patterns. Hahn 

and Schwartz, 2009 (11). 
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Shear stress and the Endothelium 

     Endothelial cells form the lining of arterial vessels and are therefore the primary 

sensors of fluid shear stress. The type of fluid shear stress has been shown to play a 

role in determining endothelial cell structure and function. Studies in the carotid 

vasculature have shown that endothelial cells tend to elongate and align with the mean 

direction of shear stress in areas of laminar flow. In areas of disturbed flow endothelial 

cells form a cobblestone appearance. The change from elongated and aligned to 

polygonal can occur abruptly within the vessel (within 1-2 cells) (14, 20). The endothelial 

cell gene expression profile in the presence of these two types of flow is also distinct: 

areas of high shear stress have been shown to have increased expression of 

atheroprotective genes and decreased expression of pro-inflammatory and pro-

atherogenic genes, while the reverse is true in areas of low or oscillatory or low shear 

stress (21-23).   

     The type of flow that cells are exposed to has been show to play a role in the 

expression of NO. An in vivo study demonstrated that in steady flow protective NO 

production overwhelmed the expression of proinflammatory superoxide whereas in 

oscillatory flow the production of superoxide prevailed and the bioavailability of NO was 

reduced (24). Low levels of NO production have also been shown to lead to increased 

expression of NF-κB (25). Activation of transcription factors such as nuclear factor-kappa 

β (NF-κB) can lead to the upregulation of proinflammatory genes as well as genes that 

control apoptosis and cell growth (26). NF-κB has been shown to be activated in areas 

of low or oscillatory shear stress (27).   

     Endothelial cells exposed to high flow with laminar shear stress for extended periods 

of time have been shown to have has a low turnover and decreased expression of 

inflammatory mediators (10, 11). High shear stress has been shown to decrease 
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endothelial cell apoptosis in response to inflammatory stimuli such as tumor necrosis 

factor α (28).  

      Conversely, endothelial cell stimulation with low or oscillatory shear stress has been 

shown to create many of the changes seen in dysfunctional endothelium, including an 

increase in endothelial cell turnover, uptake of lipoproteins, expression of leukocyte 

adhesion molecules, and increased leukocyte transmigration (13, 29-32). One example 

of these changes is monocyte chemoattractant protein (MCP-1) expression, which is 

increased up to 2.5 times upon endothelial cell exposure to high temporal gradients of 

laminar shear stress. This upregulation peaks at approximately 1.5 hours after initiation 

of shear stress. By 4 hours after initiation of shear stress, however, MCP-1 expression 

decreases below that of pre-shear endothelial cells (33). These observations indicates 

that disturbed fluid flow, as seen at branch points and curvatures of the arteries, primes 

the endothelium, allowing further insults such as the risk factors described above to 

initiate the development of atherosclerotic plaques. 

Mechanotransduction 

     Given the observations that shear stress affects atherosclerotic plaque formation and 

endothelial cell structure and function, attention has focused on understanding the basic 

mechanisms by which EC detect and convert biomechanical fluid forces into biochemical 

signals. These mechanisms are thought to occur through a combination of displacement 

of sensors at the apical surface, force transmission from the apical surface to lateral and 

basal regions of the cell through the cytoskeleton, and force transduction via signaling 

pathways allowing nuclear activation in response to shear stress (Figure 5) (12).  
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Figure 5. Force transmission and force transduction in the endothelium. Davies, 1995 

(12). 

Mechanosensors 

     Many cellular components which play a role in sensing, transmitting, and/or 

transducing the forces caused by fluid shear stress have been identified. These include 

the cytoskeleton, receptor tyrosine kinases, the glycocalyx, ion channels, integrins, 

adhesion proteins, caveolae, G-protein coupled receptors, and NADPH oxidase (12, 13, 

32, 34). Some of these receptors are discussed in detail below (Figure 6). 

 

 
Figure 6. Endothelial cell mechanotransduction pathways. Chatzizisis et al, 2007 (13).      
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Cytoskeleton 

     The cytoskeleton is composed of actin, microtubules, and intermediate filaments. 

While it is not clear whether the cytoskeleton directly senses changes in shear stress, it 

is thought to play a role in shear stress signaling by providing a scaffold for the 

transmission of mechanical signals from the apical membrane to lateral or basal 

surfaces of the cell (35). Pharmacological inhibition or disruption of the cytoskeleton has 

been shown to block shear induced changes in the endothelial cell (36, 37).  

 

The Glycocalyx 

     The glycocalyx is composed of glycosylated and sialated glycoproteins, 

glycosaminoglycans, and proteoglycans and is anchored in the apical plasma 

membrane. This structure is thought to play a role in sensing shear stress given its 

extension into the vessel lumen and its anchorage in the plasma membrane near known 

mechanotransduction elements (38). Pharmacological degradation of specific 

glycosaminoglycans has been shown to decrease shear stress dependent expression of 

nitric oxide and prostacyclin (38, 39). Additionally, this size of this structure in relation to 

the vessel lumen has been shown in mice to be decreased in atheroprone regions of the 

vasculature and with the addition of a pro-atherogenic diet (40). 

 

Ion Channels  

     Shear stress exposure has been shown to activate inwardly rectifying K+ channels 

and thereby cause hyperpolarization of the endothelial cell plasma membrane. The 

current was found to desensitize slowly and stop abruptly with the cessation of shear 



 

10 

 

stress (41). Additionally, intracellular Ca2+ levels have been shown to rapidly and 

transiently increase within 1 minute of EC exposure to shear stress and extracellular 

sodium has been shown to be necessary for shear induced activation of ERK1/2 (42, 

43).  

 

Receptor tyrosine kinases 

     Receptor tyrosine kinases are transmembrane proteins that contain extracellular 

ligand binding domains and intracellular tyrosine kinase domains. The receptor tyrosine 

kinase Vascular-Endothelial Growth Factor Receptor 2 (VEGFR2) has been shown to be 

rapidly and transiently activated by oligomerization, tyrosine phosphorylation, and 

association with the adaptor protein Shc with exposure to shear stress (44). This 

activation has been shown to be attenuated by blocking integrin activation, suggesting 

that integrin activation is upstream of VEGFR2 activation (45). 

   Another receptor tyrosine kinase, Tie2, has been shown to be activated by shear 

stress and is thought to signal through a Phosphatidylinositol-3-OH kinase (PI(3)K) and 

Akt dependent pathway (46). Tie2 signaling could play an important role in endothelial 

cell survival and decreased turnover in areas of high shear stress as well as 

reendothelialization in response to injury (46, 47). 

 

Integrins 

     Integrins are a family of transmembrane adhesion proteins which are made up of α 

and β heterodimers. Their extracellular domain binds a variety of extracellular matrix 

components, including fibronectin and collagen (32). The cytoplasmic domain of these 

proteins have been shown to interact with signaling molecules within focal adhesion 
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sites such as focal adhesion kinase (FAK), paxillin, c-Src, and Shc (48). Many of these 

proteins have been shown to be affected by shear stress. Exposure of endothelial cells 

to shear stress for 7 to 9 hours resulted in a decrease in the number of focal adhesion 

sites, but an increase in the size of those sites that remained (49). Shc is thought to play 

a role as a coordinator of flow signaling (50). 

     Integrin activation in endothelial cells has been shown to occur as early as 1 minute 

and to last as long as 6 hours with exposure to shear stress. This activation was 

measured by endothelial cell clustering and binding of Shc (44, 45).  Activation of 

integrins has been shown to lead to cytoskeletal realignment through Rho (51). Integrins 

have been shown to be necessary for the phosphorylation of Caveolin-1 in response to 

endothelial cell exposure to shear stress in a RhoA dependent manner (52).  

 

Junctional proteins 

     Adherens junctions are protein complexes that occur at the endothelial cell-cell 

border and form connections between endothelial cells as well as with the cytoskeleton. 

The proteins involved include Vascular-Endothelial cadherin (VE-cadherin), and catenin 

proteins such as β catenin, among others. VE-cadherin has been shown to play a role in 

the formation of focal adhesions through the activation of RhoA (53). PECAM-1 has also 

been shown to associate with EC junctional proteins and will be discussed in further 

detail below.   

 

Caveolae 

     Caveolae are a subset of lipid rafts and therefore contain a higher concentration of 

cholesterol and glycosphingolipids than the surrounding membrane (54). The flask-
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shaped structure of caveolae is maintained by caveolin proteins which interdigitate into 

the membrane via a hydrophobic hairpin loop. The N-terminal and C-terminal ends of the 

protein remain in the cytoplasm and form homo- and hetero-oligomeric complexes (55). 

There are three isoforms of caveolae, with caveolin-1 being the predominant isoform in 

endothelial cells (56). Expression of Cav-1 is necessary for the formation of caveolae 

within these cells, with its ablation resulting in a loss of the structure (57).  

     Chronic exposure to shear stress has been shown to cause increased levels of 

caveolae at the plasma membrane by redistribution of Cav-1 from the Golgi complex 

(58). In addition, Cav-1 is phosphorylated in response to endothelial cell stimulation with 

shear stress and this phosphorylation is dependent on Src family kinase and β1 integrin 

(59). In addition, expression of Cav-1 is necessary for the activation of eNOS (see 

below), Akt, and ERK1/2 in response to shear stress (60-63). 

 

eNOS 

Endothelial nitric oxide synthase (eNOS) is the most abundantly expressed of the three 

nitric oxide synthase isoforms in the vasculature. It is active in a dimer form and 

functions by transferring electrons through a reductase domain to an oxygenase domain 

where it catalyzes the formation of nitric oxide from L‐arginine (64). Stimulation of NO 

production by eNOS is biphasic, with a robust and transient Ca2+‐dependent phase and 

late, sustained, Ca2+‐dependent phase (65). The early phase is believed to be permitted 

by binding of Ca2+‐calmodulin. This binding is inhibited in unstimulated cells by eNOS 

binding to Cav-1. Upon stimulation, Cav-1 is phosphorylated, causing the release of 

ENOS, which allows eNOS to bind Ca2+-calmdoulin and produce NO (66). The latter 

phase is believed to be supported by a variety of modifications, including the binding of 
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the scaffolding protein HSP‐90 and the subsequent recruitment of and phosphorylation 

by Akt. This phosphorylation seems to be necessary for the prolonged production of low 

levels of NO (64). Early production of NO has been shown to be blocked by G protein 

inhibition (67). 

   

Downstream signaling pathways 

     While the initial sensors and the eventual phenotypes have been clarified to some 

extent, it remains unclear exactly how these multiple pathways are coordinated to create 

the distinct phenotypes seen in response Fcato different types of blood flow. Many 

common downstream signaling pathways have been identified, including but not limited 

to G-proteins, Shc, RhoA, MAP Kinases, ERK1/2, JNK, and Akt. 

     Exposure of cultured endothelial cells to shear stress has been shown to activate 

ERK1/2, with a 2-3 fold increase in phosphorylation which peaks 5 minutes. By 30 

minutes ERK1/2 phosphorylation returns to baseline levels. This activation can be 

blocked by inhibitors of G-proteins, tyrosine kinases, and Ras. JNK activation has also 

been shown to be dependent on these proteins, although JNK activation begins after 5 

minutes and continues to rise for at least 60 minutes (68). In endothelial cells cultured 

under chronic shear stress, an increase in shear stress elicits a blunted ERK1/2 

activation. The activation of Akt under these conditions however, is increased (60).  
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PECAM-1 

 

     Platelet-endothelial cell adhesion molecule (PECAM-1) is a 128 kDa glycoprotein that 

is highly expressed on the surface of human endothelial cells (EC) (69). In non-confluent 

EC PECAM-1 is evenly distributed throughout the membrane, while in confluent cells the 

protein becomes more concentrated at the cell-cell junctions (70). The external domain 

contains 6 Ig-like loops that are formed by highly conserved disulfide bonds (71). The 

first loop mediates homophillic binding to PECAM-1 molecules found on adjacent 

endothelial cells (EC) as well as those on leukocytes and platelets. The second loop 

allows heterophillic binding to other molecules such as glycosaminoglycan residues and 

heparan sulfate (69). 

     The cytoplasmic tail is 118 amino acids long and contains 5 threonine, 12 serine, and 

5 tyrosine residues.  Two of the tyrosines, Tyr-663 and Tyr-686 form an immunoreceptor 

tyrosine inhibitory motif (ITIM) domain. The tyrosines within this domain are rapidly 

phosphorylated in response to cell stimulation with fluid flow or hyperosmotic shock.  

This phosphorylation has been reported to occur as early as 30 seconds and to last for 

as long as 120 minutes (72, 73). Additionally, the phosphorylation is independent of Ca2+ 

mobilization, K+ channel activation, and protein kinase C activation (71).   

     Despite the ability to become rapidly tyrosine phosphorylated in response to flow 

stimulation PECAM-1 does not contain a kinase domain. Src and Csk family kinases are 

believed to play a role in PECAM-1 tyrosine phosphorylation, but a specific kinase has 

yet to be identified (9, 72). One study found that PECAM-1 phosphorylation was higher 

in cells overexpressing c-Src (74). Another study found that knockdown of Fyn 

expression, but not Src or Yes expression, inhibited PECAM-1 phosphorylation following 
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flow stimulation. The mechanism of this phosphorylation is unknown, however, as Fyn 

activation was not significantly increased following exposure to mechanical stress (75).      

 It seems that endothelial cells must be confluent for PECAM-1 phosphorylation 

and signaling (76, 77), although one study found shear induced tyrosine phosphorylation 

requires only the cytoplasmic domain of the protein and is independent of localization to 

the lateral membrane (78). Additionally, it is possible to induce phosphorylation and 

signaling by stimulating PECAM-1 which has been anchored to the culture dish or by 

exerting force directly on the protein using magnetic beads (77, 79). 

 Given the ability of PECAM-1 to become phosphorylated when mechanical force 

is directly applied, several potential signaling pathways have been described in which 

PECAM-1 is the primary mechanosensor. One such pathway, described by Tzima et al., 

involves a signaling complex of PECAM-1, vascular-endothelial cadherin (VE-cadherin), 

and vascular endothelial growth factor receptor-2 (VEGFR2). This complex was shown 

to be sufficient to activate Akt and cause cells to align in response to fluid flow.  

Members of this complex were also shown to be necessary for the flow induced 

activation of Src, PI(3)K, NF-ΚB, and ICAM-1 (77).        

     A second complex is formed between phosphorylated PECAM-1 and Src homology 2 

domain containing phosphatase 2 (SHP-2), a protein-tyrosine phosphatase.  In shear 

stimulated EC a portion of the cytoplasmic SHP-2, along with the adaptor protein Gab1, 

translocates to the cell-cell junctions.  This shift is not seen when PECAM-1 expression 

is downregulated (79, 80). SHP-2 recruitment is dependent on the ITIM tyrosines and 

can be inhibited by their nitration (79, 81). SHP-2 phosphatase activity and association 

with phosphorylated PECAM-1 is thought by some to be required for activation of 

ERK1/2, which regulates several transcription factors (79, 80). Others have 

demonstrated shear stress stimulated activation of ERK1/2, as well as p38 MAPK and 



 

16 

 

Akt, in PECAM-1 null cells and in the absence of PECAM-1 tyrosine phosphorylation 

(76). Given these data the significance of phospho-PECAM-1 and SHP-2 recruitment in 

ERK activation is not yet fully defined.      

     The complex formed by PECAM-1 and SHP-2 has also been observed to bind β-

catenin, which forms part of the adherens junctions between endothelial cells.  In this 

complex, PECAM-1 serves as a reservoir for β-catenin and prevents its nuclear 

translocation (82). PECAM-1 may also provide a scaffold which allows SHP-2 to 

dephosphorylate β-catenin and therefore increases vascular permeability. Additionally, 

PECAM-1 is necessary for flow stimulated inactivation of GSK-3β. The inactivation of 

this protein allows the levels of β-catenin to increase which also results in an increase in 

vascular permeability (83). 

     PECAM-1 has also been implicated in stimulating nitric oxide production in response 

to shear stress, although the data supporting this idea are largely conflicting. Arteries 

from PECAM-1 null mice showed significantly reduced NO dependent dilation in 

response to rapid increases in intraluminal flow (84). While the decrease in dilation was 

determined to be independent of eNOS activation, downregulation of PECAM-1 

expression has been associated with significant decreases in the flow-induced 

phosphorylation of eNOS (72, 80). The mechanism of this decrease is unknown as it is 

unclear exactly how PECAM-1 and eNOS interact. When examined using 

immunoprecipitation, the interaction was weak in untreated cells but increased in cells 

exposed to fluid flow (72). Alternatively, fluorescent microscopy showed that the 

presence of PECAM-1 causes localization of eNOS to the cell-cell junctions in resting 

cells and that the colocalization of these proteins was transiently disrupted with onset of 

fluid flow (85).   
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Caveolae as sites of mechanosignaling integration 

     The concept of caveolae as potential sites has arisen given the demonstrated 

importance of Cav-1 in the mechanosignaling of integrins and eNOS, as well as their 

known association with many known mechanotransducers including VEGFR2, SFK, and 

RhoA. One mechanism for mechanosignaling recruitment to caveolae is through the 

phosphorylation site of Cav-1, which is hypothesized to function as an SH2 binding site 

(86). Cav-1 also contains a regulatory scaffolding domain which allows interaction with 

proteins containing an appropriate scaffolding domain binding motif. Many proteins have 

been shown to contain this sequence including VEGFR2, VE-cadherin, eNOS, and Src 

family kinases, all of which have been implicated in PECAM-1 mediated 

mechanotransduction (87). In addition, eNOS and VEGFR2 have been shown to be 

enriched in caveolae (66, 88-90).  

 

PECAM-1 Localization 

    Although it does not contain a cav-1 scaffolding binding motif, PECAM-1 has been 

shown to colocalize with cav-1 in pulmonary aortic endothelial cells and electron 

microscopy studies have shown immunogold labeled PECAM-1 within caveolae (91, 92). 

Recently, the mechanism of PECAM-1 targeting to lipid rafts was demonstrated via 

palmitoylation of a juxtamembrane cysteine (Cys595) located in the C-terminal 

cytoplasmic tail (93). This targeting was demonstrated to have functional significance in 

platelets where it facilitated PECAM-1 interaction with and downregulation of the GPVI-

FcR γ-chain complex (94).  
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     In addition to targeting proteins to lipid rafts, palmitoylation has been shown to be 

important in the targeting of membrane proteins to caveolae. CD39, a vascular ATP or 

NTP diphosphohydrolase, is palmitoylated at its N-terminal cytoplasmic domain and can 

be visualized in caveolae at the plasma membrane via electron microscopy. Truncation 

of the protein to remove this domain causes CD39 to be expressed in a soluble form and 

to be absent from the plasma membrane (95). Palmitoylation of eNOS at cysteine 

residues 15 and 26 is required for its targeting to caveolae (23). This targeting has 

functional significance as non-palmitoylated eNOS produced less NO with ionomycin 

stimulation than palmitoylated eNOS. Further, this change was not dependent on the 

catalytic properties of the enzyme, as purified non-palmitoylated eNOS was kinetically 

identical to wild-type eNOS (96).  

 

In vivo Studies 

     Several in vivo studies also suggest that PECAM-1 and caveolae modify similar 

signaling pathways. Aortic endothelial cells from PECAM-1 deficient mice exposed to 

fluid shear stress show a reduction in NF-κB activation, ICAM-1 expression, and 

inflammatory cell accumulation compared to control mice (97). Identical results are seen 

in LPS stimulated polymorphonuclear leukocytes from cav-1 deficient mice (98). 

Additionally, similar effects are seen when cav-1 or PECAM-1 knockout mice are 

crossed with ApoE deficient mice. In both animals there is a dramatic reduction in the 

size and number of atherosclerotic plaques when mice are fed a high fat diet (99, 100).    
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Summary 

     Hemodynamic shear stress has profound effects on endothelial cell phenotype, which 

may determine atheroprotection or atherosusceptibility of the vasculature (13). As a 

result, attention has focused on understanding the molecular signaling pathways that 

detect and transmit hemodynamic forces into the cell. Despite having identified several 

components which can sense fluid flow we still do not have a clear view of the 

mechanotransduction process. Interestingly, each of the elements utilizes similar sets of 

second messengers to propagate fluid mechanical signals within the cell. This 

observation indicates that there is likely cross-talk between mechanosensing elements 

and integration of mechanical signaling.  While much work has been done to clarify 

individual pathways, little work has been done to determine exactly how exactly these 

elements interact and lack of detailed understanding of this signal integration is impeding 

progress in the field.  Considering the process from the vantage point of an integrative 

system rather than individual discrete elements is a shift of focus in the field that will help 

to progress our understanding of mechanotransduction.    

     One mechanosensor, PECAM-1, has been shown to play a critical role in regulating 

inflammation and the formation of atherosclerotic plaques in areas of turbulent flow.  

Although several signaling molecules have been shown to be regulated by PECAM-1 in 

response to shear stress, the mechanism of this interaction has yet to be clarified.  

Given the significant role of caveolae as signaling and mechanotransduction sites on the 

endothelial cell surface, we propose that caveolae coordinate biomechanical inputs and 

transduce signaling events from mechanosensitive PECAM-1 that ultimately modify EC 

function in response to flow (Figure 7). 
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Figure 7. Model of PECAM-1 mechanotransduction. 

 

Hypothesis 

Compartmentation of PECAM-1 within caveolae facilitates PECAM-1 

mechanotransducing capabilities through the utilization of caveolae-based signaling 

molecules in order to ensure propagation of shear stress signals into the cell. 

 

Specific Aims 

Aim 1: Determine the role of caveolae in shear stress induced activation of PECAM-1.    

          We hypothesize that rafts/caveolae play an important role in PECAM-1 activation 

by shear stress (defined as tyrosine phosphorylation, SHP2 recruitment, and the 

formation of a mechanosensory complex with VE-cadherin, VEGFR2, and βcatenin) 

through providing a signaling compartment that allows for the formation and propagation 

of PECAM-1 mediated mechanotransduction events.    

     In order to test this hypothesis subcellular fractionation and immunoprecipitation will 

be performed on endothelial cells following exposure to atherogenic shear stress to 
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determine the precise spatial location of PECAM-1 as well as its tyrosine 

phosphorylation, association with SHP-2, and complex formation with 

VEcadherin/VEGFR2/βcatenin. The role of caveolae microdomains on these early 

signaling events will be determined by their disruption via two independent and 

overlapping methods. These biochemical studies will be substantiated using 

immunofluoresence confocal microscopy. In vitro experiments will be verified using 

partial carotid ligation models as a means of altering shear stress.   

 

 

Aim 2. Determine the functional significance of PECAM-1 compartmentalization in 

caveolae in response to hemodynamic flow.  

     We hypothesize that caveolar compartmentalization of PECAM-1 is necessary to 

couple PECAM-1’s mechanotransducing function with EC dysfunctional phenotypes 

induced by atherogenic patterns of flows.   

     The specific role of caveolar localized PECAM-1 will be evaluated using a PECAM-1 

palmitoylation mutant which is unable to target to these microdomains.  Here we will 

expose cells to atherogenic shear stress and determine the effect of mistargeting on 

signaling events reported to be downstream of PECAM-1 including ERK1/2 activation, 

NF-kB activation, and expression of ICAM-1 and VCAM-1.  

 

 

  



 

22 

 

CHAPTER 2: MATERIALS AND METHODS 

 

Materials and Reagents 

 

     Unless otherwise noted, reagents were obtained from Sigma (St Louis, MO).  

     Primary antibodies used are as follows: Fyn sc-16, SHP-2 sc-424, PECAM-1 (M20) 

sc-1506, PECAM-1 (Gi18) sc-65435, PECAM-1 (P2B1) sc-2007, VE-cadherin sc-6458, 

(Santa Cruz, Dallas, TX); Shc 2432, pAkt (Ser473) 9271, Akt 9272, pERK1/2 9106, 

ERK1/2 9102 (Cell Signaling, Danvers, MA); Myeloperoxidase ab9535 (Abcam, 

Cambridge, MA); mIGA2b MAB4118 (R&D Systems, Minneapolis, MN); Caveolin-1 

610060, Caveolin-1 610494, Rac-1 R56220, PECAM-1 (MEC 13.3) 553369 (BD, San 

Jose, CA); phospho-Tyrosine (4G10) 05-321 (Millipore, Billerica, MA).   

     Secondary antibodies used are as follows: anti-Goat (Invitrogen, Grand Island, NY); 

anti-Mouse, and anti-Rabbit (Thermo Fisher Scientific, Rockford, IL); anti-Rat anti-Rat 

(Santa Cruz, Dallas, TX). 

 

Cell Culture 

 

     Bovine aortic endothelial cells (BAEC) were obtained from Cell Applications (San 

Diego, CA) and grown in MCDB-131 culture medium (Sigma) supplemented with 15% 

fetal bovine serum (FBS) (Atlanta Biologicals) and 0.04 mg/ml gentamicin sulfate. 

Experiments were performed using cells passage 8 or below.  
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     Wild-Type and Cav-1-/- mouse pulmonary endothelial cells had previously been 

isolated in the laboratory from wild type (WT) and caveolin-1 knockout (Cav-1 KO) mice 

(Jackson Laboratories, Bar Harbor, ME). Endothelial cells were isolated by PECAM-1-

coated magnetic beads and characterized as endothelial in origin by positive staining for 

PECAM-1 and VE-cadherin. Cells were grown in MCDB-131 culture medium (Sigma) 

supplemented with 10% FBS and 0.04 mg/ml gentamicin sulfate. Experiments were 

performed using cells passage 12 or below.   

     REN cells were a gift of Dr. Steven Albelda and were grown in RPMI1640 culture 

medium (Sigma) supplemented with 10% FBS and 0.04 mg/ml gentamycin sulfate.     

     HEK293A cells were obtained from Invitrogen (Grand Island, NY) and grown in 

DMEM culture medium (Gibco) supplemented with 10% FBS and 0.04 mg/ml gentamicin 

sulfate.  

     All cells were maintained at 37°C, 95% humidity, and 5% CO2. 

 

siRNA 

 

     BAEC at 85–90% confluence were transfected with 100 nM caveolin-1 SMARTpool 

small interferring RNA (siRNA) or siCONTROL (a nontargeting pool of siRNAs that 

contains at least four mismatches for all known gene sequences) using DharmaFECT-1 

(Dharmacon, Lafayette, CO) according to the manufacturer's protocol. Cells were used 

for experiments 48 h posttransfection. Knockdown of caveolin-1 was confirmed by 

Western analysis for caveolin-1. 
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In Vitro Flow Experiments 

 

     An in vitro flow system designed to mimic the hemodynamic forces produced in vivo 

was used to impose shear stress on endothelial cell cultures. The system consisted of a 

parallel plate chamber (Streamer model, Flexcell Corp.) connected to a recirculating flow 

circuit composed of a variable speed peristaltic pump, a fluid capacitor that damped 

pulsation, and a reservoir with culture medium. Shear stress was determined by the 

equation, shear stress = 6µQ/bh2, where Q was the flow rate in cm3/min, b was the 

channel width in cm, h was the channel height in cm, and µ was the dynamic viscosity of 

the fluid in dynes/cm2. Temperature was maintained at 37°C, and pH and oxygen levels 

were maintained in a 95% air/5% CO2 humidified incubation chamber.  

     Endothelial cells were cultured on gelatin-coated microscope slides until confluent. 

Prior to placement in the parallel plate chamber for application of shear stress cells were 

acclimated for 2 hours in “flow-media” consisting of MDCB-131 containing 1% FBS to 

reduce background signaling contributed by serum growth factors. Endothelial cells were 

placed in the parallel plate chamber and exposed to unidirectional laminar shear stress 

applied at a magnitude of 10 dynes/cm2 (acute step change from 0 to 10 dynes/cm2). 

This flow profile simulated high temporal gradients of shear stress generated at the 

atheroprone, curved regions and branch points of the arterial tree. Endothelial cell 

cultures were subjected to these atherogenic flow patterns for 1, 5, or 10 minutes. 

Experiments also included control cells cultured on slides but not exposed to flow. 
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In vivo Flow Experiments 

     C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME) and fed a 

chow diet and water ad libitum.  Partial carotid ligations were performed on male mice 6 

to 8 weeks of age. Animals were anesthetized with ketamine (100 mg/kg Fort Dodge 

Animal Health, Fort Dodge, IA) and xylazine (10 mg/kg, Lloyd Laboratories, 

Shenandoah, IA) via intraperitoneal injection. Anesthesia depth was verified via toe 

pinch and animals were placed on a heating pad to maintain body temperature at 37°C. 

The neck was prepared from mandible to sternum with a depilatory agent and sterilized 

with ethanol. A ventral midline incision (4-6 mm) was made in the neck and the carotid 

vasculature was exposed by blunt dissection. The left external carotid, internal carotid, 

and occipital arterial branches of the left common carotid artery were ligated by closure 

of a 6-0 silk suture looped around each vessel. The superior thyroid artery was left 

intact. Incisions were closed by suturing muscle and skin layers with 4-0 silk followed by 

administration of penicillin G/streptomycin (200,00U/ml) and mice allowed to recover for 

either 24 or 48 hrs. At the conclusion of each experimental time point mice were 

euthanized with sodium pentobarbital and perfused with 10µL/mL Heparin Sulfate in 

PBS. The common carotid arteries were harvested and homogenized in PBS. Samples 

were centrifuged at 5,000rpm for 5 minutes to pellet debris. Supernatant was used as 

whole vessel lysates for biochemical analysis as described below. All experiments were 

approved by the Temple Institutional Animal Care and Use Committee (Temple IACUC # 

3373). 

 

Ultrasound Measurements 

     Flow velocity pre- and post-ligation was measured using a Visualsonics Vevo 770 

High-Resolution Imaging System with a RMV 707B Scanhead. Mice were anesthetized 
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with inhaled isoflurane. Body temperature was maintained with a heated stage and 

anesthesia and vital signs were observed throughout the procedure. A region of interest 

within the common carotid arteries was identified in B-Mode and pulsed-wave Doppler 

mode was used to determine the velocity of flow within that region. All experiments were 

approved by the Temple Institutional Animal Care and Use Committee (Temple IACUC # 

3373). 

 

Adenovirus Creation 

PECAM-1 Plasmids 

     Plasmids containing Wild-type (WT) and Cysteine 595-alanine mutant (C595A) 

PECAM-1 were a gift from Dr. Denise Jackson. The C595A mutant had been generated 

using the Quik-Change site-directed mutagenesis kit from Stratagene on a template 

vector containing WT PECAM-1cDNA cloned into the EcoR1 site of pcDNA3.0. 

Authenticity of clones had been confirmed via sequencing (93). Repeat sequencing on 

EcoRI digested plasmids (see below) was performed by the Children’s Hospital of 

Philadelphia NAP Core Facility (Philadelphia, PA) with T7 and pcDNA31BG primers.   

  

Vector Ligation and Cloning 

     WT and C595A PECAM-1 sequences were amplified by PCR to contain Bgl2 and 

SalI restriction enzyme sites then ligated into pIRES2-EGFP vector (Clontech, Mountain 

View, CA). This was done by incubating insert sequences and the vector in a 3:1 ratio 

along with T4 DNA Ligase and Ligase Buffer at room temperature for 2 hours. The 

PECAM-1/EGFP sequences were cloned into the pENTR4 Dual Selection Vector 
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(Invitrogen, Carlsbad, CA) through ligation at the SalI and BamHI restriction enzyme 

sites as above. The sequences were cloned from the entry vector into the pAd/CMV/V5-

DEST vector by a reaction with LR Clonase II (Invitrogen) according to manufacturer’s 

instructions. In addition to the manufacturer’s protocol, the techniques described below 

were used in this process.  

 

DH5α Competent Cell Transformation 

     Subcloning Efficiency DH5α Competent Cells (Invitrogen, Grand Island, NY) were 

mixed gently with a solution containing the appropriate plasmid or vector. The mixture 

was incubated on ice for 30 minutes, heat shocked at 42° for 20 seconds, then 

incubated on ice for 2 minutes. Antibiotic free LB broth (1% Tryptone, 0.5% yeast 

extract, 1% NaCl, pH 7.5) was added and the mixture was incubated at 37° for 1 hour 

then plated on LB agar plates with ampicillin (1% Tryptone, 0.5% yeast extract, 1% 

NaCl, 1% agar, 1:1000 antibiotic, pH 7.5) overnight.  

 

Plasmid DNA Amplification and Purification 

     Colonies were amplified by culture in LB containing the appropriate antibiotics at 

37°C overnight. Samples were centrifuged at 3000 RPM for 5 minutes to obtain bacterial 

pellet. Plasmid DNA was purified using a QIAprep Spin Miniprep Kit (Qiagen, 

Germantown, MD) according to manufacturer’s instructions. If greater purification was 

needed, DNA was separated using gel electrophoresis (see below). The desired band of 

DNA was sliced from the gel and DNA was isolated using the Wizard SV Gel and PCR 

Clean-Up System (Promega, Madison, WI) according to manufacturer’s instructions.  
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Polymerase Chain Reaction Amplification 

     Polymerase chain reaction (PCR) amplification was performed using a Phusion High-

Fidelity PCR Kit (New England Biolabs, Ipswitch, MA). A mix containing H20, 5x Phusion 

HF Buffer, 10mM dNTPs, forward primer, reverse primer, template DNA, and Phusion 

DNA Polymerase was created.  

     Forward primer (5’-GATCAGATCTCGGGAGAAGTGACCAGAGCA-3’) and reverse 

primer (5’-GATCGTCGACCGGGAAATTCAACAGCCCCT-3’) which contained the a cap 

sequence (plain text), SalI or BglII restriction enzyme sites (bold), and PECAM-1 

sequence (italic) were designed in order to add appropriate restriction enzyme sites to 

the PECAM-1 sequence and were obtained from Eurofins MWG Operon (Huntsville, AL). 

Cycling conditions included initial denaturation 98°C for 30 seconds followed by 25 

rounds of (denaturation at 98°C for 10 seconds, annealing at 58°C for 30 seconds, 

elongation at 72°C for 1 minute), then a final extension at 72°C for 5 minutes.    

 

Plasmid Digestion 

     Reagents for plasmid digestion were obtained from Invitrogen (Grand Island, NY). 

Samples were restriction digested with appropriate enzymes (including EcoR1, BglII, 

Sal, HindIII, BamH1, or Xho1) in a solution containing the template, appropriate buffer (I-

IV), and, if necessary, bovine serum albumin for the appropriate length of time (30 

minutes to overnight).   

 



 

29 

 

Adenoviral Vector Production 

     HEK cells were grown until 90% confluent then serum starved for 1 hour. 

Lipofectamine reagent (Invitrogen, Grand Island, NY) and linearized adenoviral vectors 

were individually diluted with Opti-MEM media, then mixed and incubated together for 20 

minutes. The entire mixture was added to the cells and incubated for 3 hours. The cells 

were incubated overnight in DMEM with 5% FBS. Adenoviral expression of GFP was 

confirmed by fluorescence microscopy and cells were harvested 2-4 days later when 80-

90% of the cells were round or floating. Media and cells were subjected to 3 freeze/thaw 

cycles and then centrifuged at 3000 RPM for 30 minutes. The supernatant was used to 

infect HEK cells and the harvesting process was repeated. The virus containing 

supernatant of solution #2 was used to transfect REN cells.  

 

Adenoviral Titer 

     Adenoviral Titer was determined using an end-point dilution assay. HEK cell were 

plated into a 96-well plate 24 hours before titration assay. Serial dilutions of the 

adenoviral stock ranging from 10-3 to 10-10 were created with sterile growth medium. 

Each dilution was added to columns 1-10 of a given row. Rows 11 and 12 were left as 

controls of viability of non-infected cells. The plate was incubated at 37°C, 95% humidity, 

and 5% CO2 for 10 days. Wells were scored for cytopathic effect and were considered 

positive if there was any increase in cytopathic effect compared to control cells. The titer 

was calculated using the equation Titer = 10(x+0.8) where x is the sum of fraction of 

positive wells in each row (for example, the fraction for a row with 7 positive wells would 

be 0.7). Conditions for the titer required that the row infected with the least dilute virus all 
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show cytopathic effect and the rows with the most dilute virus as well as control wells 

show no signs of cytopathic effect.    

 

REN Cell Transfection 

     REN cells were grown until 90% confluent and then serum starved for 1 hour. 

Indicated volumes of solution #2 were diluted in serum free, gentamycin containing 

RPMI1640. Cells were incubated with viral solution for 1.5 hours, with gentle mixing 

every 15 minutes. Additional serum free media was added to the wells and the samples 

were allowed to incubate for 24-48 hours. Expression of iGFP was confirmed with 

fluorescence microscopy. Cells were prepared for lipid raft isolation, caveolae isolation, 

or in vitro flow experiments. 

 

Lipid Raft Isolation 

 

     Endothelial cells monolayers were scraped in Tricine buffer (20mM Tricine, 1mM 

EDTA, 250mM sucrose, pH 7.4) and centrifuged at 1400xg for 5 min at 4°C.  Pellets 

were resupsended in 1ml Tricine buffer and homogenized with a dounce homogenizer.  

Homogenates were centrifuged at 1400xg for 10 min at 4°C.  The supernatant was 

mixed with 30% Percoll (Sigma) and centrifuged in a Beckman MLS50 rotor (OPTIMA 

MAX, Beckman) at 77,000g for 25 min.  Plasma membranes were collected, sonicated 

(3x30sec bursts on ice), and mixed with 1.2ml 60% sucrose.  They were placed in the 

bottom of a 5ml tube, layered with 1.3ml 35% and 5% sucrose, and centrifuged at 

87,400g, overnight at 4°C in a Beckman MLS50 rotor.  Plasma membrane fractions were 

collected in 0.4mL fractions from top to bottom of the tube. Samples for Western 
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analysis were added to 0.1ml TCA-DOC [100% (w/v) TCA in ddH20, 0.1% (w/v) 

Deoxycholic acid] to precipitate proteins. Protein was resuspended in SDS sample buffer 

and pH was corrected with NaOH if necessary. For immunoprecipitation from lipid rafts, 

fractions 4-6 were pooled and mixed with equal volume of 2x IP lysis buffer [100mM Tris 

Base (pH 8.0-8.5), 300mM NaCl, 4 mM EDTA, 100 mM NaF, 2% Triton X-100, 2% NP-

40, 1x Phosphatase Inhibitor, 1x Protease Inhibitor].  Immunoprecipitation was 

performed as below.    

 

Caveolae Immunoisolation 

 

     Anti-mouse coated dynabeads were conjugated by incubated with mouse-anti-Cav-1 

antibodies for 1 hour at room temperature. Beads were washed once with PBS. 

Endothelial cells monolayers were scraped in Tricine buffer (20mM Tricine, 1mM EDTA, 

250mM sucrose, pH 7.4) and centrifuged at 1400xg for 5 min at 4°C.  Pellets were 

resupsended in 1ml Tricine buffer and homogenized with a dounce homogenizer.  

Homogenates were centrifuged at 1400xg for 10 min at 4°C.  The supernatant was 

mixed with 30% Percoll (Sigma) and centrifuged in a Beckman MLS50 rotor (OPTIMA 

MAX, Beckman) at 77,000g for 25 min.  Plasma membranes were collected and 

incubated with the antibody-bead conjugate for 1 hour at 4°C. The bound fraction (B) 

containing caveolae vesicles was magnetically separated from the unbound fraction and 

washed three times with PBS.  Unconjugated beads were used as a control for non-

specific binding.   
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Immunoprecipitation 

 

      Protein G-coated paramagnetic dynabeads (Dynal) were conjugated by incubation 

with an appropriate mono- or polyclonal primary antibody for 15 min at room 

temperature.  Beads were washed once with wash buffer (PBS + 0.01% Tween) and 

blocked with 3% BSA in wash buffer for 30 min at room temperature.  Endothelial cell 

lysates were prepared in IP lysis buffer [50mM Tris Base (pH 8.0-8.5), 150mM NaCl, 2 

mM EDTA, 50 mM NaF, 1% Triton X-100, 1% NP-40, 1x Phosphatase Inhibitor, 1x 

Protease Inhibitor] and incubated with blocked antibody/bead conjugates for 30 min at 

room temperature.  The bound fraction was magnetically separated from the unbound 

fraction, washed three times with wash buffer, and processed for Western analysis. 

 

Western Blot Analysis 

 

     Endothelial cells were processed in lysis buffer and protein content determined by 

BCA protein assay (Thermo Scientific).  Equivalent amounts of protein were separated 

by SDS-PAGE (10% gels) followed by electrotransfer to nitrocellulose membranes 

(Biorad).  Membranes were reversibly stained with Ponceau S, washed briefly with TBST 

(2.42g/L Tris Base, 8 g/L NaCl, pH 7.6, 0.5% Tween-20), and blocked with 5% milk in 

TBST for 1 hour. Membranes were incubated with primary antibody overnight, then 

washed 3 times for 5 minutes each with TBST, followed by incubation with appropriate 

horseradish peroxidase-conjugated secondary antibodies (Amersham). Membranes 

were again washed with TBST and Proteins of interest were detected with the use of 

enhanced chemiluminescence substrate (Amersham). Autoradiograms were scanned 
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and digitized. Densitometric quantification of immunoblots with the use of Image J 

software (NIH) enabled direct comparisons between control and experimental samples. 

Results were normalized by arbitrarily setting the densitometry value of control samples 

to 1.0. 

Immunofluorescence Staining 

 

     Endothelial cell monolayers were washed with PBS, fixed with 4% paraformaldehyde 

for 20min, permeabilized with 100µg/ml saponin in HEPES buffer (10mM HEPES, 

100mM KCl, 5mM MgCl2) for 5 min, washed with PBS, and blocked in 10% goat serum 

in PBS for 20 min.  Cells or tissue were then incubated with primary antibodies for 

proteins of interest (alone and together) for 1 hour on ice followed by the desired Alexa-

conjugated secondary antibodies (Molecular Probes / Invitrogen).  Labeled proteins were 

imaged using a Leica TCS confocal microscope operated by LCS software (Leica).  

Separate images for each labeled protein were taken from the same field and overlaid 

using Adobe Photoshop software.  Areas of colocalization (association) were confirmed 

by presence of color merge between particular proteins.   

 

Statistical Analysis 

 

     For each study data were gathered from at least three independent experiments and 

pooled according to group. Mean and standard deviation was calculated and differences 

between groups analyzed with an unpaired two-tailed Student’s t test or ANOVA. 

Differences between control and experimental groups was significant at p<0.05.   
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CHAPTER 3:  PECAM-1 COMPLEX FORMATION IS COMPARTMENTALIZED IN LIPID 

RAFTS AND CAVEOLAE 

In vitro complex formation 

Fluid Shear Stress Stimulates PECAM-1 Complex Formation in BAEC 

    PECAM-1 phosphorylation, SHP-2 recruitment, and subsequent ERK1/2 activation 

has previously been shown in BAEC stimulated with hyperosmotic shock or with fluid 

flow in a cone and plate system (72, 73). In addition, PECAM-1 has been shown to form 

a signaling complex with VE-cadherin, VEGFR2, and βcatenin which goes on to activate 

NF-κB when these proteins are expressed in COS-7 cells exposed to fluid shear stress 

(77).  

     In order to determine if these events occurred in our system we exposed BAEC to 

laminar sheer stress. We used a short time course in order to simulate the high temporal 

flow gradients observed at atheroprone regions of the vasculature (Figure 4). Although 

PECAM-1 may play a role in sensing high shear stress resulting from long term 

exposure to laminar flow, we chose to focus on potential pro-inflammatory signaling in 

response to high temporal gradients of shear stress. This decision was based on the 

observations that PECAM-1 signaling has been shown to activate NF-κB and ERK1/2, 

which are known to play a role in inflammatory signaling pathways.  

     After exposure to shear stress, PECAM-1 was immunoprecipitated from the lysed 

samples and probed for tyrosine phosphorylation (pY) and recruitment of SHP-2 and VE-

cadherin (Figure 8). Results showed tyrosine phosphorylation of PECAM-1 peaked at 1 

minute and was elevated through 10 minutes. VE-cadherin binding peaked at 5 minutes, 

but was increased at 1 minute and 10 minutes. SHP-2 binding increased at 5 minutes 

and remained increased at 10 minutes.   
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Figure 8. PECAM-1 forms mechanosensory complexes with short-term exposure to 

shear stress.  PECAM-1 was immunoprecipitated from control and shear exposed (1, 5, 

or 10 minutes, 10 dynes/cm2) BAEC. Bound proteins were prepared for Western 

analysis and blotted for PECAM-1, pY, SHP-2, and VE-cadherin. Results show shear 

dependent PECAM-1 phosphorylation and recruitment of SHP-2 and VE-cadherin. Blot 

is representative of three independent experiments.    

  

Shear Sensitive PECAM-1 Is Enriched In Lipid Rafts 

     Recent studies have shown that PECAM-1 is enriched in lipid rafts in platelets (91, 

94). To determine if this enrichment occurred in endothelial cells and if exposure of cells 

to shear stress played a role in enrichment, we isolated light buoyant density membrane 

rafts from control and shear exposed BAEC with sucrose gradient centrifugation. 

Western blotting revealed a subpopulation of PECAM-1 is localized and enriched in cav-

1 containing light buoyant density raft fractions and that this enrichment does not change 

with exposure of BAEC to shear stress (Figure 9).  
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Figure 9. PECAM-1 is enriched in membrane rafts of BAEC exposed to shear stress. 

Control and shear exposed (10 dynes/cm2 for 1 min) BAEC were processed to purify 

plasma membranes and subfractionated by sucrose gradient centrifugation to isolate 

light buoyant density membrane raft domains from bulk membranes. Proteins within 

plasma membrane fractions were prepared for Western analysis and blotted for PECAM-

1 and Cav-1. Results show enrichment of PECAM-1 in membrane rafts in control cells 

and no change in this enrichment with exposure of BAEC to shear stress. Blot is 

representative of three independent experiments. 

 

 

     In order to determine if the PECAM-1 enriched in lipid rafts was able to be 

phosphorylated and to recruit second messengers,  we immunoprecipitated PECAM-1 

from pooled sucrose gradient fractions (fractions 4-6) containing light buoyant density 

membrane raft domains from both control and shear exposed BAEC. Western analysis 

of immunoprecipitated proteins revealed statistically significant tyrosine phosphorylation 

of PECAM-1 and recruitment of SHP-2 in light buoyant density rafts of BAEC exposed to 

shear stress (Figure 10). 
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Figure 10. PECAM-1 in lipid rafts is tyrosine phosphorylated and recruits SHP-2 with 

shear stress. Control (-) and shear exposed (+,10 dynes/cm2 for 5 min) BAEC were 

processed to purify plasma membranes and subfractionated by sucrose gradient 

centrifugation to isolate light buoyant density membrane raft domains from bulk 

membranes. PECAM-1 was immunoprecipitated from membranes within the light 

buoyant density raft domains (fractions 4-6). Bound fractions were prepared for Western 

analysis and blotted for PECAM-1, pY, and SHP-2. Densitometric analysis showed 

significant tyrosine phosphorylation of PECAM-1 and recruitment of SHP-2 (*, p<0.05). 

  

 

Shear Sensitive PECAM-1 is localized to caveolae  

     Lipid raft isolation provides general information about cholesterol containing 

membrane fractions, however it does not provide specific information regarding 

caveolae. Caveolae have been shown to play an important role in mechanotransduction, 

particularly in the shear induced activation of Akt, ERK1/2, and eNOS (60-63). We 

therefore sought to further characterize the localization of PECAM-1 and PECAM-1 

second messenger proteins within the plasma membrane. To do this we purified 
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caveolae from control and shear exposed BAEC using a technique that has previously 

been shown to isolate the entire caveolae structure from plasma membrane fractions 

(101). Briefly, sheep anti-mouse IgG paramagnetic dynabeads were conjugated with 

cav-1 mAb and incubated with purified plasma membranes. Western analysis of 

caveolae fractions demonstrated no significant change in PECAM-1 localization with cell 

exposure to shear stress. Results did show significant tyrosine phosphorylation of 

PECAM-1 and recruitment of SHP-2, VE-cadherin, and Fyn to caveolae with exposure to 

shear stress ( 

Figure 11).  

 

 

 

Figure 11. Shear-induced tyrosine phosphorylated PECAM-1 is present in caveolae. 

Plasma membranes from control (-) and shear exposed (+, 10 dynes/cm2 for 10 min) 

BAEC were incubated with IgG paramagnetic beads coated with anti-Cav1 mAb. Beads 

containing bound caveolae vesicles were magnetically separated. Proteins within 

samples were prepared for Western analysis and blotted for PECAM-1, phosphotyrosine 

(4G10; pY) and cav-1. Results show significant tyrosine phosphorylation of PECAM-1 

and recruitment of SHP-2, VE-cadherin, and Fyn to caveolae with BAEC exposure to 

shear stress (*, p<0.05).  
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PECAM-1 and Cav-1 colocalization 

     To determine if PECAM-1 enrichment in caveolae was indicative of PECAM-1 binding 

to Cav-1, we performed reciprocal immunoprecipitations. Dynabeads were conjugated 

with either anti-PECAM-1 or anti-Cav-1 and incubated with whole cell lysates. Control 

unconjugated beads (beads alone, BA) were also incubated with whole cell lysates to 

demonstrate antibody specific binding. Western analysis of proteins from whole cell 

lysate (L), bound fractions (B) and unbound fractions (UB) show antibody specific 

isolation of PECAM-1 and Cav-1 without direct association of the two proteins (Figure 

12).  

 

Figure 12. PECAM-1 and Cav-1 do not co-immunoprecipitate. BAEC lysates were 

incubated with anti-PECAM-1 or anti-Cav-1 conjugated Dynabeads. Proteins from whole 

cell lysate (L), bound fractions (B) and unbound fractions (UB) were prepared for 

Western analysis. Results show antibody specific isolation of PECAM-1 and Cav-1 

without direct association of the two proteins. Blots are representative of three 

independent experiments. 
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     We also looked for colocalization of PECAM-1 and Cav-1 via immunofluorescence 

confocal microscopy. Control and shear exposed BAEC were fixed with 4% 

paraformaldehyde and stained with anti-PECAM-1 (rhodamine red conjugated 

secondary antibody) or Cav-1 (FITC green conjugated secondary antibody). Slides were 

visualized with confocal microscopy and images were merged to show colocalization 

(yellow). PECAM-1 and Cav-1 can be seen to colocalize at the plasma membrane in 

both control and shear exposed BAEC (Figure 13). 

 

Figure 13. PECAM-1 and Cav-1 colocalization in BAEC. Control and shear exposed (10 

dynes/cm2 for 5 min) were co-stained for PECAM-1 (red rhodamine conjugated 

secondary) and Cav-1 (green FITC conjugated secondary antibodies) and proteins were 

visualized by confocal microscopy.  Colocalization was observed in both control and 

sheared cells (yellow staining pattern, arrows).    
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Cav-1/caveolae depletion alters shear-induced PECAM-1 phosphorylation and complex 

formation 

     In order to determine if the caveolin-1 protein and caveolae are necessary for 

PECAM-1 mechanosensory signaling and complex formation we used Cav-1 siRNA to 

transiently reduce the levels of Cav-1 protein in BAEC. This treatment decreases Cav-1 

expression by at least 90%. Here, BAEC were transfected with siCONTROL or cav-1 

SMARTpool siRNA 48 hours prior to shear exposure. After shear exposure, PECAM-1 

was immunoprecipitated from whole cell lysates. Bound proteins were analyzed via 

Western blotting for PECAM-1 tyrosine phosphorylation and recruitment of SHP-2 and 

VE-cadherin. Densitometric analysis showed significant shear induced tyrosine 

phosphorylation of BAEC treated with control siRNA. BAEC treated with Cav-1 siRNA 

showed a significant baseline increase in PECAM-1 phosphorylation with no significant 

change following exposure to shear stress. VE-cadherin showed a non-significant trend 

toward recruitment in response to fluid shear stress in control siRNA treated cells. 

Treatment with Cav-1 siRNA showed a non-significant decrease in VE-cadherin binding 

to PECAM-1 with no significant change in response to shear stress. Exposure of control 

siRNA BAEC to shear stress caused a significant recruitment of SHP-2.  Treatment with 

Cav-1 siRNA did not seem to alter this pattern, though shear induced recruitment was 

not significant in this group (Figure 14). 
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Figure 14. Cav-1/caveolae depletion alters shear-induced PECAM-1 phosphorylation 

and complex formation. BAEC were transfected with siCONTROL or cav-1 SMARTpool 

siRNA. PECAM-1 was immunoprecipitated from lysates of control (C) and shear 

exposed (5’, 10 dynes/cm2 for 5 min) BAEC. Bound proteins were prepared for Western 

analysis and blotted for indicated proteins. Densitometric analysis shows significant 

shear induced phosphorylation of PECAM-1 in control siRNA treated BAEC as well as a 

significant baseline increase in PECAM-1 phosphorylation with Cav-1 siRNA treatment 

and no change in phosphorylation with exposure of Cav-1 siRNA treated cells to shear 

stress. Results also show a trend toward recruitment of VE-cadherin in shear exposed 

control siRNA cells and trend of decreased binding of VE-cadherin with Cav-1 siRNA 

treatment. SHP-2 was again significantly recruited to PECAM-1 with shear exposure of 

control siRNA treated cells. This trend appeared similar in Cav-1 siRNA treated cells, 

however the recruitment in these cells was not significant. 

      

     Treatment of BAEC with siRNA provides information regarding a transient and dose-

dependent disruption of Cav-1 and caveolae. In order to determine the role of Cav-1 and 

caveolae in PECAM-1 mechanotransduction using a more permanent approach, we 

used mouse lung endothelial cells isolated from wild type (WT) and Cav-1-/- (Cav-1 KO) 
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mice. We first probed lysates of these cells for proteins of interest in order to determine if 

lack of Cav-1 and caveolae caused changes in expression levels. Cav-1 expression was 

confirmed to be absent in Cav-1 KO MLEC. Additionally, results showed increased 

PECAM-1 and SHP-2 levels and decreased VE-cadherin levels in Cav-1 KO cells 

compared to WT cells (Figure 15). 

 

Figure 15. Expression of proteins of interest in WT and Cav-1 KO MLEC. Lysates of WT 

and Cav-1 KO MLEC were prepared for Western analysis and probed for indicated 

proteins. Results show increased expression of PECAM-1 and SHP-2 as well as 

decreased expression of VE-cadherin in Cav-1 KO MLEC compared to WT MLEC. Cav-

1 expression is absent in Cav-1 KO MLEC.    

 

     In order to determine the effect of Cav-1 and caveolae absence on PECAM-1 

mechanotransduction we exposed WT and Cav-1 KO MLEC to shear stress. We then 

immunoprecipiated PECAM-1 and probed for phosphotyrosine as a marker of PECAM-1 

activation. Results show a trend toward shear induced phosphorylation of PECAM-1 in 

WT MLEC similar to that seen in previous experiments. Results also indicate a 

significant increase in baseline phosphorylation of PECAM-1 in Cav-1 KO MLEC with no 

significant change in this phosphorylation upon exposure of cells to shear stress (Figure 

16).  



 

44 

 

 

Figure 16. Shear induced PECAM-1 phosphorylation is altered in Cav-1 KO endothelial 

cells. PECAM-1 was immunoprecipiated from WT and Cav-1 KO MLEC following 

exposure to fluid shear stress. Samples were prepared for Western analysis and probed 

for the proteins indicated. Densitometric analysis revealed a trend toward shear induced 

PECAM-1 phosphorylation in WT MLEC. Results also revealed a baseline increase in 

PECAM-1 phosphorylation in Cav-1 KO MLEC with no change in this phosphorylation 

upon exposure to shear stress.   
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In Vivo Complex Formation 

 

     The in vitro models provide simple, yet precise, conditions that allow for the analysis 

of isolated factors such as caveolae and PECAM-1 in endothelial cell responses to flow. 

While in vivo models are much more complex, experiments in mice can provide more 

physiologically relevant conditions for evaluation of the role of caveolae and PECAM-1 in 

mechanotransduction. Here, we substantiated our in vitro findings by examining 

signaling events associated with disturbed flow patterns in the arterial vasculature of 

mice.    

 

Partial Carotid Ligation Model 

     We decided to use a partial carotid ligation model in order to gain better control over 

hemodynamic parameters and to expand our area of observation, allowing us to obtain 

enough material for biochemical analyses. The ligation of three of four caudal branches 

of the left common carotid artery (LCA) is a well described method for generating 

atherogenic flow patterns through induction of low and oscillating blood flow as well as 

flow reversal in the left common carotid (19). Briefly, C57BL/6 mice were anesthetized 

with a mixture of ketamine and xylazine and body heat maintained at 37°C with a 

heating pad. The carotid vasculature was exposed and the left external carotid, internal 

carotid, and occipital arterial branches of the left common carotid artery were ligated by 

closure of a suture looped around each vessel. The superior thyroid artery was left intact 

(Figure 17).  
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Figure 17. Partial carotid ligation model. Adapted from Nam et al (19) . 

 

     To demonstrate our ability to perform these surgeries and produce pathological types 

of flow in vivo, flow velocity profiles were measured using a Visualsonic Vevo 770 

Doppler Ultrasound device and revealed that partial ligation induced hemodynamic flow 

disturbance (low and oscillatory flow) in the LCA (Figure 18).  
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Figure 18. Partial ligation of the LCA induces atherogenic patterns of flow. A partial 

ligation of the left carotid artery was performed on 8 week old C57BL6 mice. Ultrasound 

performed 24 hrs post ligation shows reduced flow in the left common carotid (bottom) 

as compared to the right common carotid (top) as well as reversal of flow (arrow) in the 

left common carotid.  These findings illustrate our ability to experimentally disrupt flow in 

mouse arteries. 

 

Isolation of PECAM-1 from Carotid Artery Lysates  

     In order to determine the response of PECAM-1 signaling to disturbed flow, we 

intended to isolate the protein by immunoprecipitation from whole vessel lysates of the 

common carotid artery. In order to demonstrate the ability to specifically isolate PECAM-

1, a PECAM-1 immunoprecipitation was performed on lysates of the right and left 

common carotid arteries following partial ligation, as well as arteries from sham animals 
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where loops were placed, but not closed and no flow disturbance was observed. 

Western blot analysis shows antibody specific isolation of PECAM-1(Figure 19).     

 

 

 

Figure 19. PECAM-1 immunoprecipitation from carotid artery lysates.  Whole vessel 

lysates of right and left common carotids were prepared after partial ligation and 

incubated with control or anti-PECAM-1 coated Dynabeads. Sham arteries from animals 

where loops were placed but not closed and no flow disturbance was observed on 

ultrasound are also included. Western blotting demonstrates presence of PECAM-1 in 

samples incubated with anti-PECAM-1 coated Dynabeads (PECAM IP) and unbound 

fractions (Unbound) and absence of PECAM-1 in samples incubated with control beads 

(Beads Alone).   

 

 

PECAM-1 forms a mechanosensory signaling complex in vivo 

     To evaluate PECAM-1 activation status in response to disturbed flow in the LCA, 

vessels were dissected and a lysate prepared for analysis. PECAM-1 was 

immunoprecipitated from the lysates and immunoblots were probed for PECAM-1, 

phosphotyrosine, SHP-2, VE-cadherin, and Fyn. Results show trends toward recruitment 

of these proteins with disturbed flow in LCA partial ligation (Figure 20). 
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Figure 20. PECAM-1 forms mechanotransduction complex in vivo. Partial carotid ligation 

was performed and confirmed via ultrasound measurement 24 hours post ligation. Mice 

were allowed to recover for 24 or 48 hours then sacrificed. PECAM-1 was 

immunoprecipitated from whole vessel lysates and samples were prepared for Western 

analysis.  Immunoblots were probed for indicated proteins. Densitometric analysis 

showed a trend toward PECAM-1 recruitment of SHP-2, VE-Cadherin, and Fyn in 

vessels with disturbed flow compared to control vessels.  
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CHAPTER 4:  PROPER TARGETING OF PECAM-1 TO RAFT/CAVEOLAE DOMAINS 

AND PECAM-1 MECHANOTRANSDUCTION  

 

Introduction 

 

     The approaches used to manipulate caveolae structure/function described in Chapter 

1 allowed for direct assessment of caveolae in PECAM-1 activation by hemodynamic 

flow. However, these techniques did not necessarily permit us to draw precise 

conclusions regarding caveolae and events downstream of PECAM-1 activation due to 

the fact that cav-1/caveolae can directly interact with several cellular signaling pathways. 

In order to establish a clear connection between PECAM-1 compartmentation in 

caveolae and mechano-signaling pathways that couple to alteration of endothelial cell 

phenotype induced by atherogenic flow, we focused our approach on PECAM-1 

targeting to raft and caveolae domains rather than on caveolae directly.   

 

 

Inhibition of Palmitoylation 

 

     The addition of a palmitoyl group to proteins containing amenable cysteine (Cys) 

residues is a signature posttranslational modification for protein localization to 

cholesterol rich lipid raft/caveolae membrane compartments. This posttranslational 

modification is mediated by the enzyme palmitoyl acetyl transferase (PAT) and can be 

blocked by the inhibition of this enzyme with 2-Bromohexadecanoic acid (2-Br) (102, 
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103).     

     We used the palmitoylation inhibitor 2-Br in order to provide general information 

regarding whether palmitoylation played a role in PECAM-1 localization to lipid rafts. 

Endothelial cells were treated with 100µM of 2-Br prior to isolation of light buoyant 

density lipid rafts by sucrose density centrifugation. Western analysis showed a slight 

decrease in PECAM-1 enrichment with 2-Br treatment (Figure 21).  

 

Figure 21. The effect of palmitoylation inhibition on PECAM-1 enrichment in lipid rafts. 

BAEC were treated with 100µM 2-Bromohexadecanoic acid for 48 hours prior to sucrose 

density centrifugation to isolate light buoyant density rafts. Samples were prepared for 

Western analysis. Results revealed a slight decrease in PECAM-1 enrichment with 2-Br 

treatment. 

 

Cys595 Palmitoylation 

 

     Inhibition of PAT is provides non-specific and transient measure of the role of 

palmitoylation for PECAM-1 localization to lipid rafts and caveolae. Genetic manipulation 

to disrupt protein palmitoylation sites provides a much more specific and permanent 

mechanism of inhibiting palmitoylation. The cytoplasmic domain of PECAM-1 contains 

only one unpaired cysteine residue, Cys595, which is located adjacent to the 

transmembrane domain and could be amenable to palmitoylation (Figure 22). 
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Figure 22. Cytoplasmic domain of PECAM-1. Adapted from Newman and Newman, 

2003 (104). Tyrosine residues are yellow, Serine residues are brown, and Cysteine 

residue is red (with arrow).          

 

     This cysteine had previously been studied in the laboratory of Dr. Denise Jackson. 

Here they had used a site directed mutagenesis kit to create a cysteine to alanine 

mutation at Cys595 in PECAM-1 cDNA which had been cloned into the EcoRI site of 

pcDNA3. They confirmed Wild type (WT) and Cysteine 595 to Alanine mutant (C595A) 

PECAM-1 authenticity through sequencing and plasmids were stably transfected into L 

cell fibroblasts. They reported decreased localization of C595A PECAM-1 in lipid rafts 

compared to WT PECAM-1 (Figure 23) (93).    
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Figure 23. Reported C595A Mutant PECAM-1 Localization in L cell fibroblasts. (Sardjono 

et al, 2006) (93).  

 

     In order to determine the effect of C595A mutation in the endothelial cell and in 

response to shear stress we obtained WT and C595A PECAM-1 as a gift from Dr. 

Jackson. We proposed to clone these sequences into adenoviral vectors in order to 

allow for the transfection of more cell types as well as potential in vivo experiments in the 

future.    

 

PECAM-1 Adenovirus Creation 

WT and C595A Plasmid Characterization 

     Plasmids were rescued by transformation into DH5α Competent Cells.  Two colonies 

from each plasmid were selected for further analysis and processing. Plasmid DNA was 

extracted and digested with EcoRI and DNA samples were sent for sequencing analysis. 

Sequences were compared with the genetic sequence for human PECAM-1 mRNA 

(NCBI Ref Seq NM_000442). This sequence contains 6831bp, with the coding region 

containing base pairs 214 to 2430. Blast analysis showed 99% identity match of this 

sequence with the WT2 sample forward and reverse sequences as well as the forward 
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and reverse sequences of both C595A samples. The WT1 sequence was unable to be 

obtained due to a high DNA concentration. We decided to proceed with plasmids from 

the WT2 and C595A2 colonies.  

     In addition to confirming the presence of the PECAM-1 sequence, reverse primers for 

the C595A mutant demonstrated a mutation of the base pairs from ACA to GCT at base 

pair 2077 of the PECAM-1 mRNA sequence, confirming the presence of a cysteine to 

alanine mutation. The WT PECAM-1 reverse sequence did not share this change 

(Figure 24).  

 

 

Figure 24. BLAST sequence alignment of WT and C595A plasmid DNA with human 

PECAM-1 cDNA. Sequences from WT and C595A were compared via NCBI Blast with 

human PECAM-1 mRNA. Alignment shows presence of change from ACA in mRNA 

sequence (bottom line) to GCT in the C595A mutant (top line) which would cause coding 

of an alanine in the place of a cysteine.   

 

Addition of GFP 

     We chose to incorporate GFP expression into our adenoviral vector in order to allow 

for clearer visualization of transfection efficiency. This addition required the cloning of 

WT and C595A sequences into a pIRES2-EGFP. This vector contains the internal 

ribosome entry site (IRES) of the encephalomyocarditis virus which allows for the 

expression of the EGFP gene encoded in the plasmid. Unfortunately, the plasmid 
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PECAM-1 sequences did not contain any restriction enzyme sites that would allow us to 

ligate our sequence into the multiple cloning site of the pIRES2-EGFP vector. We 

therefore designed PCR templates which allowed us to add SalI and BglII sites to the 5’ 

and 3’ ends of the sequence, respectively. The PCR fragment and the pIRES2-EGFP 

vector were then digested with BglII and SalI and ligated. The resulting plasmids were 

transformed into DH5α competent cells and amplified. Plasmid DNA resulting colonies 

was checked for proper ligation by enzyme digestion and gel electrophoresis. Successful 

ligations were used for cloning into entry and adenoviral vector plasmids.  

Entry and Adenoviral Vector Plasmids 

     The sequence containing WT or C595A PECAM-1 with IRES2-EGFP was extracted 

from the vector by digestion with SalI and BamHI and was cloned into pENTR4 vector 

with a ligation reaction. Plasmids were amplified and checked as with the previous 

ligation. The resulting sequences were cloned into the pAd/CMV/V5-DEST vector by a 

recombination reaction. The plasmid was again amplified and checked as above.  

Adenoviral Production and Titer 

     The pAd/CMV/V5-DEST vectors containing the WT or C595A PECAM-1/EGFP 

sequences were used to transfect HEK293A cells to allow for the production adenoviral 

vectors. The vector containing supernatant from the first transfection was used to 

transfect HEK293A cells, creating a second adenoviral containing supernatant which 

was used for REN cell transfections. Adenoviral titer of this supernatant calculated via 

end-point dilution assay indicated an MOI of approximately 2x107, however the results 

were unclear. Transfection of REN cells at an MOI of 100 would have required 5mL of 

solution. Given time and material constraints, we elected to use the volumes of 

adenoviral containing supernatant indicated in each experiment.   
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REN Cell Characterization 

 

     REN cells are a cell line originating from human malignant mesothelioma (105, 106). 

In culture, these cells have an endothelial-like phenotype, growing in monolayers that 

have a cobblestone morphology (78). These cells have been shown to express several 

cell surface markers in common with endothelial cells, yet importantly they lack PECAM-

1 expression (107). These calls have been used in the past to demonstrate the ability of 

a two mutant forms of PECAM-1 lacking the extracellular domains (but still containing 

C595) to become tyrosine phosphorylated and recruit SHP-2 in response to fluid shear 

stress and hyperosmotic stimulation (78). In order to further assess REN expression of 

proteins relevant to our experiments; we analyzed REN and BAEC whole cell lysates via 

Western blotting. Two antibodies were used to confirm lack of PECAM-1 expression 

within REN cells. Results also showed that VE-cadherin and cav-1 expression was 

decreased in REN cells compared to BAEC. SHP-2, Src, ERK1/2, and Akt expression 

were approximately equivalent in the two cell types (Figure 25).   
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Figure 25. REN cell protein expression. Whole cell lysates from REN and BAEC were 

prepared for Western analysis. Membranes were probed as indicated above. PECAM-1 

expression in REN cells was not detected with either of two antibodies used. VE-

cadherin and cav-1 expression was decreased in REN compared to BAEC. SHP-2, Src, 

ERK1/2, and Akt expression were approximately equivalent in the two cell types.   
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REN Cell Transfection 

 

Adenoviral Transfection and Lipid Raft Isolation 

     In order to determine the localization of C595A PECAM-1 in our system, we 

preliminarily transfected REN cells with 0.5 mL and 1 mL of supernatant containg either 

Wild-Type PECAM-1 or C595A PECAM-1 adenovirus. Expression of GFP was 

confirmed under fluorescence microscopy 48 hours post transfection. Cells were 

harvested and light bouyant density membrane rafts were isolated via sucrose density 

centrifugation. Western analysis revealed enrichment of both Wild-Type and C595A 

PECAM-1 in lipid raft fractions of the membrane (Figure 26). 
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Figure 26. Wild-Type and C595A PECAM-1 are enriched in REN cell lipid rafts. REN 

cells were transfected with 0.5 mL or 1 mL of  of supernatant containg either Wild-Type 

PECAM-1 or C595A PECAM-1 adenovirus. Expression of GFP was confirmed under 

flourescence microscopy 48 hours post transfection (top). Sucrose density 

centrifiguation was performed on both samples and proteins were prepared for Western 

analysis (bottom). Results indicate that both Wild-Typle and C595A PECAM-1 were 

enriched in lipid rafts.   
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     In order to ensure that the enrichment in lipid rafts was not due to overexpression of 

PECAM-1, we repeated the experiment with 100-fold less adenoviral containing 

supernatant (5µL and 10µL). Expression of GFP was again confirmed 48 hours post 

transfection at a lower intensity than previously seen. Sucrose density centrifugation was 

performed. Western analysis showed both WT and C595A PECAM-1 enriched in lipid 

rafts fractions, although some of the mixture containing high density sucrose and the 

C595A 5µL sample was lost prior to centrifugation causing a shift in the location of the 

light bouyant density  fraction (Figure 27). 
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Figure 27. Wild-Type and C595A PECAM-1 are enriched in REN cell lipid rafts when 

expressed at low levels. REN cells were transfected with 0.5 mL or 1 mL of supernatant 

containg either Wild-Type PECAM-1 or C595A PECAM-1 adenovirus. Expression of 

GFP was confirmed under flourescence microscopy 48 hours post transfection (top). 

Sucrose density centrifiguation was performed on both samples and proteins were 

prepared for Western analysis (bottom). Results indicate that both Wild-Type and C595A 

PECAM-1 were enriched in lipid rafts. 
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REN transfection with plasmids and lipid raft isolation 

     In order to determine if the enrichment of C595A PECAM-1 in lipid rafts was due to 

loss of the mutation in the creation of the adenovirus or to the process of adenoviral 

transfection itself, we instead transfected REN cells with iGFP, Wild-Type PECAM-1, or 

C595A PECAM-1 expressing plasmids. GFP expression was confirmed 48 hours post 

transfection by flourescence microscopy. Light bouyant density raft fractions were 

isolated from Wild-Type and C595A PECAM-1 expressing samples via sucrose density 

centrifugation. Western blotting revealed both Wild-Type and C595A PECAM-1 were 

enriched in lipid rafts (Figure 28). 

  



 

63 

 

 

Figure 28. Wild-Type and C595A PECAM-1 are enriched in lipid rafts of REN cells 

transfected with plasmids. REN cells were transfected with plasmids expressing iGFP, 

Wild-Type PECAM-1, or C595A PECAM-1 adenovirus. Non-treated cells were also used 

as a control. Expression of GFP was confirmed under flourescence microscopy 48 hours 

post transfection (top). Sucrose density centrifiguation was performed on Wild-Type and 

C595A PECAM-1 expressing samples and proteins were prepared for Western analysis 

(bottom). Results indicate that both Wild-Type and C595A PECAM-1 were enriched in 

lipid rafts. 
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REN transfection and caveolae immunoisolation 

     We next isolated caveolae from adenovirus transfected REN cells to determine if the 

C595A mutation prevented localization of PECAM-1 to caveolae despite its enrichment 

in lipid rafts. Purified plasma membranes from the transfection depicted in Figure 16 

were incubated with anti-Cav-1 conjugated Dynabeads. The bound fractions were 

prepared for Western analysis. Densitometry revealed slightly less Wild-Type PECAM-1 

than C595A PECAM-1 in caveolae (1.0 vs 0.57 respectively; Figure 29). 

 

 

Figure 29. Wild-Type and C595A PECAM-1 are present in caveolae. REN cells were 

transfected with 5µL of supernatant containing either Wild-Type (WT) or C595A (CA) 

PECAM-1. Plasma membranes were purified and incubated with IgG paramagnetic 

beads coated with anti-Cav1 mAb. Beads containing bound caveolae vesicles were 

magnetically separated. Proteins within samples were prepared for Western analysis 

and blotted for PECAM-1and cav-1. Densitometry revealed slightly less Wild-Type 

PECAM-1 than C595A PECAM-1 in caveolae (1.0 vs 0.57 respectively). 
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REN Transfection and Stimulation with Shear Stress 

     To determine if downstream signaling in response to shear stress was affected by the 

C595A mutation despite the similarities with WT PECAM-1 in its localization.  REN cells 

were transfected with plasmids containing iGFP, WT or C595A PECAM-1. GFP 

expression was confirmed 48 hours after transfection (Figure 28) and these cells, along 

with non-transfected controls were exposed to high temporal gradients of shear stress. 

Western analysis showed expression of PECAM-1 only in cells transfected with WT or 

C595A PECAM-1. Results also showed shear dependent activation of ERK1/2 in both 

WT and C595A PECAM-1 expressing cells. Akt phosphorylation was increased in 

PECAM-1 expressing cells, but phosphorylation did not appear to be shear dependent 

and there was no difference seen between WT and C595A expressing cells (Figure 30).   
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Figure 30. Shear induced downstream signaling in WT or C595A PECAM-1 expressing 

REN cells. REN cells were transfected with plasmids expressing iGFP, WT PECAM-1, or 

C595A PECAM-1 or were left untreated (non-treated). At 48 hours post transfection cells 

were exposed to shear stress (10 dynes/cm2 for 1, 5, or 10 minutes). Lysates were 

prepared for Western analysis. Results revealed PECAM-1 expression only in cells 

treated with WT or C595A PECAM-1. Results also showed shear dependent activation 

of ERK1/2 in both WT and C595A PECAM-1 expressing cells. Akt phosphorylation was 

increased in PECAM-1 expressing cells, but no difference in phospohyrlation was 

between WT and C595A samples or with shear exposure. 
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CHAPTER 5: DISCUSSION 

 

Chapter 3: PECAM-1 Complex Formation 

 

In vitro studies 

 
    Our first goal was to determine whether we were able to replicate the PECAM-1 

mechanosignaling complexes which had previously been described within our system. 

PECAM-1 phosphorylation and SHP-2 recruitment had previously been shown in BAEC 

stimulated with hyperosmotic shock or with fluid flow in a cone and plate system (72, 

73). PECAM-1 had also been shown to form a signaling complex with VE-cadherin when 

these proteins were expressed together in COS-7 cells exposed to fluid shear stress 

(77). We were able to repeat these findings in BAEC exposed to shear stress, confirming 

the applicability of our system to the PECAM-1 mechanosignaling studies which had 

previously been performed (Figure 8).    

     We next turned our attention to the localization of PECAM-1 within the plasma 

membrane. We had hypothesized that PECAM-1 was enriched in lipid rafts and caveolar 

microdomains and that this localization was important to its early activation in response 

to shear stress. Here we have shown that a pool of PECAM-1 is indeed enriched in lipid 

rafts and that this enrichment is not changed with endothelial cell exposure to shear 

stress (Figure 9). These findings are consistent with studies in platelets and in mouse 

lung endothelial cells, which demonstrate the presence of a pool of PECAM-1 in lipid 

rafts (91, 93, 108). Immunoisolation of PECAM-1 from raft fractions showed that these 

pools of PECAM-1 are tyrosine phosphorylated and recruit SHP-2 with exposure to 

shear stress (Figure 10). This is the first demonstration that the pool of PECAM-1 that is 

enriched in lipid rafts is shear sensitive.   
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     Given the important role of caveolae in mechanotransduction which has previously 

been demonstrated, we sought to determine whether mechanosensitive PECAM-1 was 

compartmentalized within these domains (60-63).  The isolation of lipid rafts provides a 

general view of cholesterol containing membrane domains, but immunoisolation of 

caveolae directly provides a much more specific view of these membrane 

compartments. Here we found that PECAM-1 is indeed present in caveolae, a finding 

supported by studies in mouse lung endothelial cells (Figure 11) (108). More importantly, 

we found that this PECAM-1 is phosphorylated in response to shear stress. We also 

found that known members of the PECAM-1 mechanosignaling complex SHP-2, VE-

cadherin, and Fyn, are recruited to caveolae with endothelial cell exposure to shear 

stress (Figure 11). 

     We used immunofluorescence confocal microscopy in order to substantiate our 

biochemical findings. Here we were able to demonstrate the colocalization of PECAM-1 

and Cav-1 within the endothelial cell plasma membrane of BAEC (Figure 13). These 

studies are supported by immunogold labeling of PECAM-1 within caveolae as well as 

duolink immunofluorescence studies using mouse lung endothelial cells (92, 108).  

       One possible mechanism of PECAM-1 localization to caveolae was through direct 

binding of the caveolin-1 protein. Several other proteins have been shown to be targeted 

to caveolae in this manner (87). We therefore performed reciprocal immunoprecipitations 

which showed that PECAM-1 and Cav-1 do not bind directly to each other (Figure 12). 

Localization of PECAM-1 to these microdomains could be sufficient to allow for 

interaction with its mechanosignaling partners regardless of its lack of direct association 

with the Cav-1 protein.  

     Finally, we sought to determine the importance of PECAM-1 localization to caveolae 

on its activation and complex recruitment in response to shear stress. In order to do this, 
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we exposed Cav-1 siRNA treated BAEC and Cav-1-/- mouse lung endothelial cells to 

shear stress and then immunoprecipitated PECAM-1. Results showed shear dependent 

phosphorylation of PECAM-1 in control or WT samples similar to that seen in the lipid 

raft and caveolae isolations (Figures 14 and 16). Depletion of Cav-1/caveolae through 

siRNA or genetic ablation caused a baseline increase in this phosphorylation. Further, 

no shear induced increase in phosphorylation was seen in these samples. In Cav-1 

siRNA treated samples, VE-cadherin and SHP-2 recruitment were similar to that seen in 

lipid raft and caveolae isolations, although the VE-cadherin recruitment did not reach 

significance in these experiments (Figure 14). Interestingly, VE-cadherin binding seemed 

to be decreased at baseline in Cav-1 siRNA treated cells. Expression of VE-cadherin, 

however, was increased in Cav-1-/- cells (Figure 15). Baseline SHP-2 binding and 

recruitment with shear stress did not seem to be significantly affected by Cav-1 siRNA 

treatment (Figure 14).         

     Disruption of Cav-1/caveolae expression has previously been shown to lead to the 

baseline activation of ERK1/2 and eNOS, both of which have been shown to be involved 

in PECAM-1 mechanotransduction (60, 109). It has also been shown that caveolae play 

a role in stabilizing endothelial cell junctions. It is therefore possible that the changes 

observed in PECAM-1 mechanotransduction are secondary to activation of other 

proteins or destabilization of the endothelial cell junctions. In an attempt to further clarify 

the effects of Cav-1/caveolae depletion on PECAM-1 mechanotransduction we used 

multiple techniques to disrupt Cav-1 and caveolae expression. We also focused only on 

PECAM-1 phosphorylation and complex formation in response to shear stress in these 

systems and planned to use the PECAM-1 mistargeting mutant discussed below in order 

to study downstream effects of PECAM-1 localization on mechanotransduction. Further, 

although further elucidation may be necessary if the changes in PECAM-1 
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mechanotransduction are secondary to changes in other proteins or in cell junctions, 

these results would still confirm a role for caveolae in PECAM-1 mechanotransduction. 

     Another confounding factor in these studies is differentiating the function of the cav-1 

protein from that of the caveolae organelle. Here, we did not feel it was necessary to 

differentiate the role of the protein from the organelle as we felt that localization to the 

organelle was the necessary event for proper mechanosignaling. It would be possible 

however, to conduct a series of reexpression experiments in order to further elucidate 

the roles of the protein and the organelle. Here, the Cav-1 protein can be reexpressed in 

aortic endothelial cells from Cav1-/- mice at levels below the threshold necessary for the 

formation of caveolae. Feasibility studies have shown that this is possible (110). In 

addition, high expression of Cav-1, beyond the threshold needed for genesis of 

caveolae, can also be achieved to evaluate the protein apart from the organelle. For 

these studies, Cav1-/- aortic endothelial cells could be infected with an adenoviral 

construct containing a CMV promoter driven Cav-1 insert. These studies would allow us 

to determine the role of the protein independently of its role in the formation of the 

caveolar microdomain.   

     The seemingly conflicting roles of PECAM-1 in activating both traditionally anti-

inflammatory signaling molecules, such as eNOS, and traditionally pro-inflammatory 

signaling molecules, such as NF-κB, in response to shear stress suggests a potential 

role for the type of flow cells are exposed to as an important determinant of the 

pathways which PECAM-1 signals through.   While the study of both of these pathways 

has the potential to yield interesting new information, due to time constraints we felt that 

it was necessary that this study have a precise focus and therefore decided to limit our 

studies to the PECAM-1 activation of pro-inflammatory signaling proteins, namely NF-κB 

and ERK1/2, in regions of turbulent flow. The pathways leading to activation of these 
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proteins have been clearly defined in the literature and therefore provide solid endpoints 

for our studies.  Further, this decision allowed our studies to focus on a relevant disease 

model as the activation of these proteins via PECAM-1 has been shown to be important 

in the development of atherosclerotic plaques. Future studies evaluating whether 

caveolae play a role in PECAM-1 signaling in response to atheroprotective flow could 

provide further insight into our findings. 

   Alternative mechanisms of studying turbulent blood flow could also be useful in further 

clarifying PECAM-1 signaling. With the parallel plate flow system it is possible to use a 

computer in order to model oscillatory shear stress. Here, we were limited to early time 

points as laminar shear stress has a protective, anti-inflammatory effect at later time 

points. Using oscillatory flow could allow us to study PECAM-1 signaling at later time 

points than the ones used in this study and could provide data to support the findings 

described above. 

In vivo studies 

     The partial carotid ligation is a relatively new model of disturbed blood flow which 

provides a large area of endothelium exposed to low shear stress conditions (19). This 

technique provides an advantage compared to complete ligations, which allow for the 

continuance of laminar blood flow or cuffing, which produces only a small area of the 

vessel exposed to low or oscillatory shear stress. Studies in ApoE-/- mice fed a high fat 

diet showed that the plaques formed in partially ligated carotid arteries have similar 

activation of matrix metalloproteases as plaques formed in the aortic arch. In these 

animals the plaques formed in the carotids did have a higher level of macrophage 

chemoxtaxis and a slightly diminished response to lithium or atorvastatin, two known 

treatments for the prevention of atherosclerosis (111). Despite these differences, the 
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plaques formed by this model have many morphological similarities to those found in 

humans, including the presence of cholesterol clefts, making this model a useful tool to 

study early signaling events in response to disturbed blood flow (19).  

     Here we have shown that we are able to replicate the flow conditions demonstrated 

by the authors of the original study (Figure 18) (19). We have also shown that we are 

able to selectively isolate PECAM-1 from homogenates of partially ligated carotid 

arteries (Figure 19). Finally, and most importantly, we have shown that PECAM-1 

binding of the tyrosine kinase Fyn and signaling complex members SHP-2 and VE-

cadherin is upregulated in partially ligated carotids compared to unligated control vessels 

(Figure 20). These findings provide in vivo support of studies proposing the formation of 

PECAM-1 mechanosignaling complexes in vitro. They are supported by in vivo studies 

which show that PECAM-1 plays a mechanosensory role in the activation of NADPH 

oxidase 2 in response to cessation of fluid flow and is necessary for the formation of 

atherosclerotic plaques in ApoE-/- mice (100, 108).  

     We used wild type (C57Bl/6) mice fed a chow diet in these studies as our goal was to 

determine early changes in PECAM-1 signaling in response to disturbed blood flow. We 

expected these changes to mimic those seen in the vasculature. We acknowledge, 

however, that it is unlikely that atherosclerotic plaques would develop in these regions 

without further triggers such as genetic susceptibility and a high fat diet. Although they 

were outside the scope of this study, longer term studies examining PECAM-1 

mechanotransduction in susceptible models could provide useful information about 

plaque generation. Additionally, studies in Cav-1-/- mice could provide interesting 

information regarding the role that PECAM-1 compartmentalization plays in its 

recruitment of mechanosignaling proteins and has the potential to confirm our in vitro 

studies in an in vivo system.    
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Chapter 4: Proper Targeting of PECAM-1 

     Many of the components involved in mechanosignaling, including PECAM-1, feed 

into common signaling pathways such as NF-κB and ERK1/2, making it difficult to 

distinguish which pathways were being disrupted by decreasing the expression of 

caveolin-1 and caveolae (13). We therefore sought a precise method to clarify the role 

that PECAM-1 localization played on downstream signaling events. The most precise 

way to determine the effect of PECAM-1 localization was to disrupt it directly. One 

potential mechanism for localization of PECAM-1 to lipid rafts and caveolae was 

palmitoylation, had previously been shown to be necessary for the localization of 

membrane proteins to caveolae (23, 95). Our studies showed treatment with the 

palmitoylation inhibitor 2-Br caused a slight decrease in the enrichment of PECAM-1 in 

lipid raft fractions (Figure 21). Our finding was supported with a study which had shown 

that PECAM-1 was palmitoylated at Cysteine595 and this palmitoylation was necessary 

for its enrichment in lipid raft fractions (Figure 23) (93). Given the strong evidence for 

PECAM-1 palmitoylation in this study, we determined that the small change in 

enrichment that we observed could have been due to a low level of protein turnover. 

While newly produced PECAM-1 was no longer being palmitoylated, PECAM-1 

palmitoylated prior to 2-Br treatment was still enriched in membrane rafts. We therefore 

obtained the plasmids used in this study in order to create an all-or-nothing system to 

study the effect of PECAM-1 compartmentalization in downstream shear induced 

signaling. 

     Upon receipt of the wild type (WT) and cysteine 595 to alanine mutant (C595A) 

PECAM-1 plasmids, we confirmed the presence of human PECAM-1 mRNA as well as 

the cysteine to alanine mutation (Figure 24). We amplified this sequence by PCR to 

allow for the addition of necessary restriction enzyme sites. We then cloned the 
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sequence into a pIRES2-EGFP vector by a ligation reaction. The IRES2-EGFP 

sequence causes the expression of EGFP through an independent ribosomal entry 

sequence (IRES), thereby providing a visual representation of transfection efficiency. 

The PECAM-1-IRES2-EGFP sequences were cloned into an entry vector (pENTR4) by 

ligation and then into a destination vector (pAd/CMV/V5-DEST) by recombination. 

Adenoviral solutions were created by serial transfection of HEK293A cells and were then 

used in the transfection of REN cells.  

     REN cells were chosen for transfection as they had previously been used in studies 

examining the role of various PECAM-1 domains in localization and response to shear 

stress (78, 112). These cells are derived from mesothelioma and have a morphologic 

appearance similar to that of endothelial cells. We were able to confirm previous studies 

which demonstrated that these cells express many of the signaling molecules involved in 

PECAM-1 mechanotransduction, yet lack PECAM-1 expression (Figure 25) (78). 

Interestingly, VE-cadherin and Cav-1 expression were decreased in REN cells when 

compared to BAEC. The decrease in VE-cadherin expression is consistent with a study 

performed with lung cells and pulmonary capillaries from PECAM -/- mice (108). This 

study, however, found no difference in Cav-1 expression or caveolae abundance in 

PECAM-1 null mice compared with wild type mice. An alternative explanation for the 

differences in expression is the origin of the cell line. Despite these differences, we felt 

the benefits of using this cell type outweighed the potential disadvantages  

     We transfected REN cells with WT and C595A adenoviral vectors and performed 

sucrose density gradient centrifugations to isolate lipid rafts, expecting to find enrichment 

of WT PECAM-1 and not C595A in lipid rafts. Instead, we found that both WT and 

mutant PECAM-1 were enriched in lipid rafts at approximately equivalent levels (Figure 

26). To ensure that C595A PECAM-1 enrichment was not due to overexpression of the 
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protein we repeated the study with a 10-fold reduction in adenoviral concentration. 

Again, we found approximately equivalent enrichment of WT and C595A PECAM-1 in 

lipid rafts (Figure 27). We checked PECAM-1 expression with a different antibody to 

ensure that we were not detecting a high level of background rather than our protein of 

interest and found no difference in the signal intensity. In order to ensure that C595A 

enrichment was not due to the adenoviral transfection itself or that an error was made in 

cloning the protein into the entry or destination vectors, we performed a transfection with 

plasmids containing the WT-IRES2-EGFP and C595A-IRES2-EGFP PECAM-1 

sequences. We again detected enrichment of both WT and C595A PECAM-1 in lipid 

rafts (Figure 28). We performed a caveolae immunoisolation of plasmid transfected REN 

cells to determine if C595A compartmentation was inhibited despite its localization to 

lipid rafts. We did find a slight decrease in C595A compartmentation in caveolae, but this 

was not enough of a difference to consider C595A mistargeted to this domain (Figure 

29). Finally, we exposed transfected REN cells to shear stress to determine if C595A 

PECAM-1 transfected cells demonstrated a different response to shear stress than WT 

PECAM-1 transfected cells. Both WT and C595A transfected cells demonstrated 

equivalent expression of PECAM-1 as well as equivalent activation of ERK1/2 in 

response to shear stress. Akt was not activated in response to shear stress in WT or 

C595A transfected cells (Figure 30).  

     One possible explanation for the failure of the C595A mutant to mistarget is a 

sequence change during the cloning process. The 5’ and 3’ ends of the plasmid 

sequences were confirmed at the beginning of the study, but the final vectors have not 

yet been sequenced. One possible location of a sequence change is at a reported BglII 

site within the cytoplasmic tail of PECAM-1 which would cause protein truncation at 

amino acid 676 (113).  This site would have been digested during our ligation into the 
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IRES2-EGFP vector. This occurrence, however, is unlikely as this site was not found in 

our search of the mRNA sequence and the DNA fragments produced in after ligation into 

the IRES2-EGFP vector were the expected size, showing no evidence of truncation. 

Further, PECAM-1 truncation does not explain enrichment of C595A PECAM-1 in lipid 

rafts and caveolae. The truncation would have occurred in both WT and C595A proteins 

far downstream of the palmitoylation site (Figure 22). Finally, both WT and C595A 

PECAM-1 showed shear induced phosphorylation of ERK1/2 (Figure 30). Although we 

feel it is unlikely a sequence error was introduced, given the proper functioning of both 

the WT and mutant PECAM-1, sequencing the final adenoviral destination vector would 

help to confirm this.  

     It is also possible that, despite previous reports, palmitoylation at Cys595 is not 

required for proper targeting of PECAM-1 to lipid rafts. This finding would be consistent 

with a report stating a that a region of four highly charged amino acids (Arg599-Lys600-

Ala601-Lys602) located downstream of Cys595 is necessary for proper  targeting of 

PECAM-1 to lateral cell-cell borders (112). Here they showed that sequences containing 

Cys595 but not the RKAK sequence were not able to localize to cell borders. It is unclear 

from our studies whether the pool of PECAM-1 enriched in lipid rafts or caveolae is from 

the lateral cell membranes or another portion of the cell membrane. Immunogold studies 

have shown PECAM-1 and caveolae present at both the lateral membranes and at the 

apical surface (91, 92). This finding would also explain why only a small change in 

PECAM-1 enrichment in lipid rafts was seen with inhibition of palmitoylation by 2-Br 

(Figure 21). Further characterization of the compartmentalization and shear induced 

activation of RKAK mutant PECAM-1 could provide more information on this matter.   

     Another possible explanation for lack of mistargeting is that PECAM-1 palmitoylation 

at Cys595 is required for proper targeting in L cell fibroblasts, but not in REN cells. 
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Transfection of L cells in our laboratory to confirm mistargeting would help to clarify if 

this is indeed the case. An alternative is to isolate endothelial cells from PECAM-1 -/- 

mice for transfection. These cells would be ideal as they should be as close to 

physiological relevance as possible in an in vitro system. 

     Regardless of the reason that our C595A mutant PECAM-1 construct is still able to 

localize to lipid rafts, our system as it is cannot provide further information regarding the 

role of PECAM-1 localization in its shear induced downstream signaling. Further studies 

involving the disruption of cav-1 and caveolae is not ideal as this disruption has already 

been shown to cause changes in shear induced activation multiple signaling molecules, 

including SFK, Akt, and ERK1/2 (60-63).  While some of the players in these changes 

have been identified, it is still possible that disruption of PECAM-1 localization is also 

playing a role. Studies in PECAM-/- mice may further elucidate its role in 

mechanotransduction, but do not address the role of compartmentalization in this 

process. Further elucidation of the mechanism whereby PECAM-1 is localized to lipid 

rafts and caveolae may be necessary to allow us to better understand the effects of this 

localization on its downstream signaling in response to shear stress.  

 

Clinical Implications 

Although PECAM-1 is not an ideal target for therapeutic intervention in the development 

of atherosclerosis, further clarification of its signaling pathways could provide more 

viable downstream targets. This is evidenced by a recent study which showed that 

NADPH-oxidase synthase is activated through PECAM-1 in a flow dependent manner 

(108). Additionally, some groups have developed PECAM-1 targeting vesicles as a 

method of delivering anti-inflammatory agents directly to the vasculature (114). 
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Clarification of mechanisms involved in PECAM-1 signaling and endothelial cell 

activation by disturbed blood flow could provide further targets for these vesicles of the 

agents carried within them.  

 

Summary 

 

     The goal of the studies described above was to determine the role that caveolae 

played in previously reported PECAM-1 mechanotransduction. Here we have 

demonstrated the presence of a pool of PECAM-1 in lipid rafts and in caveolae. We have 

shown for the first time that this pool is tyrosine phosphorylated and recruits 

mechanosignaling complex members. Further, disruption of caveolin-1/caveolae through 

siRNA or genetic manipulation causes a baseline activation of PECAM-1 and a 

disruption in further activation in response to shear stress. We have also demonstrated 

that PECAM-1 mechanosignaling complex formation occurs in vivo in response to 

disturbed blood flow. 

      The localization of PECAM-1 to lipid rafts had previously been shown to be 

dependent upon palmitoylation at Cys595. We observed a partial effect of inhibition of 

palmitoylation on PECAM-1 localization in support of this study. We proposed to use a 

mutant form of PECAM-1 which could not be phosphorylated in order to study the role of 

PECAM-1 compartmentalization on its downstream signaling in response to shear 

stress. Unfortunately, the mistargeting mutant continued to be localized to lipid rafts 

despite multiple attempts at troubleshooting.  
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