
INTEGRATING PHOSPHOLIPID AND CYCLIC NUCLEOTIDE 

SIGNALING: ROLES OF PHOSPHODIESTERASES AS ENZYMES 

AND TETHERS 
 

by 

 

LINDSAY SHEA WILSON 

 

 

 

A thesis submitted to the Department of Pathology and Molecular Medicine 

in conformity with the requirements for  

the degree of Doctor of Philosophy 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

June, 2011 

 

 

Copyright © Lindsay Shea Wilson, 2011 



 ii	  

ABSTRACT 

Lindsay S. Wilson: Integrating Phospholipid and Cyclic Nucleotide Signaling: Roles of 

Each PDE3B and PDE5 as Both Enzymes and Tethers 

 

Cells of the cardiovascular system translate incoming extracellular signals from 

hormones and drugs through binding of cell surface receptors, and activation of 

intracellular signaling cascades allowing modulation of specific cellular function. cAMP 

and cGMP are ubiquitous second messengers that activate specific signaling machinery 

used to promote or inhibit cellular functions such as cell migration, cell adhesion and 

proliferation. Increases in intracellular cAMP or cGMP levels occurs through activation 

of adenylyl cyclase (cAMP) or guanylyl cyclase (cGMP) or by inhibition of the cAMP 

and cGMP hydrolyzing enzymes, cyclic nucleotide phosphodiesterases (PDEs). Cyclic 

nucleotides achieve signaling specificity through compartmentation, a mechanism 

allowing effective regulation of cAMP or cGMP signaling in discrete parts of the cell in a 

spatial and temporal manner. Cells of the cardiovascular system such as platelets, 

vascular endothelial cells (VECs), vascular smooth muscle cells (VSMCs) maintain 

cyclic nucleotide compartmentation through coordinating signaling complexes containing 

a cAMP or cGMP effector protein and PDEs. Studies reported in this thesis demonstrate 

that human platelets, VECs and VSMCs each contain distinct cyclic nucleotide signaling 

complexes, and that based on their composition and selective subcellular localization, 

regulate specific cellular functions. In platelets, subcellular localization of PDE5 results 

in differential regulation of PDE5 and selective regulation of Ca2+ release from 

endoplasmic reticulum stores, an initial step in platelet aggregation and provides a 
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potential therapeutic target in preventing thrombosis. VECs utilize multiple signaling 

systems to regulate cellular function including cAMP signaling pathways and 

modification of phosphatidylinositols. These studies demonstrate that a PDE3B-based 

signaling complex allows integration of both cAMP and phosphatidylinositol-3-kinase-γ 

(PI3Kγ) signals resulting in increased cell adhesion and cell spreading. Finally, studies in 

VSMCs demonstrate that PDE5 localization in cells allows cAMP/cGMP cross talk 

through PDE5 and PDE3A. These results are discussed in the context of further 

understanding the role of PDEs in mediating cAMP and cGMP signaling and modulation 

of cell function in cells of the cardiovascular system. 
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CHAPTER 1 

INTRODUCTION 

1.1 FUNCTIONS OF BLOOD PLATELETS 

The cardiovascular system consists of the heart, blood vessels, and blood 

including the circulating cells. While the heart has a specific role in pumping the blood 

throughout the body, the blood vessels, and circulating cells in the blood have distinct 

roles in maintaining vessel tone, vessel integrity and delivery of blood and nutrients to 

the surrounding tissue ensuring cellular homeostasis. The interplay between blood vessels 

and the circulating blood components is essential for normal cardiovascular function and 

is maintained through signal integration between the cells of the vessel.  My studies have 

focused on three specific cells of the cardiovascular systems: circulating blood platelets, 

and the two cells of the arteries, arterial endothelial cells and arterial smooth muscle cells. 

All further discussions will be limited to these cell types. 

 Hemostasis is the cessation of blood loss from a damaged vessel, and involves the 

essential processes of thrombosis and coagulation, complex operations resulting in the 

formation of a blood clot via platelet activation and formation of a fibrin-containing clot1. 

In mammals, platelets are anucleated cells that originate from the cytoplasm of bone 

marrow megakaryoctes (process of fragmentation) and circulate within the blood2. They 

are specialized adhesive cells that play a key role in normal and pathogenic hemostasis 

through their ability to rapidly adhere to matrix proteins (platelet adhesion) and to adhere 

to other activated platelets (platelet aggregation)1, 3.  

While platelets in normal circulating blood are in a resting state that prevents their 

involvement in thrombi formation, these cells can become activated at sites of vessel 
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injury following their binding to adhesive extracellular matrix (ECM) proteins3-8. 

Exposure of adhesive proteins present in extracellular matrix such as collagen and von 

Willebrand factor (vWF) at sites of vascular injury allows platelets to become tethered at 

these sites and to initiate intracellular signaling events that promote further platelet 

activation and the formation of a stable thrombus6, 8-10. Although the reader is referred to 

multiple recent reviews for a more detailed overview of intracellular platelet signaling1, 3-

5, 7-9, 11-15, those signaling events of direct relevance to this thesis are briefly described 

below. Initial events involved in platelet adhesion to the vessel wall occurs via 

interactions between collagen and vWF with multiple platelet glycoproteins receptors, 

known as integrins, including glycoprotein-Ib, IX, -V and αIIbβ31, 6, 9, 11, 16, 17. In addition 

to promoting this tethering, these adhesions also initiate a series of intracellular signaling 

events that lead to cytoskeletal remodeling (platelet shape change and spreading) and the 

release of yet further platelet activating factors from the aggregating platelets, including 

ADP and TXA2, and the generation of thrombin from prothrombin at the platelet surface3, 

4, 8. Together these factors reinforce platelet adhesion and promote platelet aggregations 

through a convergence of numerous intracellular signaling pathways3-5, 8 (Figure 1.1). 

The soluble platelet activating factors, including thrombin, ADP and TXA2 promote 

platelet activation, at least in part, by promoting the hydrolysis of membrane-associated 

phosphatidylinositol 4,5-bisphosphate (abbreviated here as PtdIns (4,5,)P2) by 

phospholipases C (PLCs). PLCs expressed in platelets are denoted PLCβ2 and PLCβ3 

(PLCβ2/3). Hydrolysis of PtdIns(4,5,)P2 by PLCs allows generation of inositol 

trisphosphate (IP3) and of diacylglycerol which in turn act to activate platelets3, 5, 13, 18, 19.  
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Figure 1.1 
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Figure 1.1- Signaling Mechanisms Involved in Platelet Aggregation. As described in 

the text, platelet activation results in multiple signaling events, including activation of 

PLC enzymes (PLCβ2/3) by ADP, thrombin and thromboxane (TXA2) and mobilization of 

Ca2+ from the endoplasmic reticulum (ER). Both cAMP and cGMP are involved in 

inhibition of platelet activation. Arrows indicate activation, while a ‘T’ represents 

inhibition.  

Abbreviations: adenosine diphosphate (ADP), protease-activated receptor (PAR), 

adenylyl cyclase (AC), phosphatidylinositol-3-kinase (PI3K), phospholipase C (PLC), 

inositol-1,4,5-triphosphate (IP3), IP3 receptor (IP3R), diacylglycerol (DAG), protein 

kinase C (PKC), soluble guanylyl cyclase (sGC), protein kinase B (PKB), protein kinase 

G (PKG), nitric oxide (NO), endoplasmic reticulum (ER), extracellular regulated kinases 

1 and 2 (ERK1/2).  
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Thrombin activates platelet PLCs by activating two platelet thrombin G-protein-coupled 

receptors (GPCRs), the protease-activated receptors20, PAR1 or PAR43, 4, 7, 21. Similarly, 

ADP-binding to its purinergic receptor (P2Y1), or TXA2 binding to its platelet receptor 

TXA2-R3 activates PLCβ and generate IP3 and DAG. In keeping with the idea of signal 

integration, thrombin and ADP also can promote platelet activation by binding to other 

GPCRs and inhibiting adenylyl cyclases3, 5, 13, 18, 19.  

Although platelet activation and thrombus formation are essential mechanisms for 

maintaining hemostasis, chronic platelet activation due to altered blood flow can promote 

thrombus-based arterial occlusions that can result in inflammatory conditions such as 

acute coronary syndromes (ACS), a spectrum of conditions including unstable angina and 

myocardial infarctions22, 23, characterized by a narrowing of the coronary artery which 

provides the heart muscle with its own blood supply. While chronic platelet activation 

can be fatal in these circumstances, the lumen diameter of the coronary artery can be 

maintained through placement of a stent in the affected area to maintain blood flow. 

While the stent provides a framework for the vessel to rest on, it also results in 

mechanical insult to the blood vessel causing activation and migration of arterial smooth 

muscle cells (VSMCs) (discussed below) into the stent and eventual narrowing. While 

this problem has been largely remedied by the introduction of drug-eluting stents that are 

coated with anti-proliferative agents, in-stent thrombosis can occur at any time after 

stenting and often presents as fatal24-27. The use of anti-platelet agents such as aspirin or 

thienopyridines (such as Plavix®) can reduce thrombosis in ACS or at stents, however 

their weak potencies cannot overcome the strong platelet activation signals and those 

associated with thrombolysis28, 29. The use of cyclic nucleotide phosphodiesterase (PDE) 
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inhibitors has been suggested as a potential pharmacological method of preventing the 

events associated with late-stent thrombosis and we have examined the effect of one 

family of inhibitors; inhibitors of the PDE5 family of PDEs and my findings are 

discussed in Chapter 2.  

 

1.2 ARTERIAL STRUCTURE AND FUNCTION 

 Arteries consist of three main tissue layers: the intima, media and adventitia. The 

inner layer, the intima, consists of a single layer of vascular endothelial cells (VECs) 

mounted upon a basement membrane which line the lumen of the blood vessel30 and 

provide an active and selective barrier between constituents in the blood and the 

underlying vascular smooth muscle cells (VSMCs) of the vessel31. The tunica intima and 

tunica media are physically separated by an internal elastic lamina that is composed 

mainly of elastin, and contains small fenestrations that allow diffusion of substances to 

the tunica media for nourishment and regulated activity. The tunica media is composed of 

concentric layers of VSMCs that alternate with extracellular matrix proteins that are 

synthesized and deposited by the VSMCs such as elastin and proteoglycans. The tunica 

adventitia is mainly comprised of fibro-elastic connective tissue, such as collagen and is 

populated by some fibroblasts and other potential VSMC precursor cells.  

 The normal function of arteries is to conduct and distribute oxygenated blood, 

nutrients and hormones to tissues and organs in exchange for waste products. There are 

three categories of blood vessels; main conducting arteries, which are proximal to the 

heart and due to their great number of elastic fibers, distend to accommodate the large 

increases in blood flow that accompany ejection of blood from the heart32. The smallest 
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vessels, the microvessels, sometimes formed by only one circle of endothelial cells and 

wide enough for a single red blood cell to pass, provide intimate contact between the 

blood and all tissues. The majority of arteries in the body are grouped into a third 

category termed distributing or muscular arteries. These arteries function to rapidly 

deliver blood to all organs and tissues, and as the name suggests, the artery walls are 

comprised predominately of VSMCs and contain few elastic fibers. Medial layer VSMCs 

in healthy arteries control vascular tone through contraction and relaxation, thus 

influencing the amount of blood that can be distributed to various tissues. Constriction 

and relaxation of blood vessels also regulates overall blood pressure, with the relaxation 

of VSMCs being partially under the control of VECs, which release several vasorelaxant 

factors including nitric oxide (NO)33.  

A healthy vascular endothelium provides an active selective barrier between 

tissues and VSMCs of the vessel wall, and blood constituents, water and solutes30-32. The 

endothelium actively regulates vascular tone, permeability and aids the immune response 

where it regulates the extravasation of leukocytes and the inflammatory activity in the 

vessel wall34. The endothelium also affects numerous cell types, including platelets, 

VSMCs, leukocytes and macrophages and in turn these cell types can also affect 

endothelial cell function. Normally, the endothelium actively decreases vascular tone, 

limits leukocyte adhesion and inflammation in vessel walls, and maintains vascular 

permeability to allow nutrients, hormones and other macromolecules to cross. In addition, 

the endothelial cell layer also inhibits platelet adhesion and aggregation by producing 

prostacyclin, and NO (described above). 
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1.3 CELLULAR ALTERATIONS IN DISEASED OR WOUNDED ARTERIES 

 Many diseases and arterial injuries can alter the normal functions of VECs and 

VSMCs resulting in an altered cellular phenotype and cellular functions. In response to 

stress or direct damage, arterial VECs can lose their ability to regulate VSMC functions, 

a process called endothelial dysfunction. Endothelial dysfunction is characterized by 

changes in VEC barrier function, reduction in endothelial cell responses and activation of 

underlying VSMCs. In a healthy artery, VSMCs are considered to be of a 

‘contractile/quiescent’ phenotype, meaning that they function to regulate blood vessel 

lumen diameter by coordinating contractile and relaxant cues from the local 

environment35. Since these cells are primarily programmed for contraction, the majority 

of VSMCs in these arteries show low rates of proliferation and migration and instead are 

committed to carrying out the processes involved in maintaining vessel tone36. In 

response to vascular damage through cardiovascular diseases (CVDs) such as 

atherosclerosis or arterial injury, normal ‘contractile/quiescent’ VSMCs can undergo 

modulation to a more ‘synthetic/activated’ phenotype which dramatically increases their 

proliferative and migratory capacities in order to participate in vascular repair36. In 

addition, signaling pathways that promote proliferation and migration are up-regulated or 

altered including, but not limited to, growth factor signaling37-39, and cyclic nucleotide 

signaling40-45. Growth factor stimulation of proliferation and migration of VSMCs can 

occur via growth factors produced by VSMCs themselves or by other cells including 

endothelial cells, and fibroblasts46. Upon damage to the endothelium during progression 

of CVDs or arterial injury, growth factors released from cells in the damaged blood 

vessel and from platelets bound to the vessel wall, also activate VSMCs, stimulating 
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more growth factor production and furthering VSMC activation. When allowed to 

progress, migration of activated VSMCs from the media to the intima, results in intimal 

thickening and narrowing of the lumen (stenosis), a fundamental process in the 

development of most CVDs47.  

In addition to altered VSMC properties, endothelial dysfunction can result in 

altered VEC barrier function and loss of cellular adhesive properties resulting in a switch 

to a more migratory VEC phenotype that can allow these cells to participate in vascular 

remodeling, resulting in improved wound healing and establishment of new vascular 

structures48. Angiogenesis is the formation of new blood vessels from pre-existing 

structures.  The formation of new vessels occurs from microvascular structures which are 

composed of a single endothelial cell layer, surrounded by pericytes, secured by an 

inelastic basement membrane and contain few VSMCs32. While the structure and 

function of normal or mature blood vessels are highly ordered, newly formed vessels that 

develop in response to angiogenic factors such as vascular endothelial growth factor 

(VEGF) are less structured and frequently hyper-permeable allowing the passage of 

plasma proteins32, 49, 50. While promoting endothelial migration and vascular remodeling 

can be beneficial during wound healing, it can also result in the formation of undesirable 

vessels, such as those that formed in response to tumour secreted growth hormones, 

where they increase the blood supply to the tumour and promote metastasis51. 

An underlying theme in all of the alterations in VEC and VSMC properties is 

modulation of multiple signaling systems that are responsible for changes in VEC and 

VSMC phenotype, and targeting these systems could represent a point of therapeutic 

intervention to prevent progression of CVDs. Cyclic nucleotide signaling including 
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cAMP and cGMP could represent a therapeutic target for significantly altering cell 

behaviour since these second messengers are implicated in all of the cellular events listed 

above (adhesion, migration and proliferation)41, 44, 45, 52-57.  

The remaining introduction to this thesis will introduce the individual processes 

of both VEC and VSMC adhesion, migration and proliferation and then discuss cyclic 

nucleotides and their role in these cells, including how they integrate other signaling 

systems such a phosphoinositide signaling to modulate VEC and VSMC function. 

 

1.4 VEC ADHESION AND MIGRATION  

In vivo, endothelial cells are in close contact with the basement membrane, a 

highly specialized and supportive structure composed of extracellular matrix (ECM) 

proteins that support endothelial cell-cell contacts, vascular homeostasis, and maintains 

endothelial cells in a quiescent state. There are multiple ECM proteins that make up the 

basement membrane and the surrounding interstitial tissues and ECM composition differs 

depending on the microenvironment. Most endothelial cell basement membranes contain 

collagen IV and laminin, both of these ECM proteins are thought to be involved in 

endothelial cell quiescence58. During vascular remodeling in wound healing and 

angiogenesis, adhesion and migration of VECs is essential in forming new vascular 

structures.  

 

VEC Adhesion: Endothelial cell adhesion to ECM proteins is facilitated by integrins, a 

large family of surface receptors localized on the plasma membrane that are involved in 

cell interactions with ECM proteins and play important roles in cytoskeletal organization, 
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cellular adhesion and migration, and transduction of intracellular signals59-63.  Integrins 

are homodimers consisting of one α- and one β- subunit that span the plasma membrane 

and are linked to the cytoskeleton through their intracellular tail segments59, 63, 64. These 

tail segments are the sites for several protein-protein interactions involving both signaling 

and structural proteins. Integrin binding and cellular adhesion events are promoted by 

intracellular signaling events named ‘inside-out signaling’ which can convert the integrin 

into an active, adhesive state and promote integrin and ECM interactions61-63. Many 

intracellular signaling molecules, including cAMP, PKC, calcium, and protein kinases 

activated through various extracellular agonists, growth factors and cytokines, can 

increase an integrin’s affinity for an ECM component59, 60, 65-68 (Figure 1.2). In addition to 

intracellular molecules promoting integrin- ECM interactions, binding of an integrin to its 

ligand can also promote ‘outside-in signaling’69, 70. These signals result in integrin 

clustering, and the recruitment of other proteins involved in regulating integrin signaling 

including nonreceptor tyrosine kinases such as focal adhesion kinase (FAK)71, and the 

formation of focal adhesions. Formation of focal adhesions act to stabilize initial cell 

adhesions and initiate signaling events essential to cell polarization, adhesion, cell 

spreading and migration20, 72, 73 (Figure 1.2).  

 

VEC migration: Cell migration is a highly complex and integrated process that can be 

divided into three stages. First, cells must adhere to their surroundings; second, cells must 

orient themselves and polarize along the axis of movement. Finally, the cell must initiate 

forward movement by projecting a leading edge containing lamellopodia and the 

formation of adhesive contacts in the direction of movement73.  In order for cells to  
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Figure 1.2- Signaling involved in Vascular Endothelial Cell 74 Adhesion Through 

Integrin Activation. As described in the text, integrin-ECM interactions can initiate 

signaling cascades within the cell (outside-in signaling) resulting in the activation of focal 

adhesion kinase (FAK) and intracellular signaling pathways (increased cAMP, PKC 

activity and Ca2+) can increase the affinity of the integrins for the ECM (inside-out 

signaling). Increased cAMP through AC activation or PDE inhibition can activate EPAC 

signals in cells and promote integrin adhesion. Arrows represent activation while a ‘T’ 

represents inhibition. 

Abbreviations: Focal adhesion kinase (FAK), extracellular matrix (ECM), cyclic 

nucleotide phosphodiesterase (PDE), protein kinase C (PKC), β2-adrenoreceptor 

(β2AR), exchange protein activated by cAMP (EPAC), isoproterenol (ISO).  
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coordinate all of the events occurring in cell migration, multiple signaling pathways and 

intracellular events are integrated in a spatial and temporal manner. Polarization of 

leading edge structures, actin and myosin cytoskeletal dynamics, integration of multiple 

signaling pathways and coordinated release of existing adhesive structures have all 

implicated in cell migration and the reader is directed to recent reviews for more 

information on each of these processes20, 75-79. My discussion of VEC cell migration will 

be limited to cell polarization and the participation of mitogen-activated protein kinase 

(MAPK) signaling events since these are most relevant to the work presented in my 

thesis. While cytoskeletal dynamics play a large role in VEC migration, these will be 

further discussed in the context of VSMC migration where it is more relevant to the work 

that I have performed using those cells. 

All cells have the ability to move towards chemo-attractants such as growth 

factors, and these stimuli are required for initiating cell polarization and directionality in 

VECs. Polarization and formation of a leading edge requires local production of 

phosphatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3) whose formation is regulated 

by the activity of a family of enzymes termed phosphoinositide 3-kinases (PI3Ks)78-80 

(discussed in more detail later in the introduction). The large increase in PtdIns(3,4,5)P3 

provides a docking domain for multiple proteins containing pleckstrin homology (PH) 

domains, allowing signaling complexes to translocate to the leading edge of cells81. The 

polarization and protein recruitment events result in actin polymerization, modification of 

the cytoskeleton and the formation of pseudopods that project forward thus increasing 

cell motility. In addition to PtdIns(3,4,5)P3 signaling, VEC migration is influenced by 

multiple signaling pathways that integrate during the spatial and temporal nodes of cell 
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migration. Ultimately these signals converge and activate the MAPKs76, 82.  Several 

MAPKs have been implicated in regulating endothelial cell proliferation, migration and 

survival including extracellular regulated protein kinase 1/2 (ERK 1/2)-through the 

activity of the MAPK-kinase-kinase, c-Raf, and the MAPK-kinase, MEK1/276, 82. 

ERK1/2 phosphorylation, activation and promotion of migration has been shown to be 

mediated by multiple signaling cascades such as growth factor binding to receptor 

tyrosine kinases (RTKs)83 and GPCRs through both Gαq and Gαs signaling84. Growth 

factor binding and activation of their receptors causes activation of other signaling 

pathways, including the Rho GTPases, subsequent activation of p21-activated kinase 85, 

PKC, and Src, ultimately signaling through ERK1/2 as outlined in Figure 1.3.  

 

1.5 VSMC PROLIFERATION AND MIGRATION 

 Coupled with alterations in VEC adhesion and migration, VSMC proliferation 

and migration can occur in diseased or wounded vessels and are a hallmark of multiple 

CVDs. Proliferation and migration of VSMCs can be stimulated by growth factors 

produced by VSMCs themselves as well as by other cells including endothelial cells46.  

 

VSMC Proliferation: Several growth factors (mitogens) bind to receptor tyrosine 

kinases (RTKs) in the VSMCs membrane to induce proliferation including epidermal 

growth factor (EGF), fibroblast growth factor (FGF) and platelet derived growth factor 

(PDGF)39, 46. Actions of these agents can be either direct or indirect and result from 

transactivation of RTKs such as the EGF receptor37, 86.  Mitogenic stimuli act to increase 

the proliferation of VSMCs through the mitogen-activated protein kinase 
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Figure 1.3- Signaling Involved in Regulating Vascular Endothelial Cell 74 Migration. 

As described in the text, VEC migration is regulated by multiple signaling pathways, but 

signals converge upon MAPKs to influence cell migration. In addition, both cAMP and 

PI3K signaling both affect VEC migration. Although our studies have suggested that 

PI3K and cAMP signaling are integrated to influence VEC migration, this figure is a 

brief summary of current, well-established roles of these signals in regulating cell 

migration. Arrows represent activation while a ‘T’ represents inhibition. 

Abbreviations: G protein-coupled receptors (GPCR), receptor tyrosine kinase 87, 

phophatidylinositol-4,5-bisphosphate (PtdIns(4,5,)P2), phosphatidylinositol-3,4,5-

trisphosphate (PtdIns(3,4,5)P3), phospholipase C (PLC), focal adhesion kinase (FAK), 

protein kinase C (PKC), p21-activated kinase 85,phosphatidylinositol-3-kinase (PI3K), 

MAPK kinase (MEK1/2), extracellular regulated kinases 1 and 2 (ERK1/2), 

phosphodiesterases (PDE). 
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(MAPK) pathway, a signaling cascade involving the sequential activation of MAPK 

kinases kinases (MAPKKKs), MAPK kinases (MAPKK) and ultimately MAPKs88 

(Figure 1.4). Classical growth factors such as EGF and PDGF bind to RTKs that are 

single transmembrane spanning proteins which dimerize upon activation via ligand 

binding89.  Dimerization results in transphosphorylation of the cytoplasmic domains of 

RTKs and results in the recruitment of multiple signaling proteins including adaptor 

proteins and guanine nucleotide exchange factors (GEFs). In the case of PDGF signaling, 

the growth factor used in these studies, activation of the PDGF receptor leads to 

recruitment of signaling proteins including the GEF for the small GTPase Ras (Ras GEF), 

resulting in translocation of Ras to the membrane where it activates the MAPKKK, c-Raf 

90. c-Raf then phosphorylates the MAPKK, MEK1/2 (mitogen-activated protein/ERK1/2 

kinases 1 and 2), which in turn phosphorylates the MAPKs, ERK1/2 (extracellular signal-

regulated kinases 1 and 2). In response to these events, a fraction of activated ERK1/2 

translocates to the nucleus to activate nuclear transcription factors involved in DNA 

synthesis and cell division, and thus increases VSMC proliferation88, 91 (Figure 1.4). 

 

VSMC Migration:  Migration of VSMCs occurs via the same growth factor receptor 

systems as those that influence VSMC proliferation, but rely on different downstream 

mediators of cell signaling. As with VECs, VSMC migration is a complex process 

involving lamellopodia formation, membrane ruffling and cytoskeletal reorganization 

(reviewed in73, 75-77, 92). Like VECs, migration of VSMCs is initiated by promoting 

lamellopodia formation and protrusion of leading edge structures. In addition to cell 

polarization, the cell must efficiently make new contacts, release its old ones and provide 
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intracellular force to migrate to its destination. The continual changes in cell adhesion, 

and shape change throughout migration continuously impact the actin-myosin 

cytoskeleton where a multitude of cytoskeletal reorganization events must occur for 

coordinated migration93. Actin- myosin rearrangements are essential for forming motor 

units inside the cell that are capable of generating force to propel the cell forward through 

formation of stress fibers, long cytoskeletal bundles of actin and myosin filaments that 

exert tension and are linked to the plasma membrane at focal adhesions94. These focal 

adhesions contribute to the maintenance of cell shape, motility and attachment to the 

extracellular environment73, 95. The ability of actin to bind to myosin is dependent on the 

phosphorylation of the myosin light chain (MLC) by the Ca2+/Calmodulin sensitive 

myosin light chain kinase (MLCK). Once phosphorylated, MLC can bind to actin 

resulting in a complex capable of contraction and cell motility75, 76. The phosphorylation 

status of MLC is also regulated by MLC phosphatase (MLCP), which can 

dephosphorylate myosin resulting in disassembly of the cell’s motor unit. MLCP’s 

activity is regulated by other signaling systems including the Rho family of small 

GTPases. The majority of VSMC migration events rely on the actions of the Rho family 

of small GTPases, Rac1, Rho, and Cdc42,95, 96 although each of these proteins have 

differential effects on cell migration. In one specific example, growth factor mediated 

activation of Rho can lead to activation of the Rho Kinase95, 97, inhibiting MLCP and thus 

promoting myosin and actin interactions inducing the formation of stress fibers. While 

Rho GTPases are essential for cytoskeletal rearrangements necessary for VSMC 

migration, other intracellular signaling proteins can also contribute to cell migration. 

Protein kinase C (PKC) activity can lead to the modulation of vasodilator-stimulated  
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Figure 1.4- Signaling Mechanisms Involved in Regulating Proliferation and 

Migration of Vascular Smooth Muscle Cells (VSMCs). As described in the text VSMC 

proliferation is dependent upon growth factor activation of receptor tyrosine kinases and 

subsequent activation of the MAPK signaling pathway, while VSMC migration is 

regulated through the Rho Kinase, ROK and polymerization of actin. Arrows represent 

activation while a ‘T’ represents inhibition. 

Abbreviations: G protein-coupled receptors (GPCR), receptor tyrosine kinase 87, MAPK 

kinase (MEK1/2), extracellular regulated kinases 1 and 2 (ERK1/2), cyclic nucleotide 

phosphodiesterases (PDE), Ras guanine exchange factor (RasGEF), Rho guanine 

exchange factor (RhoGEF), Rho kinase (ROK), myosin light chain (MLC), myosin light 

chain kinase (MLCK), phosphorylated myosin light chain (MLC-P), myosin light chain 

phosphatase (MLCP), platelet derived growth factor (PDGF), epidermal growth factor 

(EGF), vasodilator stimulated phosphoprotein (VASP), protein kinase A (PKA), protein 

kinase G (PKG).  
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phosphoprotein (VASP), a cytoskeletal associated protein localized in lamellopodia and 

filopodia involved in regulating actin polymerization98, 99. PKC mediated activation of 

VASP allows it to modulate stress fiber formation, allowing cell spreading and 

migration100, 101. With so many intracellular players involved in cell migration, it isn’t 

surprising that the cell has developed a spatiotemporal organization that allows it to 

coordinate the multiple process in cell migration102 (Figure 1.4). As discussed in the 

following sections of this introduction, and the chapters in this thesis, spatial and 

temporal regulation of intracellular signaling is fundamental to efficiently regulate 

cellular processes including adhesion, migration, proliferation and blood platelet 

functions described above. 

 

1.6 CYCLIC NUCLEOTIDE SIGNALING 

It is well established that many hormones and neurotransmitters relay information 

to target cells through cell-surface receptors and amplification of intracellular second 

messengers such as cyclic adenosine 3’, 5’-monophosphate (cAMP) and cyclic guanosine 

3’, 5’- monophosphate (cGMP). Since their discovery, cAMP and cGMP have been 

implicated in multiple cellular processes including, but not limited to, apoptosis, 

proliferation, cell contractility, migration and adhesion103. Intracellular cAMP and cGMP 

are synthesized through the activation of several distinct forms of adenylyl cyclases, or 

guanylyl cyclases, respectively. In the cells used in these studies, cAMP transmits 

information by interacting with two effector proteins: the well characterized cAMP-

dependent protein kinases (PKA) and the exchange proteins activated by cAMP (EPAC), 

both of which act to modulate downstream responses. Similarly, cGMP relays 
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information by interacting with cGMP-dependent protein kinases (PKG), resulting in 

phosphorylation of numerous downstream targets. cAMP or cGMP mediated activation 

of the effectors listed above is dynamically regulated by cyclic nucleotide 

phosphodiesterases (PDEs), a large super-family of enzymes which hydrolyze the 3’, 5’ 

phosphodiester bond to yield 5’AMP or 5’GMP, respectively (Figure 1.5). Each of these 

cyclic nucleotide-regulated effectors is discussed more comprehensively in later sections 

of this Chapter.  

Since virtually all functions of the cells studied in my work are directly or 

indirectly influenced by the cyclic nucleotides, a significant amount of research has 

investigated how specificity of cAMP and cGMP signaling is regulated. Earlier work 

focused on investigating how selective expression of the cyclases responsible for 

generating cyclic nucleotides, the effectors of cyclic nucleotide actions (PKA, EPAC, 

PKG) and the PDEs could allow selective effects. However, recent work has shifted to 

focus on the idea that unique combinations of these enzymes, distributed within defined 

compartments in cells allow targeted signal specificity and is now thought to play a 

dominant role35, 104-107. The studies in this thesis have used this model to further 

investigate how PDEs contribute to regulation of cyclic nucleotide signaling. 

 

1.7 REGULATION OF cAMP SYNTHESIS 

Synthesis of the second messenger cAMP is catalyzed by a multi-enzyme family 

of adenylyl cyclases (ACs)108. The AC family consists of nine membrane-bound isoforms 

(AC1-9) and one soluble isoform (sAC). The numerous AC isoforms allows multiple 

levels of regulation of cAMP synthesis. Below, I will discuss the main modes of AC  
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Figure 1.5  

Figure 1.5- Cyclic Nucleotide Signaling in Cells. As described in the text, activation of 
adenylyl cyclase enzymes result in increased production of cAMP that can activate either 
protein kinase A (PKA), exchange protein activated by cAMP (EPAC) or is hydrolyzed 
by cyclic nucleotide phosphodiesterases (PDEs). Similarly, activation of guanylyl 
cyclases, results in increased production of cGMP, resulting in activation of protein 
kinase G (PKG) or hydrolysis by PDEs. Arrows indicate activation. 
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regulation in the cells used in my studies, however, the reader is referred to these recent 

reviews for more information on the multiple layers of AC regulation and function105, 108-

114. Each membrane-associated AC has two large conserved cytoplasmic domains that 

form the catalytic domain responsible for the conversion of ATP to cAMP upon AC 

activation. While activation of sAC is uniquely achieved through binding of bicarbonate 

ions, all membrane-associated ACs are activated via binding of Gαs, the α-subunit of Gs, 

a member of the heterotrimeric G protein family of signal transducers115. Following G-

protein coupled receptor (GPCR) activation, Gαs is released from its association with Gβγ 

subunits allowing it to interact with the catalytic core of AC, resulting in a 

conformational change, activation, and increased cAMP synthesis116. Activities of certain 

ACs are also modulated by other heterotrimeric G-proteins. While GTP-bound Gαi 

subunits inhibit certain ACs (namely AC1, 5, 6), the non-catalytic subunits of G-proteins, 

the Gβγ subunits, can stimulate some ACs  (AC2, 4, 7) or inhibit others (AC5, 6)117.  In 

addition to these protein-based mechanisms, ACs are also subject to post-translational 

regulatory mechanisms, such as phosphorylation by multiple protein kinases and Ca2+ 

binding.  

Numerous distinct ACs can be either activated, or inhibited, following 

phosphorylation by different kinases. Specifically, cAMP mediated activation of PKA 

and phosphorylation of specific AC isoforms results in targeted desensitization providing 

a level of feedback to regulate cAMP production113, 117. Ca2+ binding represents a potent 

mode of AC regulation in many cell types, where it can be stimulatory when bound to 

calmodulin, while free Ca2+ ions can be inhibitory. For example, while each AC5 and 

AC6 are inhibited by sub-micromolar concentrations of Ca2+, all AC forms are inhibited 
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at high (non-physiological) concentrations of Ca2+, likely through displacement of a 

catalytic Mg2+ 112. Activities of several ACs can also be altered by small molecule agents, 

which interact with residues within the catalytic core of these enzymes. For example, all 

membrane-bound ACs are activated directly when the pharmacological agent, forskolin, 

binds to residues within the catalytic core and promotes a conformational change 

reminiscent of that caused by Gαs 114.  

The large number of AC isoforms allows for varied tissue distribution and 

expression and several of these enzymes are expressed in the cells studied in the course 

of my studies. Vascular smooth muscle cells (VSMCs) can express AC3, a Ca2+/CaM-

sensitive isoform and the Ca2+and Gαi-inhibited forms (AC5 and AC6)118, 119. Vascular 

endothelial cells (VECs) can primarily express AC3, AC6, in addition to the Ca2+-

inhibited AC7111.  

Currently, the mechanisms involved in coordinating how these multiple modes of 

AC regulation are integrated and combined to regulate rates of cAMP synthesis in cells, 

most of which express multiple forms of ACs is unknown. 

 

1.8 REGULATION OF cGMP SYNTHESIS 

 Synthesis of cGMP is catalyzed by two main forms of guanylyl cyclases (GCs), 

the soluble guanylyl cyclases (sGC) and particulate guanylyl cyclases (pGCs). sGCs are 

largely although not exclusively soluble and are activated by endogenously produced 

nitric oxide (NO) or NO-derived from NO-releasing drugs, while pGCs are integral 

membrane proteins and subject to activation by binding various peptide-based activators. 

When the so-called sGC are found in membrane fractions they are almost always tethered 
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there through protein-protein interactions, such as is the case in platelets and in VECs120. 

In addition, targeted protein interactions with postsynaptic density protein-95, PSD-95, 

can localize sGC to synaptosomes in the brain121.  

All sGCs exist minimally as heterodimers consisting of a 78kDa α subunit (α1 or 

α2 subunit), a 70kDa β subunit (β1 or β2 subunit) and a heme-based prosthetic group120, 

122-124.  Interestingly, while molecular studies show that both α and β subunits encode 

conserved sequences which might be thought to allow GC activity, α or β homodimers 

are catalytically inactive124-126. Both α and β subunits have N-terminal regulatory 

domains which are involved in binding heme, central dimerization domains, which are 

critical for sGC catalytic activity and conserved C-terminal catalytic domains responsible 

for converting GTP to cGMP124, 127-129. Since sGC are often membrane-associated, 

recently these enzymes have been distinguished from the pGC based on their unique 

mode of activation. Indeed, since sGC are activated subsequent to nitric oxide (NO) 

binding to their heme moiety, they now are often referred to as NO-sensitive GCs130.  

 There are seven mammalian pGC isoforms (GC-A to GC-G) that exist and exhibit 

a conserved overall domain structure. They are activated by distinct ligands and are 

classified as natriuretic peptide receptors, intestinal peptide-binding receptors or orphan 

receptors based on this fact127, 131. The cells of the cardiovascular system studied in my 

research (VSMCs and VECs) express natriuretic peptide receptors, namely GC-A and 

GC-B, and these pGC are activated by several natriuretic peptides including the atrial 

natriuretic peptide (ANP), the brain natriuretic peptide (BNP) or the C-type (i.e. non-A or 

-B) natriuretic peptide (CNP)131. These “receptor-enzymes” consist of an extracellular 

domain, responsible for ligand binding, a transmembrane-spanning domain, a non-
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catalytic intra-cellular kinase homology domain (KHD) that participates in subunit 

dimerization and a C-terminal catalytic domain responsible for converting GTP to 

cGMP131, 132. pGCs efficiently produce cGMP as multimers (minimally as dimers), and 

upon ligand binding, catalytic domains of neighboring pGCs interact to promote cGMP 

synthesis133.  

As described above for the ACs, GCs are also subject to post-translational modes 

of regulation. Like ACs, sGCs are inhibited subsequent to phosphorylation by either PKA 

or protein kinase G (PKG), suggesting that increases in either cAMP or cGMP can yield 

feedback inhibition of cGMP synthesis by these enzymes123, 133. While phosphorylation 

of sGCs by these kinases decreases cGMP production by these enzymes, 

dephosphorylation of a constitutively phosphorylated sites in several pGCs (Ser497, 

Thr500, Ser302, Ser506, Ser510, Thr 513) upon ligand binding brings about a complex 

pattern of regulation by these enzymes which can both increase enzyme activities and 

receptor sensitization and increased cGMP production131, 134, 135. 

Signaling via these cGMP systems is essential for proper functioning of cells 

within the cardiovascular system and multiple GCs are expressed in virtually all of the 

cardiovascular cells. While blood platelets specifically express sGC136, VSMCs can 

several sGCs and pGCs thus providing a role for each NO and the natriuretic peptides to 

impact functions of these cells137.  

 

1.9 REGULATION OF cAMP AND cGMP HYDROLYSIS 

 While increases in cyclic nucleotide levels are essential to drive signaling 

pathways, cyclic nucleotide hydrolysis by cyclic nucleotide phosphodiesterases (PDEs) is 
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equally important in maintaining signaling homeostasis. Cyclic nucleotide hydrolysis is 

catalyzed by a large multi-gene family of enzymes named cyclic nucleotide 

phosphodiesterases (PDEs). This superfamily is comprised of eleven distinct PDE 

families which are segregated based on amino acid sequence, substrate and cofactor 

specificities, domain structure and catalytic and regulatory characteristics35 (Figure 1.6). 

While some of the 11 PDE families contain only one gene, some contain as many as four, 

and within families, alternative splicing and the use of alternate promoter initiation sites, 

allows numerous gene products to be expressed in cells. In total, current estimates place 

the number of distinct PDEs expressed in mammalian cells at ~ 6035, 138.  Due to the large 

number of PDE variants, a nomenclature system was established to allow identification 

of each PDE enzyme. An example, HSPDE5A1 identifies a human (HS, Homo sapiens) 

enzyme of the PDE5 family that is encoded by the A gene. Because many PDE genes 

generate several distinct variants, a final number (in this case 1) identifies the specific 

splice variant138. While all PDEs have a similar overall domain-based structure, and 

enzymes within individual families can share highly homologous catalytic domains, 

individual enzymes within families each have highly divergent amino- and carboxy-

terminal sequences. These variable domains are proposed to produce individual enzymes 

with unique characteristics such as the ability to target differentially in cells, or to be 

uniquely regulated by binding specific other proteins or small molecules35, 139, 140.  

While members of the PDE4, PDE7 and PDE8 families selectively hydrolyze 

cAMP over cGMP, and members of the PDE5, PDE6 and PDE9 families selectively 

hydrolyze cGMP over cAMP, enzymes from the PDE1, PDE2, PDE3, PDE10 and 

PDE11 families have the ability to catalyze the hydrolysis of either cAMP or cGMP35, 139.  
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Figure 1.6  

Figure 1.6- Properties of the Cyclic Nucleotide Phosphodiesterase Superfamily. A 
schematic representation of the 11 distinct PDE families. The PDE family name is listed 
on the side of each structure, while the conserved catalytic domain is represented as a 
pink oval. The preference for cAMP or cGMP hydrolysis is listed on the side. Protein and 
cofactor binding sites are indicated on the individual PDE family and listed below.  
Abbreviations: Calmodulin 141, cGMP-activated PDEs, adenylyl cyclase, and Fh1A 
(GAF domain), upstream conserved regions (UCR), period, aryl-hydrocarbon receptor 
nuclear translocator (ARNT) and single minded (PAS), SRC homology domain 3 (SH3).  
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Importantly, in families in which PDEs can hydrolyze both cAMP and cGMP, it is 

known that certain variants can display some relative preference for one over the other. 

For example, while enzymes encoded by genes within the PDE1 family can hydrolyze 

both cAMP and cGMP, this is only true of products derived from one of the three PDE1 

family genes (PDE1C). Multiple PDE family specific inhibitors exist that have helped to 

investigate the cellular functions that are regulated by specific PDEs. To date, each of 

these drugs inhibits PDE-mediated hydrolysis of cAMP or cGMP by competing cyclic 

nucleotide binding to the active site and is summarized in Table 1.1. 

Of relevance to the studies described herein, a large number of distinct PDEs are 

expressed in cells of the cardiovascular system103, 139. Human platelets express variants of 

PDE2, PDE3 and PDE5,142-144 human VECs express variants of the PDE2, PDE3 and 

PDE4 families56, 145, 146 and human VSMCs express variants of the PDE1, PDE3, PDE4 

and PDE5 families44, 45, 147, 148. Since my studies have focused almost exclusively on 

enzymes of the PDE3 and PDE5 families, further discussion will concentrate on these 

enzymes families. For a more thorough description of all PDE families expressed in cells 

of the cardiovascular system, please refer to a review from our group35.  

 

1.10 PDE3 STRUCTURE, EXPRESSION AND FUNCTION 

The PDE3 family consists of two genes, PDE3A and PDE3B. While PDE3A 

encodes three distinct splice variants, namely PDE3A1, PDE3A2, and PDE3A3, PDE3B 

only encodes one variant, namely PDE3B149, 150. PDE3A is highly expressed in cells of 

the cardiovascular system including platelets, VSMCs, and cardiomyocytes. While 

PDE3B is also expressed in VSMCs and VECs, it is highly expressed in adipocytes and  
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hepatocytes151-154. In platelets, PDE3A is the major cAMP PDE and is thought to account 

for 80% of the cAMP hydrolytic activity in those cells155. VSMCs express each isoform 

of the PDE3 gene, however levels of PDE3B are significantly lower than those of 

PDE3A147, 156. In addition, upon culture of VSMCs, a decreased expression of PDE3A2 

parallels a phenotypic modulation of these cells from a contractile to a synthetic 

phenotype157. PDE3 activity has been shown in a wide variety of VECs including human 

arterial endothelial cells (HAECs), and human microvascular endothelial cells 

(HMVECs), and our lab identified the expression of PDE3A2, PDE3A3 and PDE3B in 

these cells56, 57. In endothelial cells, PDE3 activity accounts for ~35% of the total cAMP-

PDE activity, and while distinct roles for PDE3A and PDE3B are still under 

investigation, PDE3B’s membrane localization targets its function in specific cellular 

signaling57 (Chapter 3). 

 Both PDE3A and PDE3B share highly conserved domain organization. Both 

enzymes encode carboxy-terminal catalytic domains and two highly homologous amino-

terminal hydrophobic membrane association regions, named NHR1 and NHR2, which are 

predicted to allow for selective enzyme targeting of isoforms in cells151, 158, 159. Both 

PDE3A and PDE3B contain a highly conserved C-terminal catalytic domain but differ 

due to a 44 amino acid insert in the catalytic domain, a unique feature of this family of 

PDE that impacts the hydrolysis of cyclic nucleotides as well as selectivity to 

pharmacological inhibitors such as cilostamide151. Enzymes of the PDE3 family were 

initially identified as cGMP-inhibited cAMP phosphodiesterases because their catalytic 

domain can bind both cAMP and cGMP with similar affinities (Km ~0.1-0.8 µM). 

However, the rate of hydrolysis of cAMP by these enzymes is 4-10 times faster than that 
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for cGMP138, classifying cGMP as a competitive inhibitor suggesting that levels of 

intracellular cyclic nucleotides play a role in regulating the activity level of this family of 

enzymes. Earlier studies in both human platelets (which exclusively express PDE3A) and 

bovine and rat VSMCs, demonstrated that cGMP-elevating agents could potentiate 

effects caused by AC activating agents due to the ability of cGMP to inhibit cAMP 

hydrolysis144, 160. Whether this effect is specific to PDE3A is unknown, however because 

PDE3B is only ~10% as sensitive to cGMP inhibition, and incubation of adipocytes, a 

cell which expresses only PDE3B, with cGMP elevating agents did not increase 

adipocyte cAMP158. The physiological relevance of this event is demonstrated by a report 

that indicated that cGMP elevating agents exert several anti-mitogenic effects in VSMCs 

by activation of PKA via increases in cAMP mediated by cGMP-inhibition of PDE3A160 

(Chapter 4). 

While the C-terminal region of PDE3 encodes the catalytic domain, the N-

terminal portion of PDE3 encodes many regulatory features, including membrane 

association domains and phosphorylation sites. The amino terminal domain of PDE3 

contains two hydrophobic sequences or N-terminal hydrophobic membrane association 

regions (NHR1 and NHR2) which may confer membrane association158, 159. Both 

PDE3A1 and PDE3B express both NHR1 and NHR2 and each are isolated in particulate 

fractions, while PDE3A2 contains only NHR2 and is partially particulate, while the 

PDE3A3, which lacks both NHR domains, is completely cytosolic149, 150. In addition to 

the membrane anchoring sequences, both PDE3A and PDE3B contain several 

phosphorylation consensus sequences151. Both PDE3A and PDE3B contain three distinct 

protein kinase A (PKA) phosphorylation sites and one protein kinase B (PKB) 
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phosphorylation site that are located between NHR1 and NHR2151. Multiple studies have 

demonstrated that both PKA and PKB can phosphorylate both PDE3A and PDE3B at 

specific sites and increase the Vmax for cAMP hydrolysis for both of these PDEs40, 161-165. 

In addition to increasing PDE3 activity, phosphorylation of PDE3 also results in 

promoting protein interactions.  Previous work in our laboratory identified that 

phosphorylation of PDE3B on Serine 318 (Ser318) promoted interaction with 14-3-3 

proteins and this interaction aided in protecting PDE3B from dephosphorylation and 

deactivation162. In addition, multiple studies have demonstrated that in adipocytes, 

cellular localization of PDE3B and agonist stimulation dictates the differential 

phosphorylation of PDE3B by either PKA or PKB40, 164, 166, 167. While PDE3B can exist in 

both the ER/Golgi membrane fraction or the caveolae in plasma membranes (PM), 

insulin induced activation of PKB preferentially phosphorylates the ER fraction of 

PDE3B, while isoproterenol induced activation of PKA preferentially phosphorylates the 

PM fraction of PDE3B164, 166-168. Whether phosphorylation of PDE3A can be selective 

based on cellular localization or promote protein interactions is currently unknown.  

 To delineate the functions of PDE3 in cells, PDE3 specific pharmacological 

inhibitors such as cilostamide, milrinone or cilostazol have been widely used to uncover 

cellular functions directly regulated by these PDEs. PDE3 is highly expressed in all cells 

of the cardiovascular system including platelets, cardiomyocytes, VECs and VSMCs56, 

144, 147, 148, 151, 156, 157. In platelets, PDE3A is the only isoform of PDE3 expressed, and it 

accounts for 80% of the cAMP hydrolyzing PDE activity155. In these cells, PDE3A 

functions to breakdown intracellular cAMP, and upon pharmacological inhibition, 

increases in platelet cAMP and subsequent activation of PKA results in inhibition of 
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platelet aggregation.  Since PDE3A inhibition has such profound effects on platelet 

aggregation, the PDE3 inhibitor cilostazol (PLETAL™) is currently used for the control 

of intermittent claudication169. Similar to platelets, PDE3 inhibition in cardiomyocytes 

increases intracellular cAMP and thus inotropy and chronotropy170. Due to the potent 

effects of PDE3 inhibitors on heart function, they were tested for use in the treatment of 

congestive heart failure (CHF), a disease characterized by loss of inotropy and 

chronotropy. Although these agents were initially found to be beneficial in acute 

treatment171, 172, their long-term use was associated with an increase in fatal cardiac 

events in CHF patients173, thereby preventing their widespread use. Other cAMP 

increasing drugs such as dobutamine, an agent that activates AC by binding β-adrenergic 

receptors, encountered the same limitations, suggesting that PDE3 inhibition was not the 

problem, but instead a more global increase in cAMP170. In order to further address the 

role of PDE3 in treating CHF, selective inhibitors that can distinguish between PDE3A 

and PDE3B or the three isoforms of PDE3A need to be developed. Pharmacological 

agents that can distinguish between these isoforms will help to uncover the specific roles 

that both PDE3A and PDE3B play in cardiovascular ailments. The positive and negative 

effects observed by PDE3 inhibition revealed that cAMP signaling in cardiomyocytes is 

more complicated than initially thought and suggests that layers of cAMP 

compartmentation exist that require more selective inhibitors to tease out this signaling 

cascade174. Recently, PDE3B was reported to interact with the class IB phosphoinositide 

3-kinase (PI3K) PI3Kγ, where the catalytic subunit of this heterotrimeric enzyme (p110γ) 

acts as a scaffold for PDE3B allowing it to effectively modulate intracellular cAMP 

levels175. In murine cardiomyocytes, where PI3Kγ has been knocked down, these cells 
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display a decreased cardiac contractility, and reports have suggested that it is the loss of 

this PI3Kγ-PDE3B interaction responsible for altering intracellular cAMP and cardiac 

contractility175, adding another layer of complexity to cardiac cAMP-signaling. 

 PDE3B plays a role in regulating certain effects of insulin in adipocytes. 

Recently, much work focusing on PDE3B inhibition and targeted knock down by siRNA 

has revealed an important role of this enzyme in regulating lipolysis in adipocytes. 

Activation of lipolysis involves production of cAMP, activation of PKA and translocation 

of hormone sensitive lipase 150 to lipid droplets for targeted breakdown. In adipocytes, 

inhibition of PDE3B blocks the antilipolytic action of insulin and also reduces insulin-

stimulated lipogenesis and glucose uptake176. The identification of macro-molecular 

PDE3B containing complexes in human and murine adipocytes have started to outline the 

role that PDE3B plays in both insulin mediated and isoproterenol mediated activation of 

PDE3B in the modulation of energy metabolism166-168, 176. 

 In vascular cells such as VSMCs and HAECs, pharmacological inhibition of 

PDE3 activity can increase intracellular cAMP when used in combination with forskolin 

and affects multiple cellular functions that are upregulated in diseased or wounded 

arteries. In VSMCs, PDE3 inhibition can inhibit PDGF-mediated VSMC migration, and 

in synthetic/activated VSMCs, PDE3 inhibition inhibits VSMC proliferation. This is in 

contrast to contractile/ quiescent VSMCs, where PDE3 inhibition promotes relaxation, or 

inhibition of contraction of these cells41, 53, 147, 158, 177. In HAECs, inhibition of PDE3 

results in inhibition of VEGF-mediated migration and increases HAEC adhesion to 

extracellular matrix proteins57, two processes that play an essential role in the initiation of 

angiogenesis (Chapter 3). The role of PDE3 in these cells and its functional role in HAEC 
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and VSMC function are demonstrated in Chapters 3 and 4 of this thesis and the following 

references144, 160. 

 

1.11 PDE5 STRUCTURE, EXPRESSION AND FUNCTION 

The PDE5 family contains only one gene, PDE5A, which encodes 3 distinct 

isoforms namely, PDE5A1, PDE5A2, and PDE5A3178, 179. PDE5 is highly expressed in 

multiple tissues including brain, lung, platelets, vascular and visceral smooth muscle, 

kidney and cardiomyocytes178-180. Originally named cGMP-binding, cGMP-specific PDE, 

this isoform is now known as PDE5A1, and it appears to be the most predominant form 

expressed in most PDE5 containing tissues. PDE5A2 contains a significantly shorter 

amino acid N-terminal sequence and has been identified in many tissue types181. While 

PDE5A1 and PDE5A2 are ubiquitously expressed, PDE5A3 expression may be limited to 

smooth muscle182.   

PDE5 specifically hydrolyzes cGMP (2.9-6.0µM) and like PDE3 has a distinct 

carboxy-terminal end containing the PDE catalytic domain. The N-terminal regulatory 

domain of PDE5 encodes two homologous regulatory domains defined as GAF A and 

GAF B in addition to at least one PKA/PKG phosphorylation site. GAF domains are 

identified based on their sequence homology with similar regulatory motifs now known 

to be present in a large group of proteins183. The initial members of this group included 

the cGMP-regulated phosphodiesterases (PDE2, PDE5 and PDE6), several adenylyl 

cyclases, and a bacterial transcription factor called FhlA. The acronym, GAF, is derived 

from the first letters of these groups. Activation of PDE5 occurs through either cGMP 

binding to GAF A, but not GAF B, or phosphorylation of a conserved serine within a 



 39	  

PKA/PKG consensus sequence (Serine 102 in human PDE5A1)55, 180. Although both 

PDE5 GAF A and GAF B domains are homologous in sequence, not all PDE GAF 

domains bind cGMP, and may instead be involved in dimerization or other regulatory 

roles. cGMP-mediated activation of PDE5 results from cGMP binding to the GAF A 

domain, and while there is no evidence for cGMP binding to the GAF B domain, it has 

instead been suggested to be critical for dimerization of PDE5184. In addition, the GAF B 

domain affects the affinity of the PDE5 catalytic domain for PDE5 inhibitors, potentially 

altering the catalytic site through inter-domain interactions185. In addition, cGMP binding 

to the GAF A domain of PDE5 results in a conformational change in PDE5 that 

correlates well with enzyme activation186.  

PDE5 can also be activated through PKA- or PKG-mediated phosphorylation of a 

conserved serine upstream of the GAF domains (human serine 102 (Ser102))54. While it 

was originally thought that cGMP binding to GAF A was required as an initiation step for 

PKG mediated phosphorylation of PDE5, our lab demonstrated that PDE5 could be 

differentially regulated (either cGMP binding to GAF domain or PKG mediated 

phosphorylation of Ser102) due to enzyme subcellular localization (Chapter 2) suggesting 

that compartmentation of PDE5 provides another layer of regulation for this enzyme. Our 

research (Chapter 2) was the first report to demonstrate that different pools of PDE5 

could be differentially regulated, however previous reports demonstrated that subcellular 

localization of PDE5 was essential for regulating intracellular increases in cGMP187, 188. 

While multiple anchoring proteins have been discovered for members of other PDE 

families (such as PDE4), few PDE5 binding proteins have been identified. Our work 

demonstrated that PDE5 is an integral part of the PKG- IP3R1, IRAG complex in 
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platelets where it regulates IP3-mediated Ca2+ release from the endoplasmic reticulum. 

Whether PDE5 interacts directly with each of these proteins, or only one, its proximity to 

PKG allows for exquisite regulation of local cGMP levels is unknown.  

The advent and success of multiple selective PDE5 inhibitors (sildenafil 

(Viagra™), tadalafil (Cialis™) and vardenafil (Levitra™)) in the treatment of male 

erectile dysfunction (ED) have furthered the interest in delineating PDE5 functions in 

cells. While sildenafil was originally marketed as an anti-angina medication by targeting 

PDE5 in the cardiac vascular system, it only resulted in a small effect on the reduction of 

systemic blood pressure189. Although the effect was small, sildenafil is able to greatly 

potentiate the effects of NO donors, suggesting that this small effect could result in 

severe hypotension for patients taking sildenafil and nitroglycerin190. In 

contractile/quiescent VSMCs in culture, sildenafil potently relaxes several arterial 

VSMCs, in addition to the smooth muscle of the corpus cavernosum54, 191. 

In blood platelets, pharmacological inhibition of PDE5 potently synergizes with 

NO donors to inhibit platelet aggregation144. Recently, the anti-platelet actions of PDE5 

inhibitors, such as sildenafil, was suggested to represent a therapeutic option in 

controlling acute coronary syndromes (ACS), arterial occlusions that can lead to unstable 

angina and myocardial infarction22, 192, 193. In human platelets, PDE5 inhibition with 

sildenafil results in decreased Ca2+ release from ER stores, suggesting that PDE5 

inhibitors could be used as anti-platelet therapeutics (Chapter 2).  

Recently, PDE5 has been implicated in melanoma invasiveness when oncogenic 

BRAF (V600EBRAF) is present. In melanoma cell lines, where BRAF carries the V600E 

mutation, PDE5 levels are down regulated, leading to an increase in intracellular cGMP 
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and Ca2+ and subsequent increase in melanoma cell invasion194. Whether the increase in 

intracellular Ca2+ and down-regulation of PDE5A are related to the PKG-IP3R-PDE5 

complex discovered in platelets is unknown and further work is required to explore this 

question.  

 

1.12 PKG SIGNALING 

 cGMP is generated through NO mediated activation of sGC or natriuretic peptide 

activation of pGC. Once produced, cGMP can activate cyclic nucleotide-gated ion 

channels (CNG) or the cGMP effector protein kinase G (PKG).  Humans have two PKG 

genes that encode PKGI and PKGII195. The PKGI gene contains two alternative exons 

that produce two isoforms PKGIα and PKGIβ.  While PKGI is expressed in all smooth 

muscles and platelets, PKGIα is found in the lung, heart and dorsal root ganglion and the 

PKGIβ isoform is predominately found in platelets, hippocampal neurons and olfactory 

bulb neurons196-198. PKGII is mainly expressed in several brain nuclei, kidney and lung199, 

200. PKG belongs to a family of serine/threonine kinases and phosphorylates a consensus 

sequence found in many proteins (Arg-Arg/Lys-X-Ser/Thr-X)195. PKG forms a 

homodimer and each monomer has a rod-like structure that is composed of two 

functional domains: a regulatory (R) domain and a catalytic (C) domain. The N-terminal 

portion of PKG contains the regulatory domains and the cGMP-binding domains 

represented by the high affinity (cGMP I) and low affinity (cGMP II) binding domains201. 

The N-terminal domain is responsible for dimerization and targeting. The leucine zipper 

motif in the N-terminal region of PKG holds together two monomers of PKG isoforms to 

form a dimer202. The subcellular localization of PKG is also regulated by its N-terminal 
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sequences through enzyme targeting202.  The cGMP binding domains are arranged in 

tandem and differ in their affinity for cGMP. cGMP binding to both sites is required for 

full activation of the enzyme, and upon cGMP binding PKGI undergoes a progressive 

molecular elongation201, 203. This elongation allows the catalytic domain to be exposed 

and allows for phosphorylation of serine/threonine residues in target proteins. Prior to 

substrate phosphorylation, autophosphorylation of PKG may occur to increase the 

spontaneous activity of both PKGI and PKGII204-206.  A number of PKG substrates have 

been identified including PDE5, IRAG and IP3R1 and vasodilator-stimulated 

phosphoprotein (VASP)54, 207-209. In order for cGMP signaling to be selective, subcellular 

targeting of PKG is essential for selective phosphorylation of downstream targets and 

activation of signaling pathways. While the N-terminal region of PKGII is myristolated 

resulting in anchoring at the plasma membrane, the PKGI isoforms interact with different 

proteins through their distinct N-termini. It is through the N-terminal leucine zipper 

domain that both PKGIα and PKGIβ interact with isotype specific G-kinase anchoring 

proteins (GKAPs)210. The importance of PKG-GKAP binding is illustrated by the 

cardiovascular abnormalities found in transgenic mice expressing a dimerization deficient 

form of PKGIα211. As more PKG binding partners are discovered, the importance of these 

docking proteins and the role of PKG in selective cGMP signaling will become even 

more apparent. 

 

1.13 PKA SIGNALING 

 cAMP predominately signals through the two cAMP effector proteins, protein 

kinase A (PKA) and the cAMP guanine exchange factor named exchange protein 
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activated by cAMP (EPAC). PKA is the classic mediator of cAMP signals in cells, and 

upon activation by cAMP binding, phosphorylates a multitude of downstream targets212-

214. PKA is a serine/threonine kinase that phosphorylates a consensus sequence found in 

many proteins (Arg-Arg-X-Ser/Thr-X)213. The PKA holoenzyme exists as a 

heterotetramer comprised of two regulatory subunits (R-subunits) and two catalytic 

subunits (C-subunits). There are four R-subunit isoforms (for type I PKA, RIα or RIβ; for 

type II PKA, RIIα or RIIβ), and there are three C-subunit isoforms (Cα, Cβ, Cγ)213. The 

R-subunits are highly dynamic multi-domain proteins that interact with a variety of 

proteins in addition to serving as a major receptor for cAMP. All R-subunits have a 

dimerization/docking (D/D) domain in at the N-terminus which provides a docking site 

for A-kinase anchoring proteins (AKAPs) followed by an auto-inhibitory site which 

binds to the C-subunits maintaining PKA in an inactive state. Finally each R subunit 

contains two cAMP binding domains, which when occupied by cAMP, change the 

conformation of the R-subunit to release the C-subunit, allowing them to dissociate and 

phosphorylate downstream substrates212.  The catalytic subunits of PKA contain a kinase 

core, conserved in all members of the larger AGC kinase family. While there are three C-

subunit isoforms, Cα, and Cβ are the two major isoforms and have multiple splice 

variants that introduce diversity into the first exon215. This R- and C-subunit isoform 

diversity is an important mechanism for achieving specificity in PKA signaling. PKA 

activity can be directed and localized within the cell, as the RII subunits are known to be 

associated with intracellular membranes, whereas the RI subunits remain cytosolic216, 217.  

In addition, recent work with cAMP-FRET imaging demonstrated that R-subunit 

tethering of PKA to distinct compartments in neonatal cardiac myocytes was responsible 
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for specific PKA-signaling in response to different GPCR agonists218. While R-subunit 

and C-subunit diversity is key to specificity in PKA signaling, targeting of PKA through 

R-subunit binding to AKAPs provides another level to PKA signaling. Thus, AKAP 

binding can target PKA isoforms to the plasma membrane, nucleus, centrosome and other 

internal structures allowing discrete and selective PKA activation219-223. An endogenous 

inhibitor of PKA, PKI, exists in cells. It is a small (~8-9kDa) peptide containing a similar 

sequence to that of the PKA consensus sequence with a serine/threonine to alanine 

substitution. This small peptide acts as a competitive inhibitor of the C-subunit when 

bound224, 225. Due to the high selectivity of PKI, it is routinely used in experimental 

studies to modify PKA function. Thus, through a multitude of regulatory methods, PKA 

signaling can be directed to carry cAMP signals to different substrates in different 

subcellular locations. 

 

1.14 EPAC SIGNALING 

 While PKA is the classical cAMP effector protein and the majority of its 

downstream effects have been well characterized, another family of cAMP effector 

proteins was discovered relatively recently and has been implicated in multiple cell 

signaling cascades and cellular function104, 226, 227. In 1998, Bos and colleagues first 

described EPACs, a family of exchange proteins activated by cAMP, as cAMP-activated 

guanine nucleotide exchange factors (cAMP GEFs) which catalyzed the exchange of 

GDP for GTP on the GTPase Rap1, a member of the Ras- family of small G proteins87, 

228. Since then, it has been discovered that EPACs can also activate Rap2229, and a 

specific isoform of Ras, R-Ras230, although these will be discussed in more detail later. 
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Both Rap and Ras are small G-proteins, which cycle between an inactive guanosine 

diphosphate (GDP)-bound state and an active guanosine triphosphate (GTP)-bound state. 

GEFs, including EPAC catalyze the exchange of GDP for GTP, thus activating the G-

protein. The EPAC family consists of two EPAC genes, namely EPAC1 and EPAC2. 

EPAC1 and EPAC2 are multi-domain proteins containing an N-terminal regulatory 

region that has one (EPAC1) or two (EPAC2; A domain and B domain) cyclic nucleotide 

binding domains, and a DEP (Dishevelled, Egl-10, Pleckstrin) domain. The C-terminal 

portion of EPAC contains the catalytic CDC25-homology domain (CDC25-HD) for 

GDP-GTP exchange and a Ras exchange motif 231 which is responsible for catalytic 

domain stabilization104. The DEP domain is responsible for membrane localization which 

can target EPAC to different subcellular locales, and may dictate the intracellular 

domains where EPAC can regulate Rap and R-Ras and facilitate protein interactions with 

AKAPs232. EPAC1 and EPAC2 are present in most tissues, but with different expression 

levels. EPAC1 is highly expressed in blood vessels, kidney, and adipose tissue, while 

EPAC2 is highly expressed in the central nervous system, adrenal gland and pancreas87, 

228, 233.  

 While the A domain in EPAC2 binds cAMP with relatively low affinity and does 

not contribute to the auto-inhibitory role of the regulatory N-terminal, B domain and the 

CNB domain in EPAC1 bind cAMP with a Kd of 1-5µM226. In comparison to PKA, half-

maximal activation occurs at 40µM while the Kd and half maximal activation of PKA is 

~0.1µM (due to cAMP binding to one regulatory subunit of PKA), and 1µM (cAMP 

binding sites occupied on both regulatory subunits of PKA), respectively suggests a 

lower sensitivity of EPAC for cAMP234. Since both PKA and EPAC are activated by 
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cAMP, pharmacological tools were developed to distinguish the role of these two effector 

proteins in cellular functions. Due to a single amino acid difference in the cAMP binding 

domains of EPAC and PKA, an EPAC-specific cAMP analogue, 8-pCPT-2’-O-Me-

cAMP (8CPT) was developed and has been a useful tool in delineating the role of EPAC 

in cellular functions226, 235.  

EPAC activation of Rap1, Rap2 and R-Ras has been implicated in a variety of 

cellular processes including regulation of cell adhesion and spreading, cell permeability, 

as well as activation of other signaling molecules including phospholipases and 

phosphoinositide 3-kinases. Activation of EPAC-Rap1 signaling has been shown to affect 

cell adhesion in a number of cell lines in response to β2-adrenergic receptor stimulation, 

through the selective regulation and binding of integrin signaling complexes to ECM 

proteins including fibronectin and laminin which induces polymerization of actin 

filaments into stress fibers235, 236. Studies have also implicated PDEs in directly regulating 

EPAC-mediated cell adhesion to ECM proteins. Inhibition of PDE3 in HAECs results in 

increased cell adhesion to fibronectin coated surfaces confirming that localized cAMP 

signaling has significant impact on EPAC-mediated cell functions57. In addition to cell-

matrix adhesion, EPAC1-Rap1 activity has been shown to regulate cell-cell adhesion 

mediated by the cadherin family of proteins. EPAC mediated activation of Rap1 can 

promote endothelial cell barrier function by stabilizing VE-cadherin based cell-cell 

adhesions and thus decreasing endothelial cell permeability237, 238. EPAC has also been 

reported to activate phospholipase C epsilon (PLCε) by activating a specific form of Rap, 

Rap2B. cAMP mediated activation of EPAC and subsequent activation of Rap2B results 

in activation of PLCε, generation of IP3 and mobilization of Ca2+ 229. Studies have 
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demonstrated the importance of EPAC-mediated activation of Rap and PLCε as it plays a 

critical role in maximal beta-adrenergic receptor stimulation of Ca2+-induced Ca2+-release 

(CICR) in cardiomyocytes239. In addition to the unique EPAC mediated activation of 

Rap2B-PLCε, EPAC can also activate a specific form of Ras, namely R-Ras. Studies 

have demonstrated that EPAC mediated activation of R-Ras results in increased 

phospholipase D (PLD) stimulation in cells230 and can activate a form of PI3Kγ as 

demonstrated by Chapter 3 in this thesis. Taken together, these studies demonstrate that 

activation of EPAC proteins has multiple effects on many signaling systems, and that 

activation of distinct small G-proteins such as Rap1, Rap2B, and R-Ras, may be a way 

for cAMP to exert distinct intracellular signals through EPAC.  

 

1.15 COMPARTMENTATION OF CYCLIC NUCLEOTIDE SIGNALING 

 Since cAMP and cGMP elicit their effects through only a few effector proteins 

(EPAC and PKA for cAMP and PKG for cGMP) much research has investigated how 

cAMP and cGMP can have selective effects in cells while only activating few signaling 

proteins. Compartmentation of cAMP and cGMP signaling provides cells with a 

mechanism to bring about events in a meaningful spatial and temporal manner resulting 

in effective activation of a preferred signaling cascade while avoiding an unwanted one 

and its role in cell functions is outlined in these recent reviews105-107, 227, 240. A significant 

literature supports the concept that cellular cAMP and cGMP signaling is 

compartmented. The production of cAMP by adenylyl cyclase (AC) proteins provides the 

initial point of cAMP compartmentation. AC activation can occur at the plasma 

membrane through actions of membrane bound AC or in the cytosol through sAC 
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resulting in distinct pools of cAMP. Membrane bound ACs can be further segregated into 

caveolae and lipid rafts and into protein complexes within the plasma membrane109, 110. In 

addition to the site at which cAMP is generated, selective sub-cellular compartmentation 

of effector proteins for cAMP, including PKAs or EPACs, also allows spatial 

coordination of cAMP signals. Multiple macromolecular cAMP-signaling complexes 

have been discovered that allow the spatiotemporal regulation of cAMP mediated effects. 

These complexes can include one cAMP effector protein such as PKA or EPAC, or 

both57, 232, 238, 241. In addition, PKA-based signaling complexes are characterized by 

presence of A-kinase anchoring proteins (AKAPs), which act as a scaffold for PKA and 

other essential signaling molecules required for the specific cell function109, 219-221, 223. In 

addition to cAMP effector proteins, integration of PDEs into these complexes has also 

proven to be a critical mechanism in allowing coordination of cAMP actions in cells42, 57, 

106, 107, 232, 242. The intracellular localization of PDEs acts as barriers to cAMP and prevent 

increases in cAMP from swarming the cell and uniformly increasing cAMP levels. 

FRET-based studies first visually demonstrated the presence of cAMP microdomains, 

and illustrated that these microdomains were abolished upon addition of PDE 

inhibitors243.  

 Although much less extensively studied, growing evidence also supports an 

important role for compartmentation of cGMP-based cellular signaling. Like AKAPs, 

PKG-binding proteins have been identified in certain cells244, 245 and selective subcellular 

distribution of PKG and cGMP-PDEs has been reported187, 188, 246. Moreover, our studies 

have demonstrated that cGMP-based signaling complexes exist in cells (Chapter 2). In 

addition to macromolecular complexes, location of cGMP production provides another 
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level of cGMP compartmentation in cells, and these pools of cGMP also dictate cellular 

localization of different PDEs. Specifically, studies demonstrated that activation of the 

soluble guanylyl cyclase (sGC) in rat cardiomyocytes with NO donors resulted in an 

increase in a cytosolic pool of cGMP187. Moreover, this soluble pool of cGMP was 

selectively hydrolyzed by PDE5187. In addition, selective activation of the particulate 

guanylyl cyclase (pGC) in rat cardiomyocytes with ANP resulted in an increase in a 

plasma membrane associated pool of cGMP, and, adding to the specificity of cGMP 

signaling, this pool was selectively hydrolyzed by PDE2. With further investigation and 

advancement in tools and techniques, targeting specific PDEs present in discrete cAMP 

or cGMP microdomains may hold promise for development of therapeutics for multiple 

diseases without the large number of side effects of the current therapeutics on the market 

today.  

In addition to regulating cyclic nucleotide signaling, targeted localization of PDEs 

to distinct macromolecular signaling complexes allows integration of other proteins 

involved in alternative signaling pathways such as lipid signaling. These complexes allow 

blending and integration of multiple signaling pathways in cells allowing the cell to 

perform complex tasks such as adhesion, migration and proliferation. 

 

1.16 PHOSPHOINOSITIDE SIGNALING FROM PtdIns(4,5)P2 

The phospholipids of mammalian plasma membranes are essential in maintaining 

the structural integrity of the cell and are under constant change depending on the cell’s 

requirements to maintain the integrity of the plasma membrane. All eukaryotic 

membranes have a unique lipid composition. The plasma membrane has a high 
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phosphatidylserine and cholesterol content and contains sphingomyelin and 

glycosphingolipids and phosphoinositides247 Although phosphoinositides 

(phosphatidylinositol) are a small component of the plasma membrane (PM), they are 

involved in a multitude of cellular functions and provide a scaffold for multiple 

intracellular signaling cascades18, 247, 248. A signaling role for phosphoinositides was 

established in the 1980s when it was discovered that stimulation of phospholipase C 

(PLC) was able to break phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) into the 

intracellular second messengers inositol-1,4,5-trisphosphate (IP3) and 1,2-diacyl-glycerol 

(DAG)248, 249. In addition, the importance for this lipid breakdown was solidified when 

researchers confirmed that IP3, the product of PLC breakdown of PtdIns(4,5)P2 resulted 

in Ca2+ mobilization250. Now, numerous hormones and drugs are known to induce Ca2+ 

mobilization through this classical signaling pathway. Upon activation, PLC enzymes act 

to hydrolyze PtdIns(4,5)P2 in the PM resulting in accumulation of IP3 and DAG. 

Intracellular IP3 binds to the IP3R located on the membranes of the endoplasmic 

reticulum (ER) and results in release of intracellular Ca2+ stores. In order to accommodate 

for the multiple incoming signals, there are multiple PLC enzymes that respond to 

different receptor forms. Activation of G-protein couple receptors (GPCRs) results in 

activation of PLCβ, while activation of RTKs results in activation of PLCγ251. In 

addition, PLC activation can occur via small GTP-binding proteins such as Rap2 

activation of PLCε229 (Figure 1.7). 

While PtdIns(4,5,)P2 can be broken down to into IP3 and DAG and serve to amplify 

external signals, they can also be phosphorylated to become phosphatidylinositol-3,4,5-

trisphosphate (PtdIns(3,4,5)P3), where they act as docking sites at the membranes that  
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Figure 1.7  

Figure 1.7- Signaling Mechanisms from Plasma Membrane PtdIns(4,5)P2. As 
described in the text, PtdIns(4,5)P2 pools in the plasma membrane represent important 
signaling docking sites and can be broken down in the signaling products IP3 and DAG 
through activation of PLC enzymes (including PLCβ, PLCγ and PLCε), or can be 
phosphorylated to PtdIns(3,4,5)P3 by PI3Ks resulting in activation of downstream 
signaling pathways, including PKB activation and ERK1/2 phosphorylation.  
Abbreviations: G protein-coupled receptors (GPCR), receptor tyrosine kinase 87, 
phophatidylinositol-4,5-bisphosphate (PtdIns(4,5,)P2), phosphatidylinositol-3,4,5-
trisphosphate (PtdIns(3,4,5)P3), phospholipase C (PLC), inositol-1,4,5-triphosphate 
(IP3), IP3 receptor (IP3R), diacylglycerol (DAG), pleckstrin homology domain (PH), 
phosphoinositide dependent kinase (PDK1), protein kinase B (PKB), endoplasmic 
reticulum (ER), extracellular regulated kinases 1 and 2 (ERK1/2).  
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recruit and regulate protein complexes responsible for signal transduction. Specifically, 

PtdIns(3,4,5)P3 formation results in the translocation of proteins containing a PH domain 

(pleckstrin homology domain) resulting in a spatially localized membrane signal81, 247. 

Phosphoinositide 3-kinases (PI3Ks) phosphorylate the 3-hydroxyl group on the inositol 

ring of PtdIns(4,5,)P2. PI3Ks are capable of phosphorylating other lipid substrates, 

however, since my studies have focused solely on the isoforms that can phosphorylate 

PtdIns(4,5,)P2, my discussion will be limited to this lipid substrate and class I PI3Ks, 

namely PI3Kγ. For a more complete description of PI3Ks that can phosphorylate other 

lipid substrates please see the following recent reviews247, 252-257.  

 

1.17 PI3K SIGNALING 

The PI3Ks are a family of dual lipid and protein kinases that regulate numerous 

cellular processes including migration, proliferation, survival and differentiation80, 258, 259. 

There are three classes of PI3Ks, (class I, class II and class III), divided based on lipid 

substrate preference and structural features. Class I PI3Ks contain four individual 

heterotrimeric enzymes that consist of a unique 110kDa catalytic subunit (known as 

p110α, p110β, p110γ and p110δ) and one of several potential regulatory subunits253. 

Class I PI3Ks are further defined as class IA (PI3Kα, β or δ) and class IB (PI3Kγ) due to 

their unique modes of regulation256. Activation of class I PI3Ks results in translocation of 

the catalytic subunit (p110α, β or δ) to the plasma membrane PtdIns(4,5,)P2 source by 

binding to their specific regulatory subunits (p85α, p85β, p55γ, p55α or p50α) and SH2 

domain docking sites within activated RTKs256. The sole member of class IB PI3Ks is 

PI3Kγ. While PI3Ks are expressed in multiple cell types, PI3Kγ is selectively expressed 
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in hematopoietic cells such as neutrophils and monocytes and in cells of the 

cardiovascular system including cardiomyocytes and vascular endothelial cells175, 260, 261. 

PI3Kγ is comprised of the p110γ catalytic subunit, which binds to one of two regulatory 

subunits, p101 or p84 (also named p87PIKAP)262-264. The p110γ catalytic subunit contains a 

Ras-binding domain (RBD) and a PI3K core capable of phosphorylating PtdIns(4,5)P2
257. 

Interestingly, both the p84 and p101 regulatory subunit have no homology to other 

proteins and no detectable domains, although they are indispensible for the activation of 

PI3Kγ256. p110γ gains access to its plasma membrane PtdIns(4,5,)P2 source when one of 

its two regulatory subunits, p101 or p84, binds to heterotrimeric G-protein derived βγ 

subunit dimers. While p110γ can also bind Gβγ subunits directly265, binding of either p84 

or p101 to Gβγ and p110γ translocation to the membrane is required for maximal Gβγ-

stimulated phosphorylation of PtdIns(4,5)P2
263. In addition to activation by GPCRs, the 

small G-protein Ras can also activate PI3Kγ. Ras may be the first route of PI3K 

activation since PI3Ks present in organisms such as Dictyostelium discoideum do not 

have regulatory subunits and are activated by Ras256. Studies have demonstrated that Ras 

activation is important for p84-mediated, rather than p101-mediated membrane 

recruitment of p110γ263, 266, 267, and our studies described in Chapter 3 confirm this 

observation. 

 PI3Ks are both lipid and protein kinases, although the lipid kinase action of these 

enzymes has been more extensively studied268. For PI3Kγ specifically, activation through 

Gβγ subunits or Ras binding results in translocation of p110γ to the membrane to its 

PtdIns(4,5)P2 lipid substrate where it rapidly phosphorylates the 3-hydroxyl position on 

the inositol ring to form PtdIns(3,4,5)P3
269. The accumulation of PtdIns(3,4,5)P3  results 
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in the recruitment of proteins containing a PH domain to the PtdIns(3,4,5)P3 signaling 

pocket in the membrane. The classical downstream effector of all PI3Ks including PI3Kγ 

is protein kinase B (PKB) and its upstream kinase, phosphoinositide-dependent kinase 1 

(PDK1). Recruitment of PDK1 and PKB via their PH domains results in PDK1-mediated 

phosphorylation of PKB on threonine 308 (Thr308) and on serine 473 (Ser473), resulting 

in full activation of this kinase270-272. Upon PKB activation via PI3Kγ-dependent 

production of PtdIns(3,4,5)P3 in cells, this kinase has multiple downstream effectors 

involved in pathways of inflammation260, cardiac hypertrophy175 and cell survival273. For 

a summary of PI3Kγ activation see Figure 1.7. 

 More recently, studies have demonstrated that PI3Ks are also protein kinases in 

addition to lipid kinases274. Indeed, activation of the protein kinase properties of PI3Kγ 

results in autophosphorylation at serine1100 (Ser1100) of p110γ and results in ERK1/2 

phosphorylation, an event dependent upon PI3Kγ protein kinase activity268. While the 

role of p110γ autophosphorylation or PI3Kγ mediated ERK1/2 phosphorylation are 

unclear, studies in our lab have demonstrated that specific binding of p110γ to p84 in 

VECs can activate the protein kinase activity of this enzyme (see Chapter 3).  

 The ability of PI3Kγ to act as a lipid and protein kinase suggests divergent 

signaling pathways can occur through selective activation of PI3Kγ. In addition to its 

different kinase activity, p110γ can bind to the p84 or p101 regulatory subunit implying 

that regulatory subunit binding may provide specificity of PI3Kγ signaling. While p101 

has been confirmed as an essential component of PI3Kγ functions in hematopoietic cells 

such as neutrophils260, 263, just recently a distinct role of p84 in regulating PI3Kγ function 

has emerged266, 275. Specifically, p84 regulated p110γ (p84-p110γ) requires Ras and Gβγ 
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subunit binding to achieve full PI3Kγ activation266. In addition, p84-p110γ was shown to 

function in lipid rafts and is responsible for mast cell migration and degranulation275 

suggesting that spatial localization of p110γ based on regulatory subunit binding 

regulates specific PI3Kγ functions in cells.  The multitude of downstream signals, adaptor 

proteins and modes of regulation contribute to the complication of PI3Kγ signaling in 

cells. It is evident from recent research that spatial localization and mode of activation are 

essential in directing specific PI3Kγ signals. Our studies have aimed to understand the 

modes of regulation of PI3Kγ signaling, suggesting that localization of p84-p110γ due to 

protein-protein interactions in VECs can target PI3Kγ signaling in these cells.  

 

1.18 INTEGRATION OF cAMP AND PI3K SIGNALING 

 Since cAMP and PI3K signaling affect many of the same biological functions, it 

is expected that there would be multiple points of signal integration. In VSMCs, 

pharmacological inhibition of PI3K resulted in increased cAMP levels276, and in 

cardiomyocytes, cAMP levels were increased in p110γ knockdown cardiomyocytes258. 

Most recently, a potential interplay between PI3Kγ and PDE3B was reported in 

regulating cardiac contractility175. Studies by Patrucco et al.,175 suggested that p110γ 

bound to PDE3B in murine cardiomyocytes. In addition to binding PDE3B, Patrucco et 

al., suggested that this interaction resulted in PDE3B activation and hydrolysis of a pool 

of cAMP involved in regulating cardiac contractility, although this PDE3B activation 

occurred in a PI3Kγ-kinase independent mechanism. This study also demonstrated that in 

p110γ knockout cardiomyocytes, baseline cAMP levels were significantly higher than in 

wild-type control cardiomyocytes suggesting that the loss of p110γ resulted in aberrant 
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PDE3B-mediated cAMP hydrolysis175. To further the analysis of PI3Kγ-PDE3B 

interactions, Voigt et al.,264 determined which PI3Kγ subunit directly interacted with 

PDE3B: p84, p101 or p110γ. Their studies determined that PDE3B interacts with p84 

(p87PIKAP) in cells and not with the p110γ catalytic subunit as previously reported264. 

However, p84 binding to PDE3B failed to cause a significant increase in PDE3B activity, 

suggesting another protein is missing in the macromolecular complex described in 

cardiomyocytes175. We have extended our studies to confirm the interaction of PDE3B 

with p84-p110γ, but also to further analyze the PDE3B-PI3Kγ interactions in VECs and 

investigate the role of cAMP in regulating PI3Kγ function (Chapter 3). It is obvious that 

both cAMP and lipid signaling from PtdIns(4,5)P2 are two important signaling cascades 

regulating multiple cell functions, and further research into how these two pathways are 

integrated would benefit future research in cells of the cardiovascular system. 

 
1.19 ROLE OF cAMP AND cGMP IN PLATELET FUNCTION 

 As previously described in the introduction, activation of platelets is due to 

integration of multiple pro-platelet signaling molecules including soluble factors such as 

ADP and thrombin and exposed ECM proteins such as collagen and vWF. In circulating 

blood, these signals are tightly regulated alongside anti-platelet mediators including 

inhibitory factors such as endothelium derived nitric oxide (NO) and prostacyclin 

(PGI2)144, 277. NO activates platelet sGC, elevating intracellular cGMP resulting in PKG 

activation, while PGI2 binds to and activates the Gs-protein coupled prostacyclin receptor 

resulting in an increase in cAMP and PKA activation both of which have inhibitory 

effects on platelet function277. 
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 Circulating plasma NO is generated in the vascular endothelium, which expresses 

a high amount of endothelial nitric oxide synthase (eNOS). Consistent exposure of 

platelets to NO, results in sGC activation and production of intracellular cGMP allowing 

activation of PKG1β in platelets277-280. A main target of PKG1β in platelets is the ER-

based IP3R where targeted PKG phosphorylation antagonizes Ca2+ release from this 

channel, thus decreasing intracellular Ca2+ levels that play a role in platelet activation209, 

278 (see Figure 1.1). Since most of the signaling pathways discussed earlier converge 

upon activation of PLCβ2/3, all have a role in increasing intracellular Ca2+ levels mostly 

through IP3 mediated release from intracellular stores3, 13, 14, 18, 278. We and other groups 

have identified a cGMP-signaling complex including IP3R1, PKG1β, IRAG and PDE5 

that is responsible for mediating the inhibitory effect of cGMP on intracellular Ca2+ 

release209, 278, 280 and is discussed in Chapter 2. cGMP-mediated decreases in intracellular 

platelet Ca2+ result in decreased granule secretion thus inhibiting further platelet 

recruitment and activation136. In addition, decreased Ca2+ levels also result in altered 

cytoskeletal dynamics involved in platelet shape change thus preventing full platelet 

activation. Since PDE5 is the dominant cGMP PDE in platelets, it regulates intra-platelet 

cGMP levels allowing platelets to respond to pro-aggregatory signals when appropriate. 

Thus, pharmacological inhibition of PDE5 could be useful in regulating platelet functions 

through regulation of local cGMP pools192, 280, an idea that is further discussed in Chapter 

2 of this thesis. 

Stimulation of platelet integrin αIIbβ3 and ultimately platelet adhesion and 

aggregation is dependent upon activation of intracellular signaling cascades that result in 

rearrangement of the platelet cytoskeleton allowing integrin clustering and ligand 
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binding3, 11, 15-17, 59, 62, 63. One platelet rich protein that is involved in cytoskeletal 

rearrangement and actin polymerization is the vasodilator-stimulated phosphoprotein 

(VASP)281, a 46kDa protein that can be phosphorylated by both PKA and PKG on 

distinct serine residues279, 282. Previous studies demonstrated that increases in cAMP and 

cGMP, promoted PKA and PKG mediated phosphorylation of VASP resulting in 

inhibition of integrin activation (αIIbβ3 activation), and decreased ligand binding207, 208, 

282-285. Thus increases in cAMP and cGMP can inhibit platelet adhesion and aggregation 

through VASP phosphorylation and inhibition of actin polymerization and integrin 

activation. Since PDE3A is the main cAMP PDE expressed in human platelets, it along 

with PDE5 has a role in regulating cAMP and cGMP pools responsible for activation of 

PKA and PKG, and thus inhibition of platelet function. In addition to acting separately, 

there is a wide literature demonstrating cGMP-cAMP crosstalk in cells including 

platelets. Effects of NO donors have been suggested to work indirectly through inhibition 

of PDE3A, resulting in increases in cAMP and activation of PKA144 suggesting 

synergistic effects of cAMP and cGMP in inhibition of platelet function, which could 

include VASP phosphorylation, and inhibition of integrin activation.  

 

1.20 ROLE OF PI3Ks IN VEC ADHESION AND MIGRATION 

PI3Ks are abundantly expressed in all cell types. PI3Kγ was originally thought to 

be confined to hematopoietic cells, although its expression in endothelium, platelets and 

smooth muscle cells has been identified74, 286. While most studies on PI3Kγ-mediated 

migration and adhesion have occurred in the context of leukocyte chemotaxis, migration 

and adhesion, little research has focused on the role of PI3Kγ in endothelial cells. 
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However, an important role for endothelial PI3Kγ in regulating leukocyte and vascular 

wall components has been identified. PI3Kγ plays a specific role in regulating the pro-

adhesive nature of cytokine stimulated vascular endothelium and is required for optimal 

interactions between neutrophils and the vessel wall286. Whether this is due to 

modification of the endothelial cell membrane or induction of intracellular signaling 

cascades resulting in the upregulation of gene expression involved in the inflammatory 

response is unknown.  

During cell migration, cellular adhesion helps to provide polarization cues, and 

extracellular signals dictate the recruitment of signaling proteins within the cell creating 

cellular asymmetry. One key event is the production of phosphatidylinositol (3,4,5)-

trisphosphate (PtdIns(3,4,5)P3) at the plasma membrane and leading edge of the cell, 

which helps align and regulate the direction of cellular movement. The formation of 

PtdIns(3,4,5)P3 is an initiating event in cell polarization, which ultimately results in actin 

polymerization and formation of pseudopodia in the direction of cell movement (Figure 

1.3). Levels of PtdIns(3,4,5)P3 are regulated by phosphoinositide 3-kinases (PI3Ks) and 

the phosphatase PTEN (phosphatase and tensin homolog). PI3Ks are important for 

maintaining cell polarity and defining the leading edge of the cell as well as effective 

migration. The temporal and spatial coordination of responses to external stimuli that 

result in activation of PI3Ks, phosphorylation of membrane lipids and activation of 

downstream signaling processes help to form a leading edge and directional migration.  

While research on the role of PI3Kγ in endothelial cells is limited, an important 

role for PI3Kγ in endothelial progenitor cells has been established. Endothelial progenitor 

cells are isolated from the peripheral blood and have both endothelial cell and progenitor 
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cell properties and promote postnatal neovascularization287. These cells are preferentially 

recruited to sites of ischemia by chemokines that signal through GPCRs and improve 

vascularization by being incorporated into vascular structures or by promoting hormonal 

signaling287, 288. In these cells, inhibition of PI3Kγ resulted in chemokine-induced integrin 

activation and integrin-dependent adhesion and migration289 suggesting that PI3Kγ is 

involved in the homing of progenitor cells to sites of ischemia and is essential for 

promoting vascularization. Our studies have investigated the role of PI3Kγ in human 

arterial endothelial cells (HAECs) where we have implicated its role in regulating cell 

adhesion and migration in an in vitro angiogenesis assay. 

 

1.21 ROLE OF cAMP IN VEC ADHESION AND MIGRATION 

The ability of VECs to sense their surrounding and coordinate integrin-mediated 

cell adhesion has shown to be very important in supporting signal transduction cascades 

that promote cell proliferation, migration and survival290, 291. Internal cellular signaling 

plays an important role in regulating cellular function and previous studies have 

demonstrated that activation of intracellular cAMP signaling has profound effects on 

cellular adhesion.   

 

VEC Adhesion: Multiple studies have demonstrated a role for cAMP in regulating 

integrin-mediated adhesion. For instance, increasing intracellular cAMP through β2-

adrengergic receptor stimulation results in activation of EPAC-Rap1 pathway and can 

induce ovarian cancer cell line (OVCAR-3) cell adhesion to fibronectin in a α5β1 integrin 

dependent manner236 and to laminin which was α3β1 dependent292. Studies in our 
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laboratory also demonstrated that EPAC activation mediated HAEC and HMVEC 

adhesion to fibronectin57. In addition, treatment with PDE3 or PDE4 inhibitors promoted 

EPAC-dependent adhesion of HMVEC57, and specifically, PDE3B-bound EPAC1 has 

been demonstrated to promote adhesion of 293T cells to fibronectin coated surfaces42 

(Figure 1.2). Increased PDE3B-bound EPAC1 activity has also been demonstrated to 

increase HAEC adhesion to both fibronectin and reconstituted basement membrane 

(Matrigel), and will be discussed further in Chapter 3. cAMP mediated activation of 

EPAC1 in endothelial progenitor cells (EPCs) has shown to increase both β1 and β2 

integrin activity and polarization resulting in increased EPC adhesion293. In addition, 

activation of EPAC in these cells improves EPC homing to sites of ischemia suggesting 

that cAMP-EPAC1 mediated integrin activation may be of therapeutic relevance for 

patients with ischemic disorders293. 

  

VEC Migration: Previous work from our laboratory and others has demonstrated that 

increased cAMP through PDE inhibition results in decreased VEGF-induced endothelial 

cell migration. Inhibition of PDE2 and PDE4 was shown to decrease VEGF-induced 

human umbilical endothelial cell (HUVEC) migration145 (Figure 1.3). VEGF was 

demonstrated to increase PDE4 mediated cAMP hydrolysis, thus decreasing cAMP levels 

in HUVECs and removing the cAMP ‘block’ on migration146. In addition to cAMP’s 

inhibitory effect on HUVEC cell migration, increased intracellular cAMP through PDE3 

and PDE4 inhibition in both bovine aortic endothelial cells, (bAEC), HAEC and HMVEC 

also resulted in decreased VEC migration in both 2D and 3D-cell cultures56. A recent 

study demonstrated that cAMP mediated activation of PKA played an important role in 
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regulating a switch between endothelial cell adhesion and migration, where activated 

PKA resulted in increased cell adhesion and decreased cell migration, while inhibition of 

PKA resulted in increased cell migration and excessive sprouting in angiogenic vessels 

leading to increased angiogenesis294. While the majority of the literature suggests that 

increases in cAMP through either stimulating cAMP production or inhibiting cAMP 

hydrolysis results in decreased cell migration, we have extended our studies to look at 

manipulation of one signaling complex in endothelial cells that increases HAEC 

participation in the in vitro tube formation assay. We have investigated the role of one 

specific PDE, PDE3B in allowing activation of EPAC and subsequent lipid signaling 

molecules to increase cell adhesion, spreading and alignment. 

 
1.22 ROLE OF cAMP AND cGMP IN VSMC PROLIFERATION AND 

MIGRATION 

 Proliferation and migration of VSMCs are involved in multiple CVDs and there 

are multiple signaling systems within the cell to regulate these processes. Increases in 

intracellular cAMP and cGMP and activation of PKA, EPAC or PKG respectively 

antagonize both VSMC proliferation and migration. Through activation of PKA and or 

PKG, cAMP and cGMP elevating agents can inhibit cell proliferation by blocking growth 

factor activation of ERK1/2 (Figure 1.4). Both PKA and PKG can phosphorylate the 

MAPKKK, c-Raf, resulting in its inhibition and preventing it from phosphorylating 

MEK1/2 thereby preventing activation of ERK1/2295, 296. While PKG mediated 

phosphorylation of c-Raf is responsible for cGMP- mediated inhibition of ERK297, direct 

phosphorylation by PKA may not be required298. Alternatively, the small GTPase Rap1 
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can be phosphorylated by PKA or activated via EPAC, and interact with c-Raf preventing 

its association with Ras, and thus blocking MAPK activation299. In addition to PKG 

mediated phosphorylation of c-Raf, cGMP-elevating agents may inhibit cell proliferation 

through increasing intracellular cAMP and activating PKA. While cross-talk between 

intracellular cAMP and cGMP pools in cells will be discussed later, one study 

demonstrated that increases in cGMP result in inhibition of PDE3, and subsequent 

increased in cAMP, PKA activation and inhibition of VSMC proliferation160.  

 In addition to inhibition of cell proliferation, increases in cAMP results in 

phosphorylation of cytoskeletal-modulating proteins and acts to influence cell migration. 

cAMP-mediated activation of PKA is known exert both positive and negative effects on 

cell migration, depending on the spatiotemporal regulation of its activity, however, there 

is a large body of evidence including work from our laboratory, that suggests that 

cAMP/PKA signaling predominately antagonizes cell migration53, 94. Stimulation of 

cAMP synthesis or addition of cAMP analogues can inhibit VSMC migration (Figure 

1.4). Activation of ACs with forskolin stimulation alone has been shown to inhibit 

VMSC migration300, and selective inhibition of PDE3 and PDE4 can potentiate this effect 

to further inhibit migration53. PKA phosphorylates numerous proteins involved in the 

cytoskeletal network including VASP and actin. Phosphorylation of actin by PKA 

inhibits its ability to undergo monomer polymerization, thus preventing formation of 

actin filaments necessary for migration301. In addition to actin, both PKA and PKG can 

phosphorylate VASP and prevent its regulation of actin filament length and strength by 

inhibiting its ability to bind and polymerize actin282, 284. These events lead to a loss of 

cytoskeletal organization and integrity and an inhibition of VSMC migration. Thus, 
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through PKA, PKG, cAMP and cGMP antagonize the effects of both mitogenic signaling 

preventing initiation of migration or activation of proliferation.  

 

1.23 RESEARCH RATIONALE 

 As discussed above, cAMP and cGMP exert multiple functions in cells of the 

cardiovascular system including regulation of platelet aggregation, VEC adhesion and 

migration, and VSMC migration and proliferation. In order to maintain signaling 

selectivity, it is generally accepted that cAMP and cGMP concentrations in cells are not 

uniform, but in fact that specific pools of cAMP and cGMP exist that allow regulation of 

multiple cellular processes. These pools are maintained by multiple cellular signaling 

complexes, which bring together cAMP or cGMP signaling proteins including effectors 

participating in signal propagation (PKA, EPAC or PKG) and PDEs that target and 

hydrolyze the increases in cAMP or cGMP providing a mechanism of signal termination. 

In addition to cyclic nucleotide signaling proteins, these signaling complexes can also 

contain other proteins including scaffolds, such as AKAPs, and other signaling proteins 

including Ca2+ channels such as the IP3R, and lipid kinases such as PI3K. Since the 

importance of cyclic nucleotide compartmentation and regulation by signaling complexes 

that integrate PDEs has been established, it led us to test the following hypothesis: 

 

“Macromolecular cyclic nucleotide signaling complexes are composed of cyclic 

nucleotide effectors and cyclic nucleotide phosphodiesterases. Due to this clustering 

of enzymes, these signaling complexes can control cyclic nucleotide signaling in a 

spatial and temporal manner. Moreover, since these signaling complexes can also 
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integrate enzymes involved in non-cyclic nucleotide signaling they provide systems 

where integration of cyclic nucleotide and non-cyclic nucleotide signaling systems, 

such as the phosphatidylinositol signaling system, is made possible.” 

 

While earlier reports demonstrated differences in hydrolysis of cytosolic versus 

membrane associated pools of cGMP, these studies were silent on the mechanisms 

involved in allowing targeted hydrolysis of these different pools of cGMP. Thus we 

examined the possibility of a cGMP-signaling complex, using platelets and identified the 

complex’s impact on platelet aggregation and furthered our studies by extending them to 

investigate the role of cGMP and cAMP cross talk in human VSMC proliferation and 

migration. In addition, prior to my work, interactions between PDEs and proteins 

involved in other signaling systems such as PI3K had been documented, however these 

studies did not provide adequate information on the role of this complex in regulating 

cellular functions and how cAMP impacted other signaling systems, thus prompting us to 

further examine these complexes and their role in VEC function including participation in 

an in vitro angiogenesis assay.  

 

1.24 OBJECTIVES 

1. I will investigate the possibility that the dominant cGMP PDE expressed in 

human platelets and human arterial SMCs, namely PDE5, is localized in distinct 

compartments in these cells and that these distinct “pools” of PDE5 regulate 

unique cGMP-regulated cellular functions. In addition, I will determine how 

PDE5 pools are organized by isolating the cellular proteins with which PDE5 
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interacts within these distinct PDE5-containing pools. At a cellular level, we will 

attempt to delineate the distinct cellular functions that are subject to regulation by 

the distinct pools of PDE5 in these cells.  

2. Using human arterial endothelial cells (HAEC) I will comprehensively 

characterize the molecular basis and functional consequences of the interaction 

between PDE3B and EPAC1, which a previous student from our laboratory had 

reported. In addition, I will determine if other proteins are present in PDE3B-

EPAC1 containing complexes, and investigate the molecular basis and functional 

consequences of their integration. Lastly, functional consequences, at a cellular 

level, will be determined using several complementary systems including cellular 

signaling and cell-based assays.  

 

1.25 RATIONALE OF THE STUDY 

Objective 1: 

 Earlier reports identified a model where distinct PDEs selectively regulated either 

plasma membrane or cytosolic cGMP ‘pools’ using heterologous expressed cGMP 

biosensors187, 188. Indeed, these studies demonstrated that PDE2 can selectively hydrolyze 

cGMP produced at the plasma membrane through activation of natriuretic peptide 

receptors by ANP, and that PDE5 selectively hydrolyzes cGMP generated in the cytosol 

through targeted activation of sGC by NO donors187, 188. While these studies 

demonstrated that different pools of cGMP could be hydrolyzed by different PDEs, they 

were relatively silent on the mechanisms allowing intracellular localization of these 

PDEs, although previous work had implicated cyclic nucleotide signaling complexes in 
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allowing distinct intracellular signaling. Our laboratory has previously demonstrated that 

in platelets, an increase in cGMP by NO donor activation of sGC significantly inhibits 

platelet aggregation. In addition, recent studies had suggested that targeting the main 

cGMP hydrolyzing PDE, PDE5 in platelets with the PDE5 inhibitor sildenafil citrate 

(Viagra), could provide a therapeutic option in controlling late-stent thrombosis, a 

process that can occur at anytime and often results in death. We decided to further 

investigate how PDE5 selectively regulates intracellular cGMP increases, by using 

platelets, a cell type which relies heavily on cGMP and PDE5, and where PDE5 

inhibition had possible therapeutic implications. Thus, identification of a PDE5 

containing, cGMP-signaling complex, determination of PDE5 activation and activity, and 

effect of PDE5 inhibition on platelet aggregation and Ca2+ release from the ER were 

carried out.  

These studies were then extended into human aortic smooth muscle cells 

(HASMC) to further analyze the roles of distinct pools of cGMP and compartments of 

PDE5 in HASMC cell functions. Previous studies have demonstrated that in platelets, and 

rat and bovine smooth muscle cells, that increases in intracellular cGMP could result in 

activation of downstream PKA targets144, 160, 177, 302. These earlier reports concluded that 

upon increases in intracellular cGMP, this second messenger could bind the cGMP-

inhibited PDE, PDE3A, where it inhibits its hydrolyzing capabilities for cAMP, resulting 

in an increase in intracellular cAMP and subsequent activation of PKA. Using HASMC, 

we set out to determine if this cGMP-cAMP cross talk could occur in HASMC and if it 

occurred in a separate location from remaining PDE5. Thus using multiple cell based 
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systems we examined the effect of cGMP elevating agents to increase intracellular cAMP 

and regulated HASMC function through PDE3A. 

 

Objective 2: 

 Previous studies in our lab identified multiple macromolecular cAMP-signaling 

complexes in human arterial endothelial cells (HAECs), including an interaction between 

the cAMP effector protein EPAC, and one PDE, PDE3B42, 57. These studies also 

demonstrated that inhibiting PDE3B with the PDE3 specific inhibitor cilostamide 

significantly increased the ability of EPAC to promote HAECs adhesion to fibronectin-

coated surfaces. Prior to our EPAC-PDE3B studies, a report suggested that PDE3B could 

influence PI3Kγ-mediated effects in mouse cardiomyocytes175. Studies by Patrucco et 

al.,175 suggested that p110γ bound to PDE3B in murine cardiomyocytes resulting in 

PDE3B activation and hydrolysis of a pool of cAMP involved in regulating cardiac 

contractility. This study also demonstrated that in p110γ knockout cardiomyocytes, 

baseline cAMP levels were significantly higher than in wild-type control cardiomyocytes 

suggesting that the loss of p110γ resulted in aberrant PDE3B-mediated cAMP 

hydrolysis175. To further the analysis of PI3Kγ-PDE3B interactions, Voigt et al.,264 

determined that PDE3B directly interacted with the PI3Kγ regulatory subunit p84 

(p87PIKAP), and not with the p110γ catalytic subunit as previously reported264. However, 

Voigt et al.264 were unable to measure a significant increase in PDE3B activity upon 

PDE3B binding to p84-p110γ, suggesting another protein was missing in the 

macromolecular complex described in cardiomyocytes175. While both of these studies 

demonstrated that PDE3B could interact with PI3Kγ subunits, they failed to determine 
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how PDE3B was influencing PI3Kγ activity. Since we had isolated a PDE3B-EPAC 

signaling complex in human arterial endothelial cells, and these cells also endogenously 

expressed the two PI3Kγ regulatory subunits, p84 and p101, and the catalytic subunit 

p110γ, we decided to extend our investigation into EPAC-PDE3B interactions to include 

PI3Kγ, and determine how altering cAMP levels or EPAC-PDE3B interactions in 

HAECs affected PI3Kγ signaling. Thus identification of a PDE3B based cAMP signaling 

complex containing EPAC and PI3Kγ subunits, generation of a EPAC-PDE3B 

interaction disrupting peptide, analysis of PI3Kγ signaling events, and the role of this 

signaling complex in an in vitro angiogenesis assay were investigated.  
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CHAPTER 2 

COMPARTMENTATION AND COMPARTMENT-SPECIFIC REGULATION OF 

PDE5 BY PROTEIN KINASE G ALLOWS SELECTIVE cGMP-MEDIATED 

REGULATION OF PLATELET FUNCTIONS 

 

Lindsay S. Wilson, Hisham S. Elbatarny, Scott W. Crawley, Brian M. Bennett, and 

Donald H. Maurice.  

Proceedings of the National Academy of Sciences of the United States of America. 

2008. 105(36): 13650-13655 

 

2.1 ABSTRACT 

 It is generally accepted that nitric oxide (NO) donors, such as sodium 

nitroprusside (SNP), or phosphodiesterase 5 (PDE5) inhibitors, including sildenafil, each 

impact human platelet function. Although a strong correlation exists between the actions 

of NO donors in platelets and their impact on cGMP, agents such as sildenafil act without 

increasing global intra-platelet cGMP levels. This study was undertaken to identify how 

PDE5 inhibitors might act without increasing cGMP. Our data identify PDE5 as an 

integral component of a protein kinase G1β (PKG1β)-containing signaling complex, 

reported previously to coordinate cGMP-mediated inhibition of inositol-1, 4, 5-

trisphosphate receptor type 1 (IP3R1)-mediated Ca2+-release. PKG1β and PDE5 did not 

interact in subcellular fractions devoid of IP3R1 and were not recruited to IP3R1-enriched 

membranes in response to cGMP-elevating agents. Activation of platelet PKG promoted 

phosphorylation and activation of the PDE5 fraction tethered to the IP3R1-PKG complex, 
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an effect not observed for the nontethered PDE5. Based on these findings, we elaborate a 

model in which PKG selectively activates PDE5 within a defined microdomain in 

platelets and propose that this mechanism allows spatial and temporal regulation of 

cGMP signaling in these cells. Recent reports indicate that sildenafil might prove useful 

in limiting in-stent thrombosis and the thrombotic events associated with the acute 

coronary syndromes, situations poorly regulated with currently available therapeutics. 

We submit that our findings may define a molecular mechanism by which PDE5 

inhibition can differentially impact selected cellular functions of platelets, and perhaps of 

other cell types. 

 

2.2 INTRODUCTION 

 Blood platelets prevent blood loss and promote wound healing by aggregating in 

response to injury and promoting thrombus formation. Although these processes are of 

significant adaptive advantage, chronic platelet activation results in altered blood flow 

patterns and promotes the formation of thrombus-based arterial occlusions. Arterial 

occlusions contribute to the pathogenesis of acute coronary syndromes (ACS)22, a 

spectrum of conditions including unstable angina and myocardial infarctions. Although 

drug-eluting stents have largely mitigated the problem of in-stent restenosis after 

percutaneous coronary interventions, in-stent thrombosis, which can occur anytime after 

stenting, often presents catastrophically triggering death or acute myocardial 

infarctions24-27, 303. Although anti-platelet agents, including aspirin or thienopyridines, can 

reduce thrombosis in ACS or at stents, their weak potencies rarely eliminate platelet-

mediated re-occlusions in response to strong platelet activation signals, including those 
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associated with thrombolysis28, 29. The anti-platelet actions of the selective cyclic 

nucleotide phosphodiesterase 5 (PDE5) inhibitors, including sildenafil citrate (Viagra), 

was suggested to represent a therapeutic option in controlling ACS and in-stent 

thrombosis192, 193, 304. Although the anti-platelet actions of sildenafil support the use of 

PDE5 inhibitors as anti-thrombotic agents, other reports suggest that sildenafil might 

have proaggregatory effects305. To date, no basis for these seemingly contradictory 

findings were offered. 

A significant literature supports the concept that cellular cyclic nucleotide 

signaling is compartmented. Indeed, distinct macromolecular cAMP-signaling complexes 

have been shown to allow resolution of the distinct spatial and temporal effects of several 

cAMP-mediated actions in cells57, 242. Although most cAMP-signaling complexes contain 

protein kinase A (PKA), and are defined based on the identity of the A-kinase anchoring 

protein (AKAP) tethering the PKA, others contain the exchange-protein activated by 

cAMP (EPAC)42, 57, 232. More recently, a critically important role for integration of 

specific cyclic nucleotide phosphodiesterases (PDEs) into these complexes has emerged 

as a mechanism, allowing their coordinated actions in cells. Although much less 

extensively studied, growing evidence also supports an important role for 

compartmentation of cGMP-based cellular signaling. Indeed, putative PKG-binding 

proteins (GKAPs) have been identified in certain cells244, 245 and selective subcellular 

distribution of cGMP-activated kinases (PKG) and cGMP-hydrolyzing PDEs has also 

been reported187, 188, 246. For example, a model in which distinct PDEs selectively regulate 

either plasma membrane, or cytosolic, cGMP “pools,” has emerged from recent 

experiments using heterologously expressed cGMP biosensors187, 188, 246. Herein we report 
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that PDE5 forms an intrinsic and critically important regulatory component of a 

previously identified IP3R1-based, PKG-containing signaling complex in human 

platelets209, 278. We propose that these data may further our understanding of the effects of 

PDE5 inhibitors reported in recent literature and support the concept that PDE5-inhibitors 

may be useful agents in inhibiting platelet activation. 

 

2.3 MATERIALS AND METHODS 

2.3.1 Materials 

Pharmacological agents were from Sigma–Aldrich, Biolog, Calbiochem, or Fisher 

Scientific. Radiolabeled nucleotides were from Perkin Elmer. Sildenafil was isolated as 

described in306. 

 

2.3.2 Platelet Function Studies 

Platelet-rich plasma (PRP) was prepared by centrifugation of heparinized (15 

units/ml) blood (284 × g, 15 min at 25°C) and used in aggregation studies as described161. 

Platelets were washed in a Ca2+-free buffer (0.35% BSA, 137 mM NaCl, 2.7 mM KCl, 

11.9 mM NaHCO3, 1 mM MgCl2, 0.26 mM EGTA, 3 mg/ml apyrase, and 5 mM Pipes, 

pH 6.5) and then in this buffer containing 2 mM CaCl2 and 5 mM Hepes (pH 7.4) before 

being loaded with Fluo-4 A.M. (3 µM, 30 min) for use in Ca2+-release studies. Drug-

induced Ca2+ transients were measured with a spectrophotometer. Cyclic nucleotides 

were measured by RIA from trichloroacetic acid (6% vol/vol) precipitates of platelets 

(108) after incubation with pharmacological agents as described in144. 
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2.3.3 Protein–Protein Interaction Studies 

Platelets were lysed in a Tris-based buffer (pH 7.4) [1 mM EDTA, 100 mM NaCl, 

5 mM MgCl2, 5 mM benzamidine, 1 µl/ml aprotinin, 5 µl/ml bestatin, 2 µg/ml leupeptin, 

10 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM sodium β-glycerophosphate, 10 

mM sodium pyrophosphate, 10 mM NaF, and 10 mM sodium vanadate], and precleared 

with rabbit IgG (1 µg)/protein A/G-agarose (3 h, 4°C). Precipitates were generated from 

precleared platelet lysates (1.5 mg), or isolated subcellular fraction prepared by 

centrifugation, using PKG (Stressgen), PDE5 [a gift from S. S. Visweswariah (Indian 

Institute of Science, Bangalore, India)], IP3R1 (Neuro-Mab), phospho-S102 PDE5 

(Fabgennix) or control rabbit-antisera (1 µg), and protein A/G 40 µl or 8-AET-cGMP 

agarose (25 µl). Immune complex-associated proteins were detected by 

SDS/PAGE/immunoblot analysis and cGMP PDE activities were measured using a fixed 

concentration of cGMP (1 µM), as described in57. For in vitro PKG kinase assays, 

immune complexes were incubated in a buffer (50 µM cGMP, 20 mM TES, 2 mM 

MgCl2, 10 mM NaF, and 10 mM Na2VO4) supplemented with 250 µM ATP or [γ-32P 

ATP] (30 min, 30°C). Reaction products were analyzed by immunoblot or PDE assays as 

described above. 

 

2.3.4 Statistical Analysis 

Values are presented as Mean ± SEM from at least three independent 

experiments. Effect of agents on aggregation, cGMP or cAMP levels, Ca2+ transients, or 

PDE activities were independently tested for significance using a two-tailed Student's t 

test with P < 0.05 considered significant. 
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2.4 RESULTS 

2.4.1 Sodium Nitroprusside and Sildenafil Synergize to Increase Platelet cGMP and 

Inhibit Aggregation 

NO donors (i.e., sodium nitroprusside, SNP) inhibit platelet activation by 

increasing cGMP and inhibitors of the dominant platelet cGMP phosphodiesterase, 

PDE5, potentiate these effects143, 144, 307, 308. In our experiments, SNP (1–100 µM) 

inhibited platelet aggregation in a concentration-dependent manner; a selective PDE5 

inhibitor, sildenafil (100 nM), potentiated this effect (Figure 2.1A). Sildenafil alone did 

not inhibit platelet aggregation (Figure 2.1A). SNP (10 µM) caused a rapid (3.3 ± 0.4-

fold after 1 min) and transient (1.8 ± 0.4-fold after 3 min) increase in platelet cGMP but 

sildenafil (100 nM) did not increase platelet cGMP levels (0.96 ± 0.2-fold control values 

after 3 min) (Table 2.1). Together, SNP (10 µM) and sildenafil (100 nM) synergistically 

increased cGMP (24 ± 3-fold after 3 min) (Table 2.1). 

 

2.4.2 Sildenafil Inhibits Thrombin-Induced Ca2+ Release 

Thrombin generates intra-platelet Ca2+ transients by promoting opening of IP3R1 

channels and releasing endoplasmic reticulum (ER) Ca2+ stores14. PKG activation inhibits 

this action of thrombin278 and PKG-mediated phosphorylation of IP3R1, and of an IP3R1-

associated PKG-substrate protein (IRAG), coordinates the inhibition209, 278. In agreement 

with previous reports278, SNP inhibited thrombin-induced Ca2+ release in human platelets 

(Figure 2.1B). Thus, at a concentration that inhibited platelet aggregation by 

approximately 50% (10 µM), SNP inhibited thrombin-induced Ca2+ release by 39 ± 4% 

(Figure 2.1B). In marked contrast to its effect on platelet aggregation, sildenafil alone 
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Figure 2.1  

Figure 2.1- Regulation of Platelet Functions. (A) PRP was incubated with SNP (10 
µM), sildenafil (100 nM), or both agents (30 s, 37°C while stirring at 1,000 rpm). 
Subsequently, platelet aggregation was promoted [ADP (2 µM), 3 min, 1000 rpm]. *, 
significant difference (P < 0.05) against “Basal”; **, significant difference (P < 0.05) 
against SNP. Aggregations are expressed as mean ± SEM. (n = 5). (B) Fluo-4-loaded 
platelets were incubated with or without My-PKI (10 µM, 5 min) and then with 
6BzcAMP (30 µM), SNP (10 µM), sildenafil (100 nM) either singly or in combination (3 
min). Subsequently, thrombin (0.4 units/ml) was added and [Ca2+] measured at 520 nm (n 
= 4). *, significant differences (P < 0.05) between thrombin alone and thrombin with 
these agents; **, significant difference (P < 0.05) between SNP and SNP/sildenafil.  
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significantly inhibited thrombin-induced platelet Ca2+ release. In fact, sildenafil (100 nM) 

had a more marked effect than SNP (10 µM) in this regard (Figure 2.1B). Because 

thrombin did not alter platelet cGMP levels, or influence the ability of sildenafil to alter 

platelet cGMP (Table 2.1), a comparison of the effects of SNP and sildenafil are 

inconsistent with a direct correlation between changes in global intra-platelet cGMP and 

inhibition of Ca2+ release. Rather, these data are consistent with the concept that 

sildenafil acted locally to regulate this intra-platelet event. 

Previous reports showed that NO donors could alter cAMP levels in cells 

expressing the cGMP-sensitive cAMP-hydrolyzing PDEs, PDE2, or PDE3. Under the 

conditions of our study, neither SNP nor sildenafil altered human platelet cAMP and 

thrombin did not alter this fact (Table 2.1). To test directly whether PKA was involved in 

SNP-, or sildenafil-induced inhibition of thrombin-mediated Ca2+ release, we inhibited 

PKA in some experiments. Although the PKA-activator, 6BzcAMP (30 µM), inhibited 

thrombin-induced Ca2+ release, and the cell-permeable PKA inhibitory peptide, 

myristoylated PKI (My-PKI), reversed this effect, My-PKI did not attenuate the ability of 

SNP, or sildenafil, to inhibit thrombin-induced Ca2+ release (Figure 2.1B). Together these 

data demonstrate that the cAMP-PKA system did not coordinate the effects of SNP, or 

sildenafil, on Ca2+ transients in human platelets. 

 

2.4.3 PDE5 Is Resident in an ER cGMP-Signaling Complex 

Because sildenafil inhibited thrombin-induced Ca2+ transients without increasing 

global intra-platelet cGMP, we tested the hypothesis that PDE5 might be acting locally at 

the platelet ER. More precisely, we determined whether PDE5 formed a functional part  
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of the IP3R1-IRAG-PKG1β-signaling complex278. Differential centrifugation of platelet 

lysates identified PKG1β (≈25%), PDE5 (≈45%), and IP3R1 (≈100%) in particulate 

cellular fractions (Figure 2.2A). Interestingly, selective immunoprecipitation of PKG1β, 

PDE5, or IP3R1, allowed coimmunoprecipitation of all three proteins (Figure 2.2C); a 

finding consistent with the idea that PDE5 was integral to the IP3R1-IRAG-PKG1β intra-

platelet complex. Consistent with our finding that PKA inhibition did not impact 

sildenafil-induced inhibition of Ca2+ transients, neither the platelet cAMP PDE (PDE3A), 

nor PKA were recovered in immune complexes containing the cGMP-signaling proteins. 

To ensure specificity of our immunoprecipitations, all experiments contained a control 

immunoprecipitation with rabbit IgG (control IPs) (Figure 2.2C). Also, immune 

complexes were routinely probed for, and found deficient in, abundant ER proteins such 

as BiP (data not shown). We were unable to secure an aliquot of an anti-IRAG antibody 

and could not directly test for association between IRAG and PDE5 in our studies. 

 

2.4.4 PKG Phosphorylates and Activates PKG-Associated PDE5 in Vitro 

Because PDE5 was a known PKG substrate54, 309, and phosphorylation activated 

this enzyme, we determined whether PKG-associated PDE5 was a PKG substrate. Thus, 

in vitro kinase assays with PKG1β-immunoprecipitates allowed phosphorylation of 

several proteins with electrophoretic mobilities consistent with IP3R1 (≈250 kDa), IRAG 

(≈120 kDa), and PDE5 (≈95 kDa) (Figure 2.2B). The approximate 250-kDa and 95-kDa 

phosphoproteins were recognized by IP3R1- or PDE5-selective antisera, respectively 

(Figure 2.2C). Also, in vitro kinase assays with PKG1β-immunoprecipitates showed that 

cGMP (50 µM) and ATP (250 µM) resulted in robust phosphorylation of PDE5 at S102  



 80	  

 

 

	  

Figure 2.2  
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Figure 2.2- Identification of a cGMP Signaling Complex. (A) Washed platelets were 

fractionated, and PDE5, PKG, or IP3R1 were detected by immunoblot analysis. (B) 

Incorporation of 32P into anti-PKG immunoprecipitated proteins after incubation with 

cGMP (50 µM) and ATP (250 µM [γ-32P]ATP) for 30 min. 32P incorporation in the 

immune complex, or released by the treatment, were resolved by SDS/PAGE and 

detected by autoradiography (n = 3). (C) Precleared platelet lysates (1.5 mg) were 

incubated with either antisera against PDE5 (1 µg), PKG (1 µg), IP3R1 (1 µg), or mouse 

IgG (1 µg) and Protein A/G beads (16 h, 4°C). Immune complexes and aliquots of cell 

lysates (30 µg) were each resolved by SDS/PAGE and immunoblotted for PDE5 

(1:5,000), PKG (1:5,000), IP3R1 (1:1,000), PDE3A (1:2,000), or PKAc (1:1,000).  
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(Figure 2.3A), and a significant level of activation of the tethered PDE5 (≈3-fold, Figure 

2.3B). Addition of cGMP alone to PKG-immune complexes did not cause PDE5-S102 

phosphorylation or PDE5 activation (Figure 2.3 A and B). In marked contrast, in vitro 

kinase assays of anti-PDE5 immunoprecipitates did not result in PDE5 phosphorylation 

at S102, nor PDE5 activation (Figure 2.3 A and B). 

 

2.4.5 PKG-Associated PDE5 Is Selectively Activated by PKG in PlateletsAlthough 

previous work indicated that PDE5 was activated upon cGMP-binding to a PDE5 GAF-A 

domain, or PKG phosphorylation of PDE5 at S102 (54, 180, 309), these studies were silent on 

the relative importance of these mechanisms in cells. To address this issue, we compared 

the phosphorylation and activation of the PKG-associated and non-PKG-associated forms 

of PDE5 in 8BrcGMP (1 mM, 15 min)-treated platelets. Strikingly, 8BrcGMP treatment 

of platelets markedly increased the S102 phosphorylation status and activity of the PKG-

associated form of PDE5, but not that which was not associated (Figure 2.4 and Table 

2.2). Consistent with the idea that the phosphorylated PDE5 was resident within the 

IP3R1/IRAG/PKG1β complex, IP3R1 was recovered in the anti-PKG immune complexes 

but not in those representing bulk PDE5 (Figure 2.4). Similarly, when anti-IP3R1 immune 

complexes were obtained from control or 8BrcGMP-treated platelets, only the IP3R1-

associated PDE5 was activated by 8BrcGMP (Figure 2.5). An identical pattern of PDE5 

activation was obtained when PDE5 was isolated using the method used originally to 

isolate and characterize the IP3R1/IRAG/PKG1β complex in platelets (Figure 2.5). Taken 

together, these data were consistent with the novel idea that only PKG-associated PDE5 

was subject to PKG- 
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Figure 2.3  

Figure 2.3-In vitro phosphorylation of PKG-bound PDE5. Anti-PKG or anti-PDE5 

immunoprecipitates were incubated with either cGMP (50 µM) or both cGMP (50 µM) 

and ATP (250 µM) (30 min, 30°C). (A) Immune complexes were resolved by SDS-PAGE 

and immunoblotted with an S102-specific phospho-PDE5 antibody (1:1,000). (B) Effect of 

treatments in (A) on PDE5 activities in the immunoprecipitates. *, significant difference 

(P < 0.05) between PKG-immunoprecipitates treated with or without ATP. Immunoblots 

and PDE5 activity values are from the same experiment and are representative of three 

experiments.  
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Figure 2.4- PKG-associated PDE5 is selectively phosphorylated by PKG in intact 

platelets. Washed human platelets were incubated with, or without, 8BrcGMP (1 mM) 

and processed for immunoblot analysis as described in the legend to Figure 2.2. Data are 

representative of observations made in three experiments.
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Figure 2.5  

Figure 2.5-Particulate, IP3R1-associated PDE5, is selectively activated by PKG. 
Control or 8BrcGMP-treated human platelet lysates were fractionated and processed as 
described in the legend to Fig. 2. Data are cGMP PDE activities obtained in 
representative IP3R1-immunoprecipitates or cGMP-agarose precipitates from three 
experiments. *, significant difference (P < 0.05) between cGMP PDE activity in IP3R1-
immunoprecipitates, or cGMP-agarose precipitates, derived from the 100,000 × g pellet 
of 8BrcGMP-treated platelets compared with this fraction in control platelets.  
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phosphorylation and activation in cells treated with 8BrcGMP. Consistent with this, 

addition of alkaline phosphatase to anti-PKG immune complexes dephosphorylated and 

further reduced their PDE5 activity. In contrast, phosphatase treatment was without effect 

on the PDE5 activity present in anti-PDE5 immunoprecipitates (Table 2.2). 

In addition to being selectively activated by PKG in cells, our data indicate that 

the IP3R1-IRAG-PKG1β-associated PDE5 had a lower specific activity than that isolated 

from the bulk cytosol (Figure 2.6). Indeed, the IP3R1-IRAG-PKG1β-associated PDE5 

was only approximately 14% as active as that isolated in anti-PDE5 immunoprecipitates 

(i.e., ≈21 vs. ≈140 pmol/mg/min, respectively). Because we routinely assessed PDE5 

activity in our studies under nonsaturating substrate conditions, further studies will be 

required to assess the kinetic basis of the lower specific activity of the tethered PDE5 in 

platelets. 

 

2.4.6 Impact of PKG-Activation on IP3R1-IRAG-PKG-PDE5 Complex Dynamics in 

Platelets 

To determine whether PDE5 and PKG formed a stable complex in platelets, or only 

interacted within the ER-based IP3R1-signaling complex, we assessed whether these 

proteins could be coimmunoprecipitated in the IP3R1-devoid cytosolic fractions. Our data 

are inconsistent with the idea that PDE5 and PKG form a stable complex in platelet 

cellular fractions devoid of IP3R1. Indeed, although PKG, or PDE5, were each 

individually immunoprecipitated from platelet supernatants, in the four separate 

experiments in which it was tested, these proteins never coimmunoprecipitated from this 

fraction (Figure 2.7). Because PDE5, PKG, or IP3R1 was not enriched in IP3R1-
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Figure 2.6  

 

Figure 2.6- Low specific activity of compartmented PDE5. Precleared platelet lysates 

were processed as described in the legend to Fig. 2. Immunoblotting data (A) and cGMP 

PDE activities with cGMP (1 µM) (B) are representative of seven experiments. *, 

significant difference (P < 0.05) between the cGMP PDE activity in anti-PKG and anti-

PDE5-derived immune complexes. 
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containing subcellular fraction in cells incubated with a cGMP analogue, or with an NO 

donor, our data are inconsistent with the idea that cGMP elevation triggers movement of 

these proteins between these fractions (Figure 2.7). Of note, we did observe that cGMP-

elevating agents increased the fraction of IP3R1 and PKG that could be 

coimmunoprecipitated (Figure 2.7). Although it is likely that this effect will impact the 

dynamics of PKG-mediated phosphorylation of proteins in this signaling complex, and 

perhaps more broadly in the ER, further studies will be required to directly test this 

hypothesis and to fully elucidate its molecular basis. 

 

2.5 DISCUSSION 

In this article, we confirm that NO donors inhibit ER Ca2+ release278, that this 

effect correlates positively with their ability to increase intra-platelet cGMP, that human 

platelets contain a protein complex consisting of IP3R1, IRAG, and PKG1β, and show 

that the activation of PKG in this complex promotes IP3R1 phosphorylation. In addition, 

our data identify a potentially important role for cGMP hydrolysis by PDE5 in 

coordinating this event, a step that had previously been ignored278. Thus, we report that 

PDE5 resides in the IP3R1-based complex and show that PDE5 inhibition can play a 

determinant role in cGMP-based control of Ca2+ release in platelets without increasing 

global intra-platelet cGMP. We suggest that our data are inconsistent with the idea that 

global levels of cGMP are an estimate of the inhibition of Ca2+ release caused by agents 

acting through cGMP, but rather with the idea that localized changes in cGMP, perhaps at 

the ER, may more closely correlate with their effects. In addition to showing that 

sildenafil impacts platelet function without increasing platelet cGMP, we identify a  
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Figure 2.7  

Figure 2.7- PDE5 and PKG specifically interact in IP3R-containing platelet fractions 

and are not trafficked in response to increases in platelet cGMP. (A) Control or 

8BrcGMP (1 mM)-treated platelets were processed as described in the legend to Fig. 2, 

subject to PKG- or PDE5-immunoprecipitations. (B) Control, 8BrcGMP (1 mM)-, or 

SNP (10 µM)-treated platelets were processed as described in the legend to Fig. 2 and 

immunoblotted for PDE5, PKG, or IP3R1. (C) Immunoblots of coimmunoprecipitation of 

PDE5, PKG, and IP3R1 from fractionated platelet lysates derived from control, 

8BrcGMP-, or SNP-treated platelets. Data are representative of four experiments. 
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scaffold on which this effect is coordinated. We propose that the presence of PDE5 

within this complex likely allows local actions of cGMP to be regulated in a more 

dynamic manner; a proposition consistent with the potent inhibition of thrombin-induced 

release of Ca2+ transients induced by sildenafil in the absence of significant changes in 

platelet cGMP. 

Of critical importance and described in this report was the demonstration that 

activation of platelet PKG selectively promoted the phosphorylation/activation of the 

IP3R1-IRAG-PKG1β complex-associated PDE5. Indeed, no evidence of PKG-mediated 

phosphorylation/activation of the bulk PDE5 in the cytosol was observed. Although 

unexpected, our data are consistent with the idea that only PKG-associated PDE5 is 

subject to this mode of regulation in cells. Indeed, we report that PKG and PDE5 could 

only be coimmunoprecipitated from platelet fractions enriched in IP3R1, but not from the 

bulk cytosol, the fraction in which PDE5 and PKG were most abundant. In addition to 

reporting that PKG and PDE5 are only ever in complex at membranes enriched with 

IP3R1, we also found no evidence to support the idea that PKG, or PDE5, could be 

trafficked to the IP3R1-enriched membranes in response to increases in cellular cGMP, or 

activation of PKG. 

As presented in this manuscript, we found little evidence that PDE5 could be 

activated directly after binding of cGMP to this enzyme in cells, or in PKG-based 

immunoprecipitates. However, previous reports have elegantly shown that the rate of 

PDE5 hydrolysis of cGMP renders a direct test of this hypothesis virtually impossible in 

intact cells, or in concentrated PDE5-containing immune complexes54, 180, 309, 310. We 
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submit that the discovery of GAF-selective cGMP analogues will likely be necessary 

before this hypothesis can be rigorously tested in a cellular context. 

This study shows that the differential regulation of the activities of 

compartmented vs. noncompartmented PDEs has the potential to allow selective effects 

in cells. Thus, we propose a model (Figure 2.8) in which compartmented PDE5 exhibits 

low catalytic activity and that this enzyme is only fully active subsequent to its 

phosphorylation by PKG. In contrast, we propose that the noncompartmented platelet 

PDE5 is constitutively more active than its compartmented counterpart and that this 

enzyme is not further activated by PKG-mediated phosphorylation. We propose that this 

model, combined with recent finding in which PDE2, or PDE5, were each shown to 

selectively regulate plasma membrane or cytosolic, pools of cGMP, respectively187, 

should spur further investigations aimed at achieving the greatest degree of selectivity 

possible with PDE inhibition. 

The catastrophic consequences of coronary artery disease-associated ACS, and 

the recent reports identifying very significant rates of “late” and “very late” in-stent 

thrombotic events in otherwise healthy individuals have each spurred efforts to identify 

more effective agents than those anti-thrombotic agents currently available. Indeed, 

although it is generally acknowledged that drugs such as aspirin and the thienopyridines 

can effectively reduce thrombosis in ACS, they are significantly less effective at 

inhibiting the strong platelet activations associated with thrombolysis or in-stent 

thrombosis28, 29; the latter represent a significant cause of acute myocardial infarctions 

and sudden cardiac death24-27. In this context, recent attention has shifted to using 

selective PDE5 inhibitors such as sildenafil citrate (Viagra) for prevention of  
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Figure 2.8  

 

Figure 2.8- Scheme depicting a model in which compartmented, and non-

compartmented, PDE5 are differentially regulated in human platelets.
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thrombosis192, 304. Although the use of PDE5 inhibitors for anti-platelet therapeutics is 

consistent with the widely accepted idea that increases in intracellular cGMP result in 

inhibition of platelet aggregation, scattered recent reports have suggested that sildenafil 

might have proaggregatory effects and that these prothrombotic effects could limit their 

utility305. Based on the findings reported here, we suggest that further analysis of the 

effects of selective inhibition of the IP3R1-IRAG-PKG1β-associated PDE5, and of the 

fraction not associated with this complex, may illuminate these conflicting reports. In 

conclusion, our study is consistent with an important role for PDE5 in shaping and 

maintaining distinct cGMP pools in platelets and demonstrates that cGMP 

compartmentation in platelets depends on both selective targeting and the differential 

regulation of this enzyme. Our data shed light on the molecular mechanism by which 

sildenafil, and perhaps other potent and selective PDE5 inhibitors, could reduce human 

platelet activation and support the notion that they may prove useful in reducing 

unwanted thrombotic episodes. 

 

 



 95	  

CHAPTER 3 

PHOSPHODIESTERASE-3B (PDE3B)-BASED SIGNALING COMPLEX 

INTEGRATES EPAC1- AND PI3Kγ-MEDIATED SIGNALS IN HUMAN 

ARTERIAL ENDOTHELIAL CELLS 

 

Lindsay S. Wilson, George S. Baillie, Lisa M. Pritchard, Bibiana Umana, Anna 

Terrin, Manuela Zaccolo, Miles D. Houslay and Donald H. Maurice. 

 

Journal of Biological Chemistry. 2011. 286(18): 16285-16296 

 

3.1 ABSTRACT 

Enzymes of the Phosphodiesterase 3 (PDE3) and PDE4 families each regulate the 

activities of both Protein Kinases A (PKAs) and Exchange Proteins Activated by cAMP 

(EPACs) in cells of the cardiovascular system. At present, the mechanisms that allow 

selected PDEs to individually regulate the activities of these two effectors are ill 

understood. The objective of this study was to determine how a specific PDE3 variant, 

namely PDE3B, interacts with and regulates EPAC1-based signaling in human arterial 

endothelial cells (HAECs). Using several biochemical approaches, we show that PDE3B 

and EPAC1 bind directly through protein-protein interactions. By knocking down 

PDE3B expression, or by antagonizing EPAC1 binding with PDE3B, we show that 

PDE3B regulates cAMP binding by its tethered EPAC1. Interestingly, we also show that 

PDE3B binds directly to p84, a phosphatidylinositol-3-kinase-γ (PI3Kγ) regulatory 

subunit, and that this interaction allows PI3Kγ recruitment to the PDE3B-EPAC1 
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complex. Of potential cardiovascular importance, we demonstrate that PDE3B-tethered 

EPAC1 regulates HAEC PI3Kγ activity and that this allows dynamic cAMP-dependent 

regulation of HAEC adhesion, spreading and tubule formation. We identify and 

molecularly characterize a PDE3B-based “signalosome” that integrates cAMP- and 

PI3Kγ-encoded signals and show how this signal-integration regulates HAEC functions 

of importance in angiogenesis.  

 

3.2 INTRODUCTION 

The ubiquitous intracellular messenger cAMP regulates human arterial 

endothelial cell (HAEC) adhesion, migration and permeability56, 57, 238 by activating two 

groups of effectors, the protein kinases A (PKAs) and the exchange proteins activated by 

cAMP (EPACs). Specificity in cAMP signaling through these effectors is mediated by 

their selective sub-cellular localization via interactions with anchoring or tethering 

proteins 106, 232. In addition, selective signaling by these anchored/tethered complexes is 

critically dependent on integration of cyclic nucleotide phosphodiesterases (PDEs)42, 57, 

232, as these enzymes regulate local effector activation through targeted cAMP hydrolysis. 

HAECs express variants from several of the 11 families of PDEs107 with potential for the 

generation of multiple, distinct PKA-, or EPAC-based signaling complexes57. Currently, 

little is known concerning the identities of the individual PDEs that coordinate localized 

activation of either PKAs or EPACs, in HAECs and the downstream signaling events 

altered by activation of individual HAEC cAMP signaling complexes219. 

Global activation of EPAC promotes accumulation of GTP-bound and activated 

Rap and/or R-Ras. Activated Rap or R-Ras can signal via activation of several effectors, 
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including Phospholipase Cε, Phospholipase D, Raf-1, p38-MAPK and PI3K227, 229, 230. 

Four distinct class 1 phosphoinositide-3-kinase (PI3K) enzymes (class 1A (PI3Kα, β, δ), 

class 1B (PI3Kγ)) control numerous cellular processes80, 258, 259. Class-specific PI3K 

catalytic subunits (p110α, β, δ or γ) gain access to their membrane phosphatidylinositol 

substrates through binding regulatory subunits. In the case of PI3Kγ, p110γ selectively 

interact with one of two regulatory subunits (p101 or p84), both of which associate with 

membranes by binding heterotrimeric G-protein-derived βγ-subunit dimmers262-264, 311. 

PI3Kγ is also activated by Ras-dependent mechanisms266, 267. 

Integration of cAMP- and PI3Kγ-encoded signals is known to occur in cells175, 312. 

However, the mechanisms controlling this integration, and its functional importance, are 

each ill defined. Herein we report that a cyclic nucleotide phosphodiesterase (PDE3B) 

assembles a HAEC signalosome that contains both EPAC1 and the p84-regulated form of 

PI3Kγ (p84-p110γ). In addition, we show that this signalosome allows integration of 

cAMP-EPAC1- and PI3Kγ-encoded signals and that this integration controls several 

HAEC functions of importance to angiogenesis.  

 

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

The FLAG-tagged p84 and p101 regulatory domains were provided by Michael 

Schaefer (Berlin, Germany).  P110γ-cDNA construct was provided by Emilio Hirsch 

(Torino, Italy). CFP-YFP-tagged EPAC1 constructs were a generous gift from Manuela 

Zaccolo (Glasgow, UK) and the FLAG-EPAC1 was a gift from Xiaodong Cheng 

(Galveston, TX, USA). ERK, PKB and EPAC1 antibodies were from Cell Signaling.  
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M2-FLAG antibody was from Sigma-Aldrich, while R-Ras and Rap1 antibodies were 

from Santa-Cruz. The GFP-antibody was purchased from Invitrogen, while the PDE3B 

antibody was a gift from ICOS Corp. and the PI3Kγ antibody was a gift from Emilio 

Hirsch (Torino, Italy). The p84 antibody was a gift from Len Stephens (Cambridge, UK), 

and the p101 antibody was from Abcam. The PI3Kγ- specific inhibitor (AS-604850) was 

a gift from Phillip Thompson (Melbourne, Australia) and synthesized as described. 

 

3.3.2 Cell Culture and Transfection 

Human Aortic Endothelial Cells (HAECs, Lonza) were cultured in EGM-2 media 

as described previously57 and when appropriate transfected with siRNAs targeted to 

PDE3B, EPAC1, p84, p101 or a control siRNA (Invitrogen) at 300pmol/100 mm dish 

with Lipofectamine 2000. 293T cells were cultured and transfected as previously 

described42. 

 

3.3.3 RNA Interference 

 The PDE3B siRNA is number HSS107710-5’-GCCUCACCAAGAAUUUGG 

CAUUUCA-3’(sense) 5’-CGGAGUGGUUCUUAAACCGAAAGU3-’ (antisense).  The 

EPAC1 siRNA number is HSS115938- 5’-AUUGA GAUUCUUCUGCUCCUUGAGG-

3’ (sense) 5’-UAACUCUAAGAAGACGAGGAACUCC-3’. The p84 siRNA number is 

HSS152254 5’-C CGCCAUCCACAUGGCUGAGAU-3’ (sense) 5’-

GGCGGUAGGUGUUCGAC CGACUCUA-3’ (antisense). The p101 siRNA number is 

HSS118911 5’-ACUCCAAAUCCAAGAAGGGC UUUAA-3’ (sense) 5’-

UUAAAGCCCUUCUUGGAUUUGGAGU-3’ (antisense). The Rap1 siRNA is number 
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HSS109049- 5’ ACGACUUACCGGAC CUGAGGGAACA-3’ (sense) 5’-

UGUUCCCUCAGGUCCUGUA AGUCGU-3’ (antisense). The R-Ras siRNA is number 

HSS184464- 5’ GGGCUGUCCGG AAAUACCAGGAACA-3’ (sense) 5’-UGUUC 

CUGGUAUUUCCGGACAGCCC-3’ (antisense).  

 

3.3.4 RT-PCR Amplification of mRNA encoding HAEC p84 and p101 

 Total RNA was extracted using the QIAGEN RNeasy purification kit and 200ng 

or total RNA was used as the template for synthesis of cDNA with a QIAGEN One-step 

RT-PCR kit. p84 and p101 levels were amplified using gene-specific primers targeted to 

p84 (5’-CGAGCCGGGAGGGACACGTA-3’ (sense) 5’-

GAAACCCGGGCCAACTCCCG-3’ (antisense)) and p101 (5’-GGGTCACTC 

CGCTGCCACAC-3’ (sense) 5’-GCGTCAGGG CCTCCATGCTG-3’ (antisense). The 

reaction mixture was amplified for 35 cycles.  

 

3.3.5 Protein-Protein Interaction Studies 

 Cells lysates for immunoprecipitations were generated as previously described238. 

Briefly, detergent-supplemented lysates were pre-cleared with protein A/G-agarose and 

1µg of mouse IgG (3h, 4°C). Pre-cleared lysates were then incubated (16h, 4°C) with 

either cAMP-conjugated agarose (Sigma, for cAMP-agarose pulldowns) or M2-FLAG 

agarose (Sigma, FLAG-immunoprecipitations) or mouse IgG (Santa Cruz) or PDE3B 

antisera (ICOS Corp, for PDE3B pulldowns). Proteins in isolated complexes were 

detected by SDS-PAGE and immunoblot analysis. Subcellular fractions were prepared by 
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centrifugation and membrane-containing fractions were resuspended in detergent-

supplemented buffer (0.1%SDS, 0.5% Na deoxycholate, and 1% Igepal). 

 

3.3.6 Cell Signaling Studies 

 HAECs were transfected with indicated siRNA as described. Cells were serum 

starved overnight and treated with 10µmol/L EPAC1-NDP or EPAC1-DP for 4h when 

indicated. Cells were treated with indicated test reagents and lysed. When membrane 

fractions were analyzed, cells were lysed in detergent free lysis buffer as described 

above, centrifuged to isolate membrane fractions which were resuspended in detergent 

supplemented lysis buffer. Cell lysates were analyzed by SDS-PAGE and 

immunoblotting. 

 

3.3.7 Rap and Ras Activation Assays 

 HAECs were serum-starved for 24h in 0.1% FBS containing media.  Cells were 

treated with 100µmol/L 8CPT for 5min and lysed in Mg2+ containing lysis buffer (MLB) 

[25mmol/L HEPES, ph7.5, 150mmol/L NaCl, 1% Igepal CA-630, 0.25% Na-

deoxycholate, 10% glycerol, 25mmol/L NaF, 10mmol/L MgCl2, 1mmol/L EDTA, 

1mmol/L sodium orthovanadate, 10µg/ml leupeptin, 10µg/ml aprotinin].  Cell lysates 

were incubated with either Ral-GDS or Raf-RBD-agarose (Millipore) for 30 min at 4°C.  

Isolated proteins were analyzed by SDS-PAGE.   
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3.3.8 Adhesion Assays 

 Adhesion assays were performed as previously described57.  HAECs were 

incubated with adenine (4µmol/L, 2µCi [3H]-adenine/ml] for 16h.  Cells were rinsed free 

of unincorporated [3H]-adenine and incubated with EPAC1-NDP, EPAC1-DP or no 

peptide for 4h.  Cells were trypsinized and labeled cells (20 000) were allowed to adhere 

to fibronectin-coated wells in the presence or absence of test reagents.  Cells were rinsed 

and dissolved in 0.1% Triton X-100, transferred to scintillation vials and counted by 

liquid scintillation. Values are expressed as the mean ± SEM. For immunostaining, 

HAECs were allowed to adhere to fibronectin-coated coverslips for 15 minutes, fixed and 

stained for PDE3B and EPAC1. 

 

3.3.9 Fluorescence Resonance Energy Transfer Imaging 

 FRET imaging experiments were performed as previously described313. Briefly, 

FRET experiments were performed 24-48 hours after HEK 293 cell transfection. Cells 

were maintained at room temperature and imaged on an inverted microscope (Olympus 

IX50).  Images were acquired using custom-made software and FRET changes were 

measured as changes in the background-subtracted 480/545nm fluorescence emission 

intensity on excitation at 430nm and expressed as R/Ro, where R is the ratio at time t and 

Ro is the ratio at time t=0sec.  Values are expressed as the mean ± SEM.   

 

3.3.10 SPOT Synthesis of Peptides and Overlay Experiments 

 Overlapping sequences of either EPAC1 or PDE3B were synthesized on 

continuous cellulose membrane supports by the AutoSpot-Robot ASS 222 (Intavis 
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Bioanalytical Instruments). The interaction of spotted peptides with FLAG-tagged fusion 

proteins was determined by overlaying the cellulose membranes with cell lysates 

expressing either FLAG-EPAC, FLAG-PDE3B, FLAG-p84 or control lysate and 

detection was performed using anti-mouse antibodies coupled with horseradish 

peroxidase (HRP).    

 

3.3.11 Tube Formation Assays and Measurement of Cell Area 

 Growth factor reduced Matrigel (BD Biosciences) (50µl/ 2.0cm) was gelled 

(37µC, 1h). Following labeling of HAEC (0.5µmol/L Cell-Tracker (Invitrogen), 30min), 

125,000 cells were plated in EGM-2 media in the presence, or absence, of indicated 

agents. Live cell tube formation was observed using fluorescence and images were 

acquired using a Zeiss Axiovert S100 microscope equipped with a Plan-Neofluor 5x 

objective and a Cooke SensiCam at fixed intervals over a 16h period. For fixed cell 

staining, cells were processed as described238. Mean cell area was measured (# of pixels 

occupied) and values calculated using Image J.  

 

3.3.12 Statistical Analysis 

 Values are presented as mean ± SEM from at least three independent experiments. 

HAEC adhesion assays, and tube formation assays were performed in quadruplicate 

determinations within experiments, and each condition was measured in multiple 

experiments. Effects of test reagents on phosphorylation status, binding competition, 

adhesion, PDE activity, FRET measurements and tube formation were tested for 

significance using a Neuman post hoc test, with P<0.05 considered significant. When 
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representative immunoblots or immunostains were shown, similar data were obtained > 4 

times. 

 

3.4 RESULTS 

3.4.1 PDE3B Directly Binds and Regulates EPAC1 

 Immunoprecipitation of expressed FLAG-tagged EPAC1 allows recovery of 

endogenous 293T PDE3B (Figure 3.1A), indicating that these proteins interact in cells. 

Also, bacterially expressed/purified His-tagged EPAC1 interacts selectively with a 

bacterially expressed/purified GST-fusion encoding residues 1-90 of PDE3B (Figure 

3.1B), demonstrating that these proteins interact directly with each other in solution. 

EPAC1 binding of cAMP was reduced in HEK293 cells over expressing PDE3B and 

increased in cells with reduced PDE3B (Figure 3.1C), indicating that PDE3B catalytic 

activity may directly regulate EPAC1 binding of cellular cAMP. The EPAC-selective 

cAMP analogue, 8CPT (8- (4- chlorophenylthio)-adenosine-3', 5'- cyclic 

monophosphate), increased GTP-loading of Rap-1 (126 ± 6 % of control, n=3) and R-Ras 

(197 ± 23 %, n=3) (Figure 3.1D) in HEK293 cells, indicating that both of these G-

proteins can, potentially, transduce signals downstream from EPAC1 in cells. 

 

3.4.2 PDE3B Binds p84 Selectively and Recruits PI3Kγ 

 Since global EPAC1 activation in cells can signal downstream through several 

effectors, including PI3K227, and PDE3B had been reported to influence PI3Kγ-mediated 

effects in certain cell types175, 264, we investigated whether the PDE3B-EPAC1 complex 

also integrated PI3Kγ. Consistent with this notion, we demonstrate that PDE3B binds one  
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Figure 3.1-PDE3B tethers and regulates EPAC1. A) 293T cells lysates expressing 

either FLAG, or FLAG-tagged EPAC1, were subject to anti-FLAG immunoprecipitations 

(M2-agarose, 4°C, 16h). Immune complexes were resolved by SDS-PAGE and 

immunoblotted for PDE3B or FLAG. A representative immunoblot is shown and similar 

results were obtained in at least 10 separate experiments. B) Bacterially 

expressed/purified 6XHis-tagged EPAC1 which bound either GST- or GST-PDE3B[1-

90]-saturated GSH-Sepharose beads was isolated, and detected by immunoblot analysis. 

A representative immunoblot from 3 similar experiments is shown. C) EPAC1-based 

cAMP sensor (H30) binding of cAMP in response to forskolin in cells expressing 

increased PDE3B or after PDE3B knockdown was measured by FRET. Values are means 

± SEM from multiple measures in 4 separate experiments. *Indicates significant 

differences (p<0.05) between control and each condition. D) Accumulation of GTP-

bound Rap-1 or R-Ras following 8CPT (0.1mmol/L, 5 min) incubation was measured by 

adsorption with RalGDS- or RafRBD-agarose, respectively, and immunoblotting. 

Representative immunoblot from 3 similar experiments is shown.  
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of the PI3Kγ regulatory subunit (p84), and that p84 binding is amplified in cells 

expressing the PI3Kγ catalytic domain (p110γ) (Figure 3.2A). In contrast, the PDE3B-

EPAC1 complex did not integrate the second PI3Kγ regulatory subunit or p110γ in the 

absence of p84 (Figure 3.2A). Also consistent with p84 integration into the PDE3B-

EPAC1 complex, PDE3B knockdown reduced levels of p84 recovered in EPAC1 

pulldowns (Figure 3.2B). Since PDE3B did not completely eliminate p84 recovery from 

EPAC1 isolates, further studies will be required to test the idea that EPAC1 and p84 also 

can interact independently of PDE3B. 

 

3.4.3 PDE3B Interacts with EPAC1 and p84 Using Distinct Peptide Domains 

 We next set out to gain insight into the molecular determinants that underpin 

PDE3B-EPAC1 and PDE3B-p84 interactions using peptide array analysis; a powerful 

method for investigating the molecular nature of protein-protein interactions238, 314. Using 

FLAG-PDE3B to interrogate peptide arrays encompassing the entire sequence of EPAC1 

we identified two PDE3B-binding EPAC1 peptides, namely peptide-1 (Thr218 to His242) 

and peptide-2 (Glu398 to Lys422) (Figure 3.3A). Although PDE3B binding was 

compromised by alanine substitution of several individual amino acid in peptide-1, 

alanine substitution of individual residues in peptide-2, including Asp412, Gly415, 

Phe417, Asp420, Phe421, completely ablated PDE3B binding, suggesting that PDE3B 

binding to peptide-2 was exquisitely sensitive to changes in its sequence (Figure 3.3A). 

These data suggest that two PDE3B interaction sites exist in EPAC1; one located at the 

very start of the cAMP binding domain (peptide-1) and one within the ras-exchanger- 
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Figure 3.2  

Figure 3.2-PDE3B tethers each EPAC1 and p84-p110γ . A) Separate 293T cell cultures 
transfected with plasmids individually encoding FLAG-tagged PI3Kγ subunits (FLAG-
p84, FLAG-p101 or FLAG-p110γ, or with one of FLAG-p84 or FLAG-p101 and 
untagged p110γ, were incubated with M2-agarose (4°C, 16h). Immune complexes were 
isolated and PDE3B, FLAG or p110γ detected by immunoblot analysis. Immunoblots 
representative of data obtained in 3 experiments are shown. B) FLAG-p84 and C/YFP-
EPAC1 were both expressed in 293T cells, or 293T cells following PDE3B knockdown.  
PDE3B and p84 in EPAC1-isolates were detected by immunoblot analysis and quantified 
by densitometry. *Indicates a significant difference between p84 recovered from cells 
expressing reduced PDE3B and controls in three separate experiments.  
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motif domain (peptide-2). Many protein-protein interactions involving PDEs and target 

proteins involve multiple binding sites, which facilitate the specificity of interaction106.  

Probing PDE3B peptide arrays with purified FLAG-EPAC1 identified a sequence 

at the extreme N-terminal region of PDE3B (Met1-Glu25). Single alanine substitutions of 

several residues in this peptide including Arg2, Arg3, Arg6, Lys9 and Arg12 ablated 

interactions (Figure 3.3B). We also note that substitution of either Ala8 or Ala10 for Asp 

in this peptide reduced EPAC1 binding (Figure 3.3B), a result consistent with the idea that 

placing a negatively charged residue in the midst of this positively charged region disrupts 

a key role in PDE3:EPAC1 interaction.  

In addition to EPAC1-PDE3B binding, we also probed PDE3B peptide arrays with 

the three PI3Kγ subunits. In doing this, we observed that FLAG-p84 bound a peptide C-

terminal to the second N-terminal hydrophobic region (NHR2) of PDE3B, which 

encompasses Pro436-Asn460. Subsequent scanning array analyses showed that Ala 

substitution of any of Arg439, Arg440, Pro449, and Ser445 reduced p84 binding (Figure 

3.3B). Neither p101 nor p110γ bound peptides in PDE3B arrays (not shown).  

Taken together, it is evident that probing a PDE3B array with either EPAC1 or 

p84 identified discrete interacting peptides where single amino acid substitutions could 

ablate binding. Since the PDE3B sequences involved in EPAC1 (Met1-Glu25) or p84 

(Pro436-Asn460) binding did not overlap, these findings are consistent with the notion 

that PDE3B could simultaneously tether both EPAC1 and p84 in cells (Figure 3.3C). 
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Figure 3.3  
Figure 3.3-Identification and analysis of PDE3B-EPAC or PDE3B-p84 interacting 
peptides. A) Individual membranes spotted with EPAC1 peptides (peptide 1, Thr218-
His242 or peptide 2, Glu398-Leu422) in which each residue had been individually 
replaced with alanine, were probed with a FLAG peptide solution (Control), or a solution 
containing FLAG-tagged PDE3B (FLAG-PDE3B[AT]). FLAG-binding was detected by 
immunoblotting (anti-FLAG, M2). B) Membranes spotted with either an EPAC1-binding 
PDE3B peptides (Met1-Glu25), or a p84-binding PDE3B peptide (Pro436-Asn460) in 
which each residue had been individually replaced with alanine, were probed with 
solutions containing either FLAG-EPAC1 or FLAG-p84, respectively. FLAG-binding 
was detected by immunoblot analysis. Representative immunoblots from three similar 
experiments are shown. C) Schematic representation of PDE3B-EPAC1 and PDE3B-p84 
binding. 
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3.4.4 Human Arterial Endothelial Cells Contain a PDE3B/EPAC1/p84-PI3Kγ 

‘Signalosome’ that Integrates Local EPAC1 and PI3Kγ Signals. 

 We next assessed the role of PDE3B in tethering and regulating the activities of 

EPAC1 and p84-p110γ in human arterial endothelial cells (HAECs). HAECs were chosen 

because they express PDE3B, EPAC1 and PI3Kγ endogenously (Figure 3.4A) and 

previous work has shown that activation of EPAC1 or PI3Kγ regulates important 

functions in these cells, including adhesion, migration and permeability through ERK 

and/or PKB56, 57, 80, 255, 315. Consistent with our studies in 293T cells, immunoprecipitation 

of endogenous HAEC PDE3B allowed co-isolation of endogenous EPAC1, p84 and 

p110γ, but not p101 (Figure 3.4B). Also, partial knockdown of p84 but not of p101 

reduced p110γ recovery in PDE3B immunoprecipitates by at least 50% (n=3) (Figure 

3.4C,D).  

The hypothesis that PDE3B-catalyzed cAMP hydrolysis is critical for EPAC1-

mediated activation of PI3Kγ downstream signaling in HAECs was tested using PDE3-

inhibition (cilostamide, 1µmol/L). Thus, cilostamide increased ERK (Figure 3.5), and 

PKB (Figure 3.6) phosphorylation in HAECs and PI3Kγ-inhibition with AS-604850 

(3µmol/L) reversed these effects. Consistent with the effects of cilostamide, PDE3B 

knockdown markedly increased ERK (Figure 3.5) and PKB (Figure 3.6) phosphorylation 

in HAECs and obviated any further increases with cilostamide. To evaluate whether direct 

EPAC1 activation could bypass PDE3B and directly promote PI3Kγ-mediated signaling, 

we used the EPAC-selective cAMP analogue, 8CPT. Although 8CPT promoted the 

PI3Kγ-inhibitor sensitive phosphorylation of both ERK (Figure 3.5) and PKB (Figure 3.6) 

in control HAECs, it did not increase ERK or PKB phosphorylation levels above those  



 111	  

	  

Figure 3.4  
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Figure 3.4- A PDE3B/EPAC1/p84-p110γ complex is functional in HAECs. A) 

Immunoblot analysis indicates HAECs express p110γ, p84 and p101 endogenously. B) 

Proteins in control or anti-PDE3B immunoprecipitates from HAEC membrane fractions 

were immunoblotted for p84, EPAC1, p110γ, p101 and PDE3B. C) mRNA from HAEC 

transfected with either p84 or p101 siRNA was reverse transcribed and subjected to 

polymerase chain reaction using specific primers (see Methods). Representative gels 230 

and quantitation of results from three separate experiments (bottom) are shown.  

*indicates significant reductions in either p84 or p101 mRNA (p<0.05). D) HAEC 

membrane lysates were transfected with either control, p84 or p101 siRNAs for 48 hours 

were immunoprecipitated with either normal mouse IgG or PDE3B antisera (4°C, 16h) 

and p110γ or PDE3B were detected by immunoblot analysis. Immunoblots representative 

of data obtained in 4 similar experiments are shown. 
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Figure 3.5  

Figure 3.5- PDE3B-mediated, EPAC1-dependent, activation of p84-p110γ , ERK in 

HAECs. A representative immunoblot of pERK1/2 accumulation in HAECs incubated 

with indicated agents 230 and quantitation of pERK1/2 (bottom) from five identical 

experiments (bottom) are shown. Individual HAEC cultures were transfected with control, 

PDE3B, p84, or p101 siRNAs for 48h, serum starved overnight and then incubated with a 

PDE3 inhibitor (cilostamide, 1µmol/L), an EPAC-activator (8CPT, 0.1mmol/L), a PI3Kγ-

inhibitor (AS-604850, 3µmol/L) or some of the agents in combination, for 5 minutes. 

ERK1/2 and pERK1/2 were detected by immunoblot analysis and levels of these species 

were quantified by densitometry *Indicates significant difference (p<0.05) in ERK 

phosphorylation between control vs. treatment or knockdown samples (n=5). 

**Significant difference (p<0.05) in ERK phosphorylation between control and 

cilostamide or 8CPT in HAECs where p101 was knocked down (n=5).  
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Figure 3.6  

Figure 3.6 PDE3B-mediated, EPAC1-dependent, activation of p84-p110γ , PKB in 

HAECs. A) Individual HAEC cultures were transfected with control, PDE3B, p84, or 

p101 siRNAs for 48h and subsequently serum starved overnight. Afterwards, cells were 

incubated with a PDE3 inhibitor (cilostamide, 1µmol/L), an EPAC-activator (8CPT, 

0.1mmol/L), a PI3Kγ-inhibitor (AS-604850, 3µmol/L) or some of the agents in 

combination, for 5 minutes. After these incubations, cells were lysed and levels of PKB 

and phosphorylated PKB (pPKB) were determined by immunoblot analysis. 

Representative immunoblots are shown. *Indicates significant difference (p<0.05) in PKB 

phosphorylation between control and treatment or knockdown samples (n=5). 

**Significant difference (p<0.05) in PKB phosphorylation between control and 

cilostamide or 8CPT in HAECs where p101 was knocked down (n=5).  
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achieved upon PDE3B knockdown, indicating that PDE3B knockdown likely maximally 

activated PI3Kγ. Although HAEC p101 knockdown also increased ERK and PKB 

phosphorylation, addition of cilostamide or 8CPT could nonetheless still increase these 

effects in an AS-604850-sensitive manner in these cells. Overall, the observation that p84, 

but not p101 knockdown inhibited cilostamide-induced effects on ERK (Figure 3.5) or 

PKB (Figure 3.6) phosphorylation, indicate that cilostamide was likely acting selectively 

through the p84-regulated form of PI3Kγ in these cells.  

 

3.4.5 Uncoupling EPAC1 from PDE3B Results in Increases in Local cAMP Signaling 

 Since we have shown that PDE3B and EPAC1 interact directly, and that altering 

cellular levels of PDE3B impacted cAMP-binding by an EPAC1-based cAMP sensor, we 

hypothesized that displacing EPAC1 from PDE3B should increase its ability to bind 

cAMP and therefore to activate PI3Kγ. To test this hypothesis, we designed a cell-

permeable peptide capable of disrupting PDE3B-EPAC1 binding. Thus, since we 

observed that a Met1-Glu25 PDE3B peptide variant containing only the first 13 residues 

and encompassing the critical cluster of basic residues effectively interacted with EPAC1 

(Figure 3.7A), an EPAC1-displacing peptide (EPAC1-DP) was created by linking Met1-

Ser13 to an N-terminal trans-activating transcriptional activator sequence (bold) via a 

short linker (italics) (RKKRRQRRR-GG-MRRDERDAKAMRS). Similarly, a non-

displacing peptide (EPAC1-NDP) control was also generated in which the critical 

residues, Arg2, Arg3, Arg6, Lys9, and Arg12, were each substituted with Ala 

(RKKRRQRRR-GG-MAADEADAAAMAS). As predicted, EPAC1-DP (10 µmol/L), 

but not EPAC1-NDP (10 µmol/L), inhibited direct EPAC1 binding to GST-PDE3B[1-90]  
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Figure 3.7  
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Figure 3.7- Optimization and use of a PDE3B-based, EPAC1-displacing peptide, in 

vitro and in vivo. A) Incubation of membranes spotted with sequentially deleted and/or 

alanine substituted versions of the PDE3B peptide (M1-E25) with FLAG-EPAC1 (as 

described in legend to Figure 2) identified the minimal length and optimal acid 

composition of the peptide which allowed EPAC1-binding. B) FLAG-EPAC1-expressing 

293T cell lysates were incubated with either GST-, or GST-PDE3B[1-90]-saturated, 

GSH-Sepharose beads in the presence of EPAC1-NDP (10µmol/L) or of EPAC1-DP 

(10µmol/L). EPAC1 binding to these GSH-Sepharose beads was determined by 

immunoblot analysis of isolated beads. Values are Mean ± SEM (n=3). *Indicates a 

significant difference (p<0.05) between amounts of EPAC1 associated with GST-

PDE3B[1-90]-saturated GSH-Sepharose beads in the presence of EPAC1-DP or EPAC1-

NDP. (C) 293T cells expressing both C/YFP-EPAC1 and FLAG-PDE3B[AT] were 

incubated with either EPAC1-NDP (10 µmol/L) or the indicated concentrations of 

EPAC1-NDP for 4 hours. Following these incubations, lysates were immunoprecipitated 

for FLAG (M2-agarose, 4°C, 16h) and the amounts of FLAG-PDE3B[AT] and c/YFP-

EPAC1 were detected by immunoblot analysis. *Indicates significant difference (p<0.05) 

in C/YFP-EPAC1 present between lysates isolated from cells incubated with EPAC1-DP 

and EPAC1-NDP (n=3). (D) H30 binding of cAMP was measured as described in the 

legend to Figure 2 in cells incubated with either EPAC1-NDP (10 µmol/L) or EPAC1-DP 

(10 µmol/L). *Indicates a significant difference (p<0.05) between cAMP binding in cells 

incubated with EPAC1-DP or EPAC1-NDP (n=7). 
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in vitro and with PDE3B in cells (Figure 3.7B,C). Also, incubation with EPAC1-DP, but 

not EPAC1-NDP, promoted cAMP binding by an EPAC1-based cAMP sensor in 

response to forskolin (Figure 3.7D), indicating that manipulation of EPAC1-PDE3B 

interactions results in altered local cAMP signaling in cells. 

 The hypothesis that PDE3B-based tethering of EPAC1 is critical for EPAC1-

mediated activation of PI3Kγ downstream signaling in HAECs was similarly tested using 

these displacing peptides. Thus, EPAC1-DP (10µmol/L), but not EPAC1-NDP 

(10µmol/L) reduced recovery of endogenous EPAC1 and p110γ in PDE3B 

immunoprecipitates in HAECs (Figure 3.8A). This provides compelling evidence that 

these endogenous proteins form a heterotrimeric complex in cells and that PDE3B-

EPAC1 binding is important for PI3Kγ integration. Furthermore, EPAC1-DP, but not 

EPAC1-NDP, significantly promoted PI3Kγ-mediated phosphorylation of both ERK and 

PKB in HAECs (Figure 3.8B, Figure 3.9), and obviated further increases upon either 

PDE3 inhibition with cilostamide or EPAC activation with 8CPT. Again, the ERK and 

PKB phosphorylation caused by EPAC1-DP were reversed by AS-604850, demonstrating 

that this action was PI3Kγ-dependent (Figure 3.8B, Figure 3.9).  

 Taken together these data show that 1) a PDE3B-tethered EPAC1/p84-p110γ-

signalosome is present in HAECs; 2) that this signalosome integrates EPAC1 and PI3Kγ 

signals; and 3) that disruption of the complex by PDE3B knockdown, or by displacing 

EPAC1 promotes cAMP binding to EPAC1 and EPAC1-dependent activation of PI3Kγ 

signaling. Moreover, since our studies were largely conducted without direct stimulation 

of adenylyl cyclase, our findings indicate that cAMP hydrolysis by PDE3B in HAECs  
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Figure 3.8  
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Figure 3.8-Disruption of PDE3B-EPAC1 binding alters PI3Kγ  signaling. A) HAECs 

incubated with EPAC1-NDP or EPAC1-DP (10µmol/L) for 4 hours. Membrane fractions 

were isolated and immunoprecipitated with control IgG or anti-PDE3B IgG (4°C, 16h). 

Isolated immune complexes were immunoblotted for EPAC1, p110γ and PDE3B. 

Representative immunoblots 230 and quantification values obtained from three separate 

experiments (bottom) are shown. *indicates significant difference (p<0.05) in EPAC1 

and p110γ recovered between groups. B) Impact of EPAC1-DP, or EPAC1-NDP, on 

pERK1/2 accumulation following PDE3 inhibition, (cilostamide, 1µmol/L, EPAC1 

activation (8CPT, 0.1mmol/L), PI3Kγ inhibition (AS-604850, 3µmol/L) or combination 

of these events. Representative immunoblots 230 and quantification of results obtained in 

three similar experiments (bottom) are shown. *indicates significant difference (p<0.05) 

in ERK1/2 phosphorylation between control and treated groups and NS signifies a lack of 

difference.  
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Figure 3.9  

Figure 3.9-Disruption of PDE3B-EPAC1 binding alters PI3Kγ-mediated PKB 

Activation. Impact of EPAC1-DP, or EPAC1-NDP, on pPKB accumulation following 

PDE3 inhibition, (cilostamide, 1µmol/L, EPAC1 activation (8CPT, 0.1mmol/L), PI3Kγ 

inhibition (AS-604850, 3µmol/L) or combination of these events. Representative 

immunoblots 230 and quantification of results obtained in three similar experiments 

(bottom) are shown. *indicates significant difference (p<0.05) in PKB phosphorylation 

between control and treated groups and NS signifies a lack of difference.  
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may negatively regulate basal EPAC1-dependent actions on PI3Kγ and as such influence 

downstream ERK1/2- and PKB-dependent signals. 

 

3.4.6 The PDE3B/EPAC1/PI3Kγ Signalosome Regulates HAEC Adhesion, Spreading 

and Tubule Formation. 

 Previous work in our laboratory showed that cilostamide or 8CPT each stimulate 

HAEC adhesion to extracellular matrix-coated surfaces and that cilostamide inhibits 

HAEC migration56, 57. Since endothelial cell adhesion, spreading and migration are each 

important steps in angiogenesis316, we next decided to test the hypothesis that PDE3, 

EPAC1 and PI3Kγ each regulated adhesion and spreading by actions coordinated through 

the PDE3B-based HAEC signalosome, rather than generally throughout the cell, and that 

these effects would impact the angiogenic-potential of these cells. 

 Overall, our data are consistent with this hypothesis. Indeed, knockdown of 

individual components of the complex markedly altered HAEC adhesion (not shown) and 

cell spreading (Figure 3.10A). Thus, while PDE3B knockdown promoted HAEC cell 

spreading by 20% ± 4% at 1h, knockdown of EPAC1 or of p84, inhibited cell spreading 

by 52% ± 6% and 55% ± 8%, respectively, at this time point (Figure 3.10A). Consistent 

with the idea that the PDE3B-based signalosome allowed compartmentation of PDE3B 

and EPAC1 in HAECs within structures involved in cellular adhesions and spreading 

immunostaining of HAECs fixed during the act of adhering for PDE3B and EPAC1 

showed that these proteins co-localized to punctuate, possibly membrane-associated, 

HAEC structures (Figure 3.10B). This presents the exciting possibility that these 
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structures represent dynamic cellular domains within which the PDE3B-based 

signalosome identified here orchestrates the integration of EPAC1 and PI3Kγ signaling. 

Consistent with the notion that these effects were due to signaling within the complex, 

and that displacement of EPAC1 from PDE3B would allow EPAC1 to bind more cAMP 

and activate PI3Kγ, addition of EPAC1-DP (10 µmol/L), but not EPAC1-NDP (10 

µmol/L) significantly increased HAEC adhesion (Figure 3.10C). As with their effects on 

signaling (Figure 3.5), neither cilostamide nor EPAC1-DP promoted cell spreading in 

PDE3B knockdown cells or influenced cell spreading of HAECs in which EPAC1 or p84 

had been knocked down. Importantly, each of these effects was fully antagonized by 

PI3Kγ inhibition. Indeed, basal cell spreading and the increased cell spreading of PDE3B 

knockdown cells were reduced by 32% + 5% and 40% + 5%, respectively, in the 

presence of AS-604850. PI3Kγ-inhibition was without effect when EPAC1 or p84 were 

knocked down (not shown). 

  To directly test our prediction that signaling through the PDE3B-based 

signalosome promotes adhesion and spreading of HAECs and that these effects impact 

the angiogenic potential of these cells, we utilized an in vitro angiogenesis assay: the 

tubule formation assay. In this assay, adhesion, spreading and migration of endothelial 

cells on matrigel each promote the formation of branched primitive vessels316. Although 

addition of 8CPT, cilostamide or AS-604850 did not significantly alter the number of 

branch points, or the overall pattern of the branched tubular structures formed by HAECs 

after 10h on matrigel, they did impact the relative “thickness” of branched structures 

formed (Figure 3.10D). In contrast, each cilostamide or 8CPT significantly shortened the 

times at which endothelial cell “branch points”, the earliest structure that form during  
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Figure 3.10-Integration of EPAC1 and p84-p110γ promotes HAEC tubule formation 

by stimulating cell adhesion and spreading. A) Individual HAEC cultures were 

transfected with control, PDE3B, EPAC1, or p84 siRNAs for 48h. Transfected HAECs 

were trypsinized, and allowed to adhere to matrigel for 15min. Representative images, 

from 5 equivalent experiments, of fixed cells stained for actin after 15 min on matrigel 

are shown. Mean cell area (# of pixels occupied) was calculated using ImageJ. B) 

Samples of control HAECs allowed to adhere to fibronectin-coated surfaces for 15 

minutes were fixed and immuno-stained for PDE3B 317 and EPAC1 (Red). Similar 

staining was observed in several individual cells sampled in three separate experiments. 

C) HAECs were incubated with no peptide, 10µmol/L EPAC1-NDP or 10µmol/L 

EPAC1-DP and allowed to adhere to fibronectin coated surfaces. Values are means + 

SEM of four determinations. *Indicates significant difference (p<0.05) between cells 

incubated with EPAC1-DP and those incubated with either EPAC1-NDP or without 

peptide. D) Extent of tubule formation at 1 hour and 10 hours, and impact of control 

(DMSO, 0.1%v/v), EPAC activator (0.1mmol/L 8CPT), PDE3 inhibitor (1µmol/L 

cilostamide) PI3Kγ inhibitor (3µmol/L AS-604850). Representative images from 8 

equivalent experiments are shown. E) Extent of tubule formation and impact of control, 

PDE3B, EPAC1 and p84 siRNA at 1hour and 10 hours post plating on matrigel. 

Representative images from 8 equivalent experiments are shown. F) Images from (D) and 

(E) were used to quantify the number of branch points formed at 1hour. HAEC were 

transfected with indicated siRNA and allowed to form tubes in the presence of vehicle 

(DMSO 1% v/v), EPAC activator (0.1mmol/L 8CPT), PDE3 inhibitor (0.1µmol/L 

cilostamide) or PI3Kγ inhibitor (3µmol/L AS-604850). * indicates significant difference 



 128	  

(p<0.05) between control and treatment or siRNA knockdown. # indicates significant 

difference (p<0.05) between treatment and control of the same group of siRNA treated 

cells. G) Individual HAEC cultures were transfected with control, PDE3B, EPAC1, p84 

or p101 siRNAs as described above and the impact of EPAC1-NDP (10µmol/L) or 

EPAC1-DP (10µmol/L) on tubule formation were measured. * indicates significant 

difference (p<0.05), values are mean ± SEM of 8 experiments. 
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tubule formation in this assay316, were evident (Figure 3.10D). Indeed, branch point 

formation was increased by 265 ± 4% or 193 ± 3%, by 8CPT or cilostamide at 1h, 

respectively (Figure 3.10D, F). In contrast, AS-604850 increased the time at which 

branch points first appeared (Figure 3.10D, F). These results are consistent with the 

hypothesis that branch points formed faster in the presence of 8CPT or cilostamide, but 

slower in the presence of AS-604850, and that these differences were due to the effects of 

these agents on HAEC adhesion and spreading. 

Consistent with this model and with the effects of cilostamide, PDE3B 

knockdown promoted early branch point formation and allowed formation of “thicker” 

tubules (Figure 3.10E). Indeed, in the eight separate experiments in which this was 

measured, PDE3B knockdown increased the number of branch points at 1h by 200% + 

5% (mean ± SEM, Figure 3.10E, F) of control. Also, 8CPT or cilostamide addition did 

not further increase the number of branch points formed in PDE3B knockdown cells 

(Figure 3.10F). In contrast, but consistent with our model, knockdown of either EPAC1 

or p84 significantly reduced the number of branch points present at 1h and hindered the 

formation of stable structures (Figure 3.10E, F). Moreover, cilostamide or 8CPT could 

not be used to rescue the poor responses observed in EPAC1 or p84 knockdown cells 

(Figure 3.10F). Also, addition of EPAC1-DP (10 µmol/L) but not EPAC1-NDP (10 

µmol/L) markedly increased the numbers of branch points which were present in control 

HAECs but not PDE3B, EPAC1 or p84 knockdown cells (Figure 3.10G). Consistent with 

the idea that only the p84-regulated form of PI3Kγ is subject to EPAC1-dependent 

regulation and involved in tubule formation through this complex, the decreased tubule 
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formation in p101 knockdown cells was somewhat rescued by 8CPT, cilostamide or 

EPAC1-DP (Figure 3.10F, G).  

 In keeping with the known function of EPAC1, 8CPT promoted accumulation of 

both GTP-bound Rap-1 (205% + 12%, n=3) and R-Ras (135% + 9%, n=3) in HAECs 

(Figure 3.11A). However, only R-Ras knockdown significantly impacted tubule 

formation by those agents promoting tubule formation through the PDE3B-based 

signalosome (Figure 3.11B). Indeed, while 8CPT, cilostamide or the EPAC1-DP each 

could promote tubule formation in Rap1A knockdown HAECs, these agents were 

ineffective when added to HAECs in which R-Ras had been knocked down (Figure 

3.11B). This result uncovers an intriguing facet indicating that the PDE3B-based 

signalosome may be specifically wired to function through R-Ras in these cells. Thus 

PDE3B may sequester EPAC1/p84-PI3Kγ to a spatially defined domain that serves to 

channel signals through a specific effector system.  

 

3.5 DISCUSSION 

 The results of the present study identify a novel-signaling complex, formed from 

PDE3B/EPAC1/p84 that integrates EPAC1- and PI3Kγ-encoded signals in human arterial 

endothelial cells. This signalosome may provide a cellular context within which EPAC 

and PI3Kγ are integrated and may represent a novel therapeutic target for the design of 

agents able to control specific endothelial cell functions, including their angiogenic 

potential. 
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Figure 3.11  
 
Figure 3.11- Involvement of R-Ras in PI3Kγ-induced tubule formation. A) HAECs 
were treated with 0.1mmol/L 8CPT for 5 minutes. Activated Rap1 was recovered using 
Ral-GDS agarose, while activated R-Ras was recovered using Raf-RBD-agarose as 
described in Methods. B) HAECs were transfected with Rap-1A or R-Ras siRNA for 48h 
and serum starved overnight. These cells were collected and plated on matrigel in the 
presence of vehicle (DMSO (0.5% v/v), 8CPT, (0.1mmol/L), cilostamide (1µmol/L) 
EPAC1-DP (10µmol/L) or AS-604850 (3µmol/L). As described in Methods, tubule 
formation at 60 min was quantified by counting branch points. Values are means ± SEM 
from 3 experiments. *Indicates significant difference between control and treatments in 
the same siRNA treated HAEC culture.  
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3.5.1 Components of the PDE3B-Tethered Complex 

 It is increasingly evident that protein-protein interactions aid in spatially 

organizing cellular signal transduction and regulation of cellular function42, 57, 106, 107, 219. 

Here we have identified and characterized a novel signaling complex (signalosome) that 

contains PDE3B, EPAC1 and the p84-regulated PI3Kγ. Our analyses suggest that PDE3B 

and EPAC1 interact directly with each other in this complex, without the need for any 

accessory proteins or lipids, and that endogenous species form an endogenous 

intracellular complex in human endothelial cells. Consistent with previous studies on 

murine heart175, 264, we show here that PDE3B interacts with the p84 regulatory subunit of 

PI3Kγ and go on to expand on this, proposing that PDE3B likely acts to simultaneously 

tether both EPAC1 and p84 to form a functional complex in endothelial cells that controls 

tubule formation and has implications for angiogenesis.  

 

3.5.2 Regulation of signaling through the PDE3B-based signalosome 

Converging signaling is a common theme and usually the efficiency of signal 

integration is enhanced when enzymes are grouped within signaling complexes. In our 

studies, we have uncovered two instances where a proposed PDE3B/EPAC1/p84-110γ 

signaling complex promotes cAMP and PI3Kγ signaling. Firstly, using a FRET-based 

approach we show that cAMP binding, by EPAC1, was markedly altered by either 

varying PDE3B cellular levels or by directly displacing EPAC1 from its PDE3B tether 

using an EPAC1-based displacing peptide (EPAC1-DP). Together, these data establish 

PDE3B as a “sink” for degrading the pool of cAMP that activates EPAC1 in cells and 

thus serves to maintain EPAC1 in a sub-optimally activated state up to the point when 
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cAMP generation is elevated to such an extent that it overwhelms the degrading capacity 

of complexed PDE3B. Since displacing EPAC1 from its PDE3B tether directly increased 

its cAMP binding, we conclude that the proximity of PDE3B and EPAC1 within this 

complex is critical to the ability of PDE3B to control EPAC1 activation by cAMP. 

Lending further support to this proposal, cAMP binding to this same EPAC1-based 

sensor was unaffected when PDE4B or PDE4D were individually knocked down in an 

earlier report by some of us313. Since PDE4B and PDE4D together account for ~65% of 

total cAMP-PDE activity in the cells used in these studies, we propose that our data 

indicate that EPAC1 binding to PDE3B likely contributes to this selectively.  

 Secondly, our studies demonstrated that inhibition of PDE3, activation of EPAC1 

or displacement of EPAC1 from PDE3B each promoted PI3Kγ activation and subsequent 

phosphorylation of ERK and PKB. These findings support the idea that PDE3B-mediated 

control of EPAC1 activity allows the indirect cAMP-dependent regulation of PI3Kγ. In 

addition, selective knockdown of PDE3B resulted in increased basal ERK and PKB 

phosphorylation. Although this result was initially surprising to us, we concluded that the 

basal cAMP-hydrolyzing activity of PDE3B maintains a low level of local cAMP thus 

maintaining EPAC1 in an inactive state. This regulation of signaling has been 

documented before in the cAMP field with the discovery of A-kinase anchoring proteins 

(AKAPs), which bind to Protein Kinase A (PKA) and target this kinase to distinct 

subcellular locals, but can maintain this kinase in a low activity setting by sequestering 

PDE4 isoforms318. Here, we propose that PDE3B tethers EPAC1, maintaining a low 

activity that protects it from inappropriate fluctuations in basal cAMP levels until a 
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significant directed increase in cAMP generation occurs that overwhelms the capacity of 

sequestered PDE3B.  

 Cardiac myocytes represent the cardiovascular cell type in which PI3Kγ has been 

most extensively studied252 and hearts from p110γ-null mice have elevated cAMP and 

display an exaggerated contractile response. While early reports proposed that p110γ 

tethered an activated form of PDE3B175, and that the absence of this interaction in p110γ-

null mice caused their cardiac phenotype, our findings further refine this model 

suggesting that PDE3B may indirectly sequester p110γ through p84, as proposed 

earlier264. Indeed, since levels of each p84 and p101 are profoundly reduced in cells 

devoid of p110γ263, we predict that p110γ-null mice may express reduced p84 levels and 

that this secondary effect could contribute to the aberrant PDE3B-regulated cAMP and 

the contractile phenotype.  

 

3.5.3 Regulation of HAEC functions through the PDE3B-tethered complex 

Angiogenesis represents a complex process in which endothelial cell function is 

critical. Initial proangiogenic signals result in the adhesion, spreading, migration and 

proliferation of endothelial cells resulting in the formation of tubular structures and the 

eventual maturation of these structures into stable blood vessels319. Both the cAMP- and 

polyphosphatidylinositol-signaling systems impact each of these endothelial cell 

functions and as such likely regulate angiogenesis. In these studies we observed that 

inhibition of PDE3B or direct activation of EPAC1, each promoted HAEC tubule 

formation and that these effects were inhibited by PI3Kγ inhibition. In addition, using 

RNAi-based approaches, we show here that the actions of cilostamide or 8CPT are 
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coordinated through actions involving EPAC1, R-Ras and selectively the p84-regulated, 

but not the p101-regulated, form of PI3Kγ.  

Intriguingly, we found that R-Ras but not Rap1 was the most likely G-protein 

transducing information between EPAC1 and PI3Kγ in HAECs. Indeed, while EPAC1 

can activate both R-Ras and Rap1 in HAECs, only R-Ras knockdown antagonized 

response of HAECs to 8CPT, cilostamide or EPAC1-DP. How our observation that 

activation of R-Ras allowed EPAC1-dependent activation of p84-p110γ in HAECs can be 

related to recent studies in which EPAC2-mediated activation of R-Ras regulated 

phospholipase D activity230, or in which Ras was described as an “indispensable co-

regulator” of p84-p110γ266 in will require further study.  

Although PI3K signaling regulates blood vessel formation and vascular repair289, 

315, a limited amount of information is available currently regarding involvement of 

specific PI3K isoforms in these processes. Recently PI3Kα was reported to regulate 

angiogenic sprouting-vascular remodeling but not initial stages of vascular 

development315. Here, we show that EPAC1-mediated activation of p84-p110γ promotes 

several initial events in this process including adhesion and spreading and that these 

events correlate strongly with tubule formation. Also, recent studies indicating an 

essential role for EPAC1 and PI3Kγ in optimal integrin-dependent homing of endothelial 

progenitor cells (EPCs) to sites of vascularization289, 293 may represent a further area 

where signaling similar to that described here also regulates vascular events of 

importance in wound repair and angiogenesis.  

 In conclusion, we provide compelling evidence that PDE3B-tethered EPAC1 is 

regulated by PDE3B-mediated hydrolysis of cAMP, that activation of the “pool” of 
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EPAC1 in this novel signalosome promotes p84-p110γ-mediated phosphorylation of 

ERK and PKB, and that these effects regulate several cellular events in endothelial cells 

of importance in cardiovascular health and disease. 
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CHAPTER 4 

SUBCELLULAR LOCALIZATION OF PDE5 ALLOWS FOR SELECT cGMP-

SIGNALING IN DISCRETE MICRODOMAINS IN HUMAN AROTIC SMOOTH 

MUSCLE CELLS 

 

Lindsay S. Wilson, Bibiana Umana, Manhong Guo and Donald H. Maurice. 

Formatted for Submission to Molecular Pharmacology: June, 2011 

 

4.1 ABSTRACT 

Cyclic GMP (cGMP) is a ubiquitous intracellular messenger that acts to integrate 

and translate the information encoded by extracellular messenger molecules including 

nitric oxide (NO) and atrial natriuretic peptide (ANP). Recently we demonstrated that 

specific localization of cyclic nucleotide phosphodiesterase 5 (PDE5) allowed spatial and 

temporal regulation of cGMP signaling in platelets. Specifically, PDE5 was identified as 

an integral component of a Protein Kinase G (PKG) and an inositol-1,4,5-trisphosphate 

receptor (IP3R) signaling complex where it acted to selectively regulate IP3 mediated 

Ca2+ release. Subsequently, we have investigated the role of PDE5 in human aortic 

smooth muscle cells (HASMC). The presented findings demonstrate that HASMC 

contains two pools of PDE5, one that is tethered in the cGMP-signaling complex 

consisting of PDE5, PKG and IP3R and one that is un-tethered in the cell cytosol. We 

provide evidence demonstrating that the un-tethered PDE5 plays an essential role in 

regulating proliferation and migration in these cells through cGMP inhibition of PDE3A, 

resulting in increases in cAMP and subsequent activation of PKA. Incubation of HASMC 
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with the atrial natriuretic peptide resulted in increased intracellular cAMP, and 

phosphorylation of VASP at Serine 157, the PKA-specific site. In addition, inhibition of 

PDE5 in HASMC decreased DNA synthesis measured by BrdU incorporation and cell 

migration, both of which were reversed upon PDE3A knockdown. Our findings provide 

insight into the role of specific pools of PDE5 in these cells and suggest that discrete 

domains of cGMP exist in HASMC. We suggest that by further elucidating the role of 

PDE5 we may define a molecular mechanism by which PDE5 inhibition can 

differentially impact selected functions in these cells. 

 

4.2 INTRODUCTION 

cAMP and cGMP are ubiquitous second messengers that are responsible for 

amplifying extracellular cues into intracellular signals, resulting in modification of 

signaling pathways and cellular functions. It is now widely accepted that cyclic 

nucleotide signaling is compartmented, and it is this spatial and temporal regulation that 

allows cyclic nucleotides to exert a wide variety of effects in cells while maintaining 

signaling selectivity106, 242, 313. Central to cAMP compartmentation are distinct 

macromolecular cAMP-signaling complexes, containing cAMP effector proteins such as 

protein kinase A (PKA) or exchange protein activated by cAMP (EPAC) that coordinate 

the spatial and temporal effects of cAMP in cells42, 57, 242. Another critical component of 

these complexes is the integration of cyclic nucleotide phosphodiesterases (PDEs) whose 

targeted cyclic nucleotide hydrolysis allows coordinated actions of cAMP42, 57, 232, 242.  

While the majority of research has focused on cAMP compartmentation in cells, 

growing evidence also demonstrates that cGMP-compartmentation contributes to 
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selective cellular signaling. Recent studies discovered that distinct PDEs could regulate 

either plasma membrane or cytosolic cGMP ‘pools’187, 188. In addition, a study from our 

laboratory demonstrated that in platelets, PDE5 can be differentially regulated depending 

on its subcellular localization280. Firstly, phosphorylation and activation of PDE5 present 

in an IP3R1-based, PKG containing cGMP-signaling complex played a critical role in 

regulating IP3-mediated Ca2+ release from the endoplasmic reticulum (ER). Secondly, we 

demonstrated that the majority of cellular PDE5 in platelets was non-complexed and 

localized in the cytosol, where it had a different basal activity and mode of regulation 

from its complexed counterpart, suggesting a different role for this ‘pool’ of enzyme280. 

 In human vascular smooth muscle cells (HVSMC) increases in intracellular 

cGMP occur through nitric oxide (NO) mediated activation of soluble guanylyl cyclase 

(sGC) or by natriuretic peptide activation of particulate guanylyl cyclase (pGC)144. 

Studies have demonstrated that elevated levels of intracellular cGMP can inhibit SMC 

proliferation through indirect activation of PKA, and subsequent inhibition of 

extracellular regulated kinases 1/2 (ERK1/2) phosphorylation160. Indirect activation of 

PKA occurs via cGMP-mediated inhibition of the cGMP-inhibited PDE3A resulting in 

decreased cAMP hydrolysis and thus an increase in intracellular cAMP levels144, 177. At 

the level of cyclic nucleotide phosphodiesterases (PDEs), increases in cGMP have effects 

on the intracellular accumulation of cAMP. There are two PDEs whose cAMP hydrolytic 

activity is regulated by increases in cGMP; PDE2, which is stimulated by cGMP to 

breakdown cAMP, and PDE3, which is inhibited by cGMP resulting in decreased cAMP 

hydrolysis142, 144, 320.  
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Early studies on platelets demonstrated that incubation with NO donors such as 

SNP and SIN-1, and corresponding increases in cGMP, resulted in small increases in 

cAMP and that the increase in both cAMP and cGMP could synergistically inhibit 

platelet function321,322. Later, it was discovered that these small increases in cAMP were a 

result of cGMP inhibition of PDE3A in platelets, resulting in decreased cAMP hydrolysis 

and thus an increase of cAMP and subsequent activation of PKA144, which was later 

found to be true in rat, and bovine aortic smooth muscle cells160, 177, 302.  

 While NO donors cause a large increase of cGMP in cells, inhibitors of PDEs, 

such as sildenafil inhibition of PDE5 do not. However, using bovine aortic smooth 

muscle cells, Osinski et al.160 demonstrated that incubation of these cells with the PDE5 

inhibitor sildenafil resulted in an increase in intracellular cAMP, and activation of PKA. 

In addition, they concluded that this increase in cAMP was through PDE3A inhibition by 

cGMP, suggesting that cGMP levels due to PDE5 inhibition were high enough in the 

vicinity of PDE3A to bind to the catalytic domain and inhibit PDE3A function160. While 

measurements of total cellular cGMP levels do not change upon sildenafil incubation, 

these results speak to spatiotemporal regulation of both PDE5 and PDE3A that allows 

cross talk of cAMP and cGMP. 

While our previous study in platelets negated a role for cAMP in regulating Ca2+
 

release from the IP3R, we hypothesize that the non-complexed PDE5 may be responsible 

for mediating this cGMP-cAMP cross talk in cells. Herein we demonstrate that HASMC 

contain two pools of PDE5, one that is an integral part in the ER-based IP3R, PKG- 

signaling complex. Secondly, a pool of cytosolic PDE5, which mediates cGMP inhibition 

of PDE3A, increases in cAMP and inhibition of SMC proliferation and migration.  
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4.3 MATERIALS AND METHODS 

4.3.1 Materials 

The phospho Ser157 and phospho Ser239 and total VASP antibodies were from 

Cell Signaling Technologies (Pickering, ON). The PDE5 antibody was a gift from Dr. 

S.S Visweswariah (Bangalore, India) while a phospho-PDE5 antibody was purchased 

from Fabgennix (Frisco, TX). The PKG antibody was from Stressgen (Ann Arbor, MI) 

and the inositol 1, 4, 5-trisphosphate receptor antibody was from Neuro-Mab Antibodies 

Inc (Davis, CA). Protein A/G beads and rabbit IgG were purchased from Santa Cruz 

Biotechnologies (Santa Cruz, CA). Sildenafil was isolated as previously described306.  

 

4.3.2 Cell Culture, Transfection and Adenovirus Infection 

Human aortic smooth muscle cells (HASMC, Lonza) were cultured in SmGM-2 

media at 37°C, 5% CO2 and used between passages 3-10. When appropriate, HASMC 

were transfected with siRNAs targeted to PDE3A or control siRNA (Invitrogen) at 

300pmol/100mm dish with Lipofectamine 2000. For adenoviral infection, HASMC were 

placed in antibiotic free media, and infected with the EPAC-FRET adenovirus. Cells 

were incubated for 48 hours before use in cell based assays. 

 

4.3.3 Fluorescence Resonance Energy Transfer Imaging 

FRET imaging experiments were performed as previously described313. Briefly 

HASMCs infected with the EPAC-FRET adenovirus, and allowed to incubate for 48 

hours.  On the day of experiments, infected HASMC were incubated for 30 minutes in 

basal, serum free media supplemented with 10µM indomethacin and subsequently 
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maintained at room temperature in saline solution supplemented with 10µM 

indomethacin, and imaged using a Leica TCS-SP2 inverted confocal microscope. Images 

were acquired every 5 seconds, and analyzed using ImagePro software. FRET changes 

were measured as changes in the background-subtracted 480/545nm fluorescence 

emission intensity on excitation at 430nm and expressed as R/Ro, where R is the ratio at 

time t and Ro is the ratio at time t=0sec.  Values are expressed as the mean + SEM.   

 

4.3.4 RNA Interference 

The PDE3A siRNA is number HSS107707-

5’GCUAUUUCUGCAGCUAACCAUGUAA-3’ (sense) 5’-

UUACAUGGUUAGCUGCAGAAAUAGC-3’ (antisense). The control siRNA used was 

the negative control Hi G+C Duplex (Invitrogen). 

 

4.3.5 Immunoprecipitation Studies 

 HASMC were serum starved overnight, and treated with indicated test reagents. 

Cells were then washed and lysed in a Tris-based buffer (pH 7.4) containing 1mM 

EDTA, 100mM NaCl, 5mM MgCl2, 5mM benzamidine, 1ml/ml aprotinin, 5ml/ml 

bestatin, 2mg/ml leupeptin, 10mM phenylmethylsulfonyl fluoride (PMSF), 10mM 

sodium b-glycerophosphate, 10mM sodium pyrophosphate, 10mM NaF, and 10mM 

sodium vanadate. Cell lysates were then centrifuged at 10,000xg to isolate intracellular 

membrane fractions. Cell membranes and cytosolic fractions were resuspended in Tris-

based lysis buffer and pre-cleared by incubating with rabbit IgG (1µg), and 50µl slurry of 

protein A/G-agarose beads (3h, 4°C). Immunoprecipitations from precleared HASMC 
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fractions were carried out using 1 mg of cell lysate, and 1 µg of anti-IP3R1 antisera or 

rabbit IgG and 40 µl slurry of protein A/G beads. Immunoblot analysis and PDE activity 

assays were conducted as previously described280.  

 

4.3.6 VASP Phosphorylation Studies 

HASMC were serum starved overnight, pretreated for 30 minutes with 10µM 

indomethacin and subsequently with indicated test reagents. Cells were lysed in Tris-

based lysis buffer as described above, supplemented with 0.5% Na-deoxycholate, 0.1% 

SDS, and 1% Igepal. Phosphorylation levels of VASP were then analyzed by 

immunoblotting and densitometry. 

 

4.3.7 HASMC Proliferation Studies 

 Proliferation assays were performed as per manufacturer’s suggestions 

(Proliferation Kit, Millipore). Briefly, 1500 cells were plated into 96 well dishes and 

serum starved for 48 hours. Proliferation was induced by replacing media with basal 

media supplemented with 20ng/mL PDGF-BB and in the presence of individual test 

reagents. Proliferation was induced for 48 hours, and BrdU was added for the last 24 

hours. After incubation, cells were fixed and processed as per manufacturer’s direction. 

BrdU incorporation was measured using a spectrophotometer at 450/550. 

 

4.3.8 HASMC Migration Studies 

HASMC were plated on fibronectin coated glass cover slips and allowed to grow 

to 100% confluency. Confluent monolayers were wounded using a pipette tip and 
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allowed to migrate for 12 hours in the presence of indicated test reagents. Images were 

captured at 0 and 12 hours and cell free area was calculated using ImagePro software.  

 

4.3.9 Statistical Analysis 

Values are presented as Mean + SEM. Effect of test agents on cell proliferation, 

migration, VASP phosphorylation, cAMP accumulation and differences in PDE activity 

were tested for significance using a two-tailed student’s T-test. P<0.05 was considered 

significant. The number of experiments is indicated by n.  

 

4.4 RESULTS 

4.4.1 Phosphorylation of PDE5 in the PKG-IP3R-PDE5 ER cGMP Signaling Complex 

 Previous studies from our laboratory identified PDE5 as an integral regulatory 

component of the PKG-IP3R ER localized signaling complex in platelets280. To determine 

if this complex could exist in other cells that rely on cGMP signaling, we investigated the 

presence of this complex in HASMC.  Selective immunoprecipitation of IP3R from 

HASMC ER fractions resulted in the recovery of PDE5, PKG and IP3R (Figure 4.1). To 

determine if the PDE5 in this complex could be phosphorylated by PKG, we treated 

HASMC with 8BrcGMP (1mM, 15 min) to assess the level of PDE5 phosphorylation 

(Figure 4.1). In agreement with our previous findings, PDE5 present in the PKG-IP3R 

complex could be preferentially phosphorylated upon addition of 8BrcGMP. Consistent 

with our findings that this complex was specifically modulated by cGMP and PKG, the 

cAMP PDE, PDE3A, was not identified in this complex (Figure 4.1). In addition to IP3R 

immunoprecipitations, treatment of HASMC expressing GFP-tagged PDE5A1 with ANP,  
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Figure 4.1  

Figure 4.1- PDE5 is targeted to an ER-based PKG-IP3R complex where it is 

preferentially phosphorylated. HASMC were serum starved overnight and 

subsequently treated with 1mM 8BrcGMP for 10 minutes. Cells were then lysed in a 

detergent free lysis buffer and ER membrane fractions were isolated by differential 

centrifugation and resuspended in detergent free lysis buffer. Precleared lysates were 

incubated with 1µg of IP3R antibody and protein A/G beads and incubated for 16h at 4°C. 

Isolated immune complexes were resolved by SDS-PAGE and immunoblotted for (P)-

PDE5, PDE5, PKG, IP3R and PDE3A. 
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or ANP and sildenafil resulted in localized perinuclear phosphorylation of PDE5A1 and 

did not result in a global increase in PDE5 phosphorylation, further suggesting that PDE5 

phosphorylation is localized in HASMC due to its proximity to the IP3R and PKG1β 

(Figure 4.2).  

 

4.4.2 PKG-IP3R Associated PDE5 has a Lower Specific Activity Than Bulk PDE5 

Activation of PDE5 can occur by cGMP binding to its N-terminal GAF 

domains180, or by PKG-mediated phosphorylation on Serine 102 (Ser102)54, 280. In 

addition to being selectively phosphorylated by PKG in cells, our data demonstrates that 

the IP3R-PKG-associated PDE5 has a lower specific activity compared to the bulk PDE5 

present in HASMC. Indeed, immunoprecipitations from HASMC indicated that PDE5 

immunoprecipitated with PKG had a significantly lower specific activity than the bulk 

PDE5 immunoprecipitated from cell lysates although similar amounts of PDE5 were 

obtained in these immunoprecipitations based on western blotting results (Figure 4.3A, 

4.3B). Since we observed a difference in both PKG-mediated phosphorylation of 

complexed versus non-complexed PDE5, and a difference in basal activity of these two 

pools of PDE5, we concluded that like in platelets, HASMC also contain a cGMP-

signaling complex associated PDE5, and a non-complexed PDE5. 

 

4.4.3 ANP-Mediated Increases In cGMP Result in Increases in cAMP in HASMC 

While our studies in platelets established a role for PDE5 in the ER-based cGMP-

signaling complex, we were unable to uncover a functional role for the remaining non-

complexed PDE5 in these cells. In HASMC, our immunoprecipitations demonstrate that  
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Figure 4.2  

Figure 4.2- ANP treatment results in preferential phosphorylation of PDE5 in the 

ER in HASMC.  HASMC were infected with a GFP-PDE5A1 lentivirus, or a GFP- 

lentivirus control and incubated for 48 hours. Cells were serum starved overnight, 

pretreated with 10µM indomethacin for 30 min and then with indicated test reagents 

(ANP 1µM, sildenafil 100nM) for 5 minutes. Cells were fixed and then immunostained 

for (P)-PDE5 (red), the nucleus (DAPI-blue) and actin (FITC-phalloidin-green). 
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Figure 4.3  

Figure 4.3- PKG bound PDE5 has a lower specific activity compared to cytosolic 

PDE5.  Precleared HASMC lysates were incubated with antisera against either PDE5 or 

PKG and protein A/G beads incubated for 16h at 4°C. Immune complexes were (A) 

resolved by SDS-PAGE and immunoblotting or (B) assessed for cGMP-PDE activity 

(values are expressed as mean + SEM).   
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PDE5 can exist in two pools; complexed with PKG and the IP3R at the ER, and un-

tethered in the bulk cytosol where it has a higher specific activity than its complexed 

counterpart. In HASMC, PDE5 plays an important role in regulating intracellular cGMP 

levels and in vessels plays a role in regulating vascular tone279, 302. In addition, previous 

reports have demonstrated that elevated cGMP can also result in increases of cAMP 

through inhibition of the cGMP-inhibited cAMP hydrolyzing PDE, PDE3A, an enzyme 

expressed in HASMC144, 147, 302.To assess the ability of cGMP elevating agents to increase 

intracellular cAMP in HASMC, we utilized FRET-based cAMP probes to measure any 

intracellular increases in cAMP. While incubation of HASMC with the adenylyl cyclase 

activator forskolin resulted in a 23% increase in the FRET ratio, incubation with the 

cGMP elevating agent ANP resulted in a 13% increase, suggesting that ANP mediated 

increases in cGMP can result in increases in intracellular cAMP, but to a smaller extent 

than the direct adenylyl cyclase activator forskolin (Figure 4.4). When combined, ANP 

potentiated the forskolin mediated increases in cAMP by 7%, an increase which was 

comparable to that measured after treatment with forskolin and the PDE3 inhibitor 

cilostamide. Taken together, these results suggest that cGMP generated from ANP can 

increase intracellular cAMP in HASMC which is comparable to that achieved upon 

PDE3 inhibition. 

 

4.4.4 ANP-Mediated Increases in cAMP Result in Activation of PKA and 

Phosphorylation of VASP 

Vasodilator-stimulated phosphoprotein (VASP) can be phosphorylated by both 

PKA and PKG at different serine residues that can be detected by phospho-specific  
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Figure 4.4  

Figure 4.4- Treatment of HASMC with the cGMP elevating agent ANP results in 

increases in cAMP. EPAC1-based cAMP sensor binding of cAMP in response to 10 µM 

forskolin, 1µM ANP, 1µM cilostamide or a combination of these reagents in HASMCs 

was measured by FRET. Values are means ± SEM from multiple measures in 4 separate 

experiments. *Indicates significant differences (p<0.05) between forskolin and each 

treatment group. 
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antibodies. PKA phosphorylation occurs at Serine 157 (Ser157) and results in a band-

shift from 46kDa to 50kDa, while PKG phosphorylation occurs at Serine 239 (Ser239). 

Therefore, VASP phosphorylation at Ser157 and Ser239 can be used as a measure of both 

PKA and PKG activation. Incubation of HASMC with increasing concentrations of the 

cAMP elevating agent forskolin resulted in a significant increase in PKA-mediated 

phosphorylation of VASP at Serine 157 (Figure 4.5) while it had no effect on PKG 

activation and phosphorylation of VASP on Serine 239. In addition, while incubation of 

HASMC with the NO donor sodium nitroprusside (SNP) had no effect on either PKA or 

PKG mediated VASP phosphorylation, addition of increasing concentrations of ANP 

resulted in steady increases in PKG-mediated phosphorylation of VASP and PKA-

mediated phosphorylation of VASP (Figure 4.5). Indeed, 1µM ANP, a concentration that 

resulted in a 13% change in the FRET ratio due to increased intracellular cAMP, 

produced a 100% increase in PKG-mediated VASP phosphorylation and an 85% increase 

in PKA-mediated VASP phosphorylation (Figure 4.5). These results further suggest that 

increases in cGMP through ANP treatment result in increases in intracellular cAMP that 

can result in activation of PKA.  

 

4.4.5 PDE3A is Essential for Sildenafil Induced Inhibition of HASMC Migration and 

Proliferation 

Previous studies have demonstrated that both cAMP and cGMP and inhibition of 

PDE5 can inhibit SMC cell function such as proliferation and migration52, 323, 324. Since 

our studies demonstrated that increases in cGMP could result in increases in cAMP and 

subsequent activation of PKA, we set out to investigate whether pharmacological  
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Figure 4.5  
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Figure 4.5- ANP treatment of HASMC results in activation of PKA and 

phosphorylation of VASP. HASMC were pretreated with 10 µM indomethacin for 30 

minutes, and then subsequently with increasing concentrations of forskolin, SNP and 

ANP. Cells were lysed in buffer supplemented with 0.1% SDS, 0.5% Na-deoxycholate 

and 1% Igepal and resolved by SDS-PAGE. PKA-mediated VASP phosphorylation was 

measured using an antibody specific to PKA-phosphorylated Serine 157, while PKG-

mediated VASP phosphorylation was measured using an antibody specific to PKG-

phosphorylated Serine 239. Increases in PKA and PKG mediated VASP phosphorylation 

were quantified by densitometry and are displayed in the graphs below.  
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inhibition of PDE5 resulted in alterations in cell functions such as migration and 

proliferation in a PDE3A dependent manner. Using a wound-healing assay, a 2-

dimensional measure of cell migration, HASMC migrated on fibronectin-coated 

coverslips, and incubation of both the PDE3 inhibitor cilostamide and the PDE5 inhibitor 

sildenafil resulted in significant inhibition of HASMC migration (Figure 4.6A, B). To 

demonstrate that the inhibitory effects of these PDE inhibitors were due to cAMP-cGMP 

integration through PDE3A, we tested the effects of sildenafil in cells where PDE3A had 

been knocked down. While sildenafil and cilostamide both inhibited HASMC migration 

in control HASMC, both were without effect in PDE3A knockdown HASMC (Figure 

4.6.A, B) suggesting that any effect of PDE5 inhibition by sildenafil required the 

presence of PDE3A.  

In addition to inhibition of migration, both cilostamide and sildenafil had anti-

proliferative effects on HASMC and inhibited BrdU incorporation upon PDGF 

stimulation (Figure 4.6C). Similarly, when the effect of the PDE inhibitors were tested in 

PDE3A knockdown HASMC, both cilostamide and sildenafil could no longer inhibit 

proliferation, even though the cAMP analog dibutyryl-cAMP was still able to 

significantly inhibit proliferation. Taken together, these results suggest that inhibition of 

PDE5 and increases in intracellular cGMP can result in cGMP and cAMP integration 

through PDE3A and subsequent activation of PKA that has functional implications in 

HASMC. 
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Figure 4.6  
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Figure 4.6- PDE3A is required for sildenafil mediated inhibition of HASMC 

migration and proliferation. HASMC were transfected with either control or PDE3A 

siRNA, allowed to incubate for 48 hours and then plated to confluency on fibronectin-

coated coverslips. Confluent monolayers of HASMC were wounded using a pipette tip 

and allowed to incubate in the presence of indicated test reagents for 12 hour. (A) Images 

were taken at 0 and 12 hours and the cell free area was calculated using ImagePro 

software and quantified below (B). Values are expressed as mean  + SEM from a set of at 

least 5 experiments. * indicates significance difference (p<0.05) between control and 

treatment groups. (C) Control and PDE3A knockdown HASMC were serum starved for 

48 hours, and then proliferation was stimulated in the presence of 20ng/ml PDGF-BB and 

indicated test reagents. Cells were stimulated for 48 hours, and BrdU was added for the 

last 24 hours. Cells were fixed and processed as per manufacturers directions. Values are 

presented as mean + SEM and * indicates significant difference (p<0.05) between control 

and treatment groups.  



 157	  

C.5 DISCUSSION 

 In this manuscript, we demonstrate that increases in cGMP in specific subcellular 

compartments in HASMC contribute differently to HASMC function and integration of 

intracellular signaling networks. Our studies demonstrate that subcellular localization of 

PDE5 results in participation in specific signaling networks, and that these ‘pools’ of 

PDE5 are involved in separate cell function based on their interacting partners, proximity 

to signaling proteins, mode of regulation and specific enzyme activity. Firstly, we 

demonstrate that like platelets, HASMCs contain a PKG-IP3R-PDE5 cGMP-signaling 

complex located at ER membranes. In addition, we confirm that this tethered PDE5 has a 

low specific activity when bound to PKG and IP3R, and is preferentially activated via 

PKG phosphorylation of Ser102. Indeed, incubation of HASMC with the cGMP analog 

8BrcGMP resulted in a targeted increase in PDE5 phosphorylation in ER membrane IP3R 

immunoprecipitations, while phosphorylation was not observed in the cytosolic fractions. 

In addition, incubation of HASMC overexpressing PDE5 with ANP and sildenafil 

resulted in a localized perinuclear increase in PDE5 phosphorylation visible by 

immunoflourescent cell staining.  The absence of cAMP signaling machinery in this 

signaling complex, such as PDE3A, further confirmed the selective role for cGMP in 

initiating the activation of PKG and phosphorylation of PDE5, and the Ca2+ release 

functions that this complex has been implicated in278, 280.  

 The differential activity observed in PKG immunoprecipitations versus PDE5 

immunoprecipitations led us to believe that two different pools of PDE5 existed in 

HASMC. While we had confirmed that the PKG-bound, low specific activity pool of 

PDE5 played a role in regulating IP3R function in both platelets and HASMC, we 
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hypothesized that the high activity, non-complexed PDE5 could be involved in cGMP-

cAMP cross talk, an event that had previously been reported144, 160, 177, 302. Since these 

previous reports demonstrated that increases in cGMP resulted in increases in cAMP and 

subsequent activation of PKA, we utilized both FRET based approaches to measure 

cAMP increases and phosphorylation of VASP to measure PKA activation. While 

incubation of HASMC with ANP alone resulted in a 13% increase in cAMP, it also 

potentiated the forskolin induced increase in cAMP to levels comparable to that of PDE3 

inhibition suggesting that the ANP mediated increases in cGMP were acting as a PDE3 

inhibitor as previously suggested144, 160, 177, 302. In addition to ANP induced increases in 

cAMP, we also observed a marked increase in PKA-mediated phosphorylation of VASP 

on the PKA-specific site Ser157. Again, while incubation of HASMC with ANP resulted 

in maximal phosphorylation of VASP via PKG, it also resulted in PKA phosphorylation 

suggesting that ANP induced increases in cAMP were occurring in a pool allowing 

activation and functional downstream signaling via PKA.  

 cAMP and cGMP increases and activation of PKA and PKG respectively in SMC 

has been implicated in multiple cell functions including, but not limited to, HASMC 

proliferation43, 52, 55, 100, 160, 324 and migration41, 53, 94. Previous reports have suggested that 

the cGMP signaling pathway achieves inhibition of proliferation through PDE3 inhibition 

and subsequent increases in cAMP and activation of PKA, and that PDE5 inhibition 

could also exhibit the same effect. In addition to demonstrating that HASMC have two 

pools of PDE5, we confirm previous reports which demonstrated that cGMP-mediated 

increases in cAMP and PKA activation occur through targeted PDE3A inhibition144, 160, 

177, 302 and add to these observations by demonstrating that increases in cGMP through 
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inhibition of the cytosolic pool of PDE5 are sufficient to activate PKA through inhibition 

of PDE3A. PDE5 inhibition with sildenafil and PDE3 inhibition with cilostamide 

resulted in inhibition of HASMC migration, an effect that was reversed upon PDE3A 

knockdown further confirming the role of PDE3A in allowing cGMP mediated effects of 

PKA activation in cells. In addition, PDE5 and PDE3 inhibition markedly reduced 

HASMC proliferation, where these agents had no effect in cells where PDE3A was 

knocked down, further confirming that effects observed by PDE5 inhibition were through 

targeted inhibition of PDE3A and subsequent increases in cAMP and PKA activity. Since 

our PKG-PDE5-IP3R complex isolated in HASMC did not contain cAMP signaling 

proteins such as PDE3A, we conclude that the effects of PDE5 inhibition with sildenafil 

occur through the cytosolic, non-complexed PDE5 and possibly through its proximity to 

PDE3A in these cells.  

Proliferation and migration of HASMC are typical events that can occur in 

diseased or wounded vessels and are a hallmark of multiple cardiovascular diseases and 

development of therapeutics to either inhibit proliferation and migration (atherosclerosis, 

restenosis) or enhance proliferation (wound healing, angiogenesis) would be useful to 

promote or inhibit these cellular functions when desired. Compartmentation of PDEs and 

cyclic nucleotide signaling in cells of the cardiovascular system have provided insight 

onto the signaling pathways and cellular functions that are regulated by this second 

messenger signaling machinery, but have also demonstrated that therapeutics that target 

distinct pools of these enzymes must be developed. The two pools of PDE5 identified in 

HASMC in this manuscript are an excellent example of an opportunity to develop a 

therapeutic targeted to one pool over the other. The differences in enzyme activity, 



 160	  

interacting partners, and participation in cellular functions help to clarify the role that 

PDE5 plays in these cells. Development of peptides or small molecules that can displace 

PDE5 from its interacting partners such as PKG and the IP3R will allow targeted 

manipulation of Ca2+ release from the ER, and thus SMC contraction and vessel tone, 

while development of small molecules to inhibit the cytosolic PDE5 may help to target 

unwanted HASMC migration and proliferation upon vessel injury such as stent 

implantation and the formation of an atherosclerotic lesion. By further defining the roles 

of PDEs in cells of the cardiovascular system, more specific inhibitors of these enzymes 

can be developed and aid in combating the increase in cardiovascular diseases appearing 

today. 
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CHAPTER 5 

GENERAL DISCUSSION 

5.1 SUBCELLULAR LOCALIZATION AND TETHERING OF PDES ALLOWS 

REGULATION OF CELL FUNCTION 

 As detailed in the Introduction section to this thesis, cAMP and cGMP are 

ubiquitous second messengers that either directly or indirectly influence most functions 

in mammalian cells. Since cAMP and cGMP mediate the actions of hormones and 

neurotransmitters and affect multiple biological functions, cells require mechanisms that 

allow selectivity and specificity in signaling. Compartmentation of cAMP and cGMP 

allows cells to effectively regulate multiple intracellular signal transduction pathways in 

both a spatial and temporal manner, meaning that localization of cyclic nucleotide 

signaling and enzyme kinetics play a role in maintaining signal specificity. Central to this 

idea is the subcellular targeting and anchoring of the cyclic nucleotide machinery 

including effector proteins (PKA, PKG or EPAC) and PDEs. There is a consensus that 

protein-protein interactions play a central role in regulating location and activities of 

cAMP and cGMP signaling proteins. Indeed, multiple studies have demonstrated that 

macromolecular complexes exist in multiple cell types and these complexes allow the 

signaling proteins of interest to remain in close proximity to each other and allow 

efficient signal transduction and modulation of cellular function57, 166, 167, 238, 242, 280. In the 

context of my work, in human platelets, human arterial smooth muscle cells and in 

human arterial endothelial cells, I have uncovered cyclic nucleotide signaling complexes 

that based on their subcellular localization and protein binding partners have profound 

effects on cellular functions.  
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As described in Chapters 2 and 4 in this thesis, human platelets and HASMC 

contain an IP3R-PKG1β-PDE5 signaling complex that allows cGMP regulation of Ca2+ 

release from the ER. Interestingly, subcellular fractionation studies from these cells 

demonstrated that the ER fraction contained the least amount of both PDE5 and PKG1β, 

suggesting that protein subcellular localization and not quantity of protein plays a role in 

regulating cellular function. While we were able to demonstrate that PDE5 and PKG1β 

could interact in IP3R containing fractions, we were unable to find evidence of these 

proteins interacting in the cell cytosol, suggesting that the IP3R is required to coordinate 

these three proteins together. Whether PDE5 or PKG1β each only bind the IP3R or if 

there are residues in both PKG1β and PDE5 that are responsible for binding each other 

and the IP3R simultaneously are unknown and future studies will be required to identify 

the domains in each protein responsible for maintaining interactions. Our observation of 

the targeted phosphorylation of PDE5 by PKG in this complex suggests that PDE5-

PKG1β interactions do exist and are required for selective phosphorylation and activation 

of PDE5. Importantly, the presence of PDE5 and PKG1β in this IP3R complex allows 

effective regulation of Ca2+ release from the ER, an initial step in platelet aggregation and 

represents a novel target for future anti-platelet therapeutics. While we demonstrated that 

the IP3R-PKG1β-PDE5 complex could exist in both platelets and HASMC, our lab has 

recently begun investigations into identifying this complex in human melanocytes. A 

recent publication demonstrated that human melanoma cell lines which contained 

oncogenic BRAF (V600EBRAF) had decreased PDE5 expression and increased cell 

invasion due to increased cytosolic Ca2+ levels194. While the study was unable to identify 

the Ca2+ channel in melanoma cells that had altered Ca2+ release, our previous work 
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suggests that the IP3R Ca2+ channel could be a potential target. If decreased PDE5 

expression alters the IP3R-PKG1β-PDE5 complex in these cells and results in increased 

cGMP levels, or altered protein-protein interactions, remains to be determined. The 

cGMP-signaling complex identified in my work has been demonstrated to play a 

significant role in regulating cell function in cells of the cardiovascular system, and now 

could be of potential importance in other cell types such as melanocytes and melanoma 

cells and other cell types that express PDE5 and depend on Ca2+ signaling. 

 Secondly, as described in Chapter 3, human arterial endothelial cells contain a 

PDE3B/EPAC/p84-p110γ signaling complex that resides at the plasma membrane and 

integrates EPAC1 and PI3Kγ signals. While previous studies suggested that PDE3B 

could bind to the p110γ catalytic subunit175 or to the p84 regulatory subunit264, in our 

studies, we confirmed that PDE3B selectively binds to p84. In addition, we demonstrated 

that the cAMP effector protein EPAC1 is also integrated into this complex. Interestingly, 

we discovered that all of these proteins interact together at the plasma membrane and 

even more specifically in cholesterol-rich domains in the plasma membrane (Appendix 

A). As with platelets, subcellular fractionation demonstrated that the majority of these 

proteins do not reside in the plasma membrane fraction. While most of PDE3B is present 

in the ER, EPAC, p84 and p110γ are highly enriched in the cell cytoplasm further 

demonstrating that localization of a small amount of protein can have substantial effects 

on cell function (Appendix A). Our studies in platelets demonstrated that the IP3R was 

essential for PDE5 and PKG to co-locate to the ER-based cGMP-signaling complex, and 

in HAECs, PDE3B is essential for tethering both EPAC and PI3Kγ signaling proteins. 

Indeed, in experiments where PDE3B was knocked down, we lost the ability to isolate 
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p84 with EPAC1 through cAMP-agarose pulldowns, and lost both EPAC1 and p110γ 

localization to plasma membrane fractions (Appendix A). While we identified distinct 

molecular determinants that allow PDE3B to simultaneously interact with both EPAC1 

and p84, how PDE3B recruits these proteins to the plasma membrane is still unknown. 

Previous reports have suggested that PDE3B is targeted to the membrane through the 

NHRs present in the N-terminal half of this protein159. In addition, other studies have 

demonstrated that PDE3B can be integrated into large multi-molecular complexes present 

in caveolae at the plasma membrane where the scaffolding protein caveolin-1 (Cav-1) is 

ubiquitously expressed167, 168. Whether PDE3B is integrated into the plasma membrane or 

is targeted there by protein interactions through scaffolding proteins such as Cav-1, or is 

targeted through a combination of both mechanisms is unknown, but future studies to 

determine targeting of PDE3B will aid in developing pharmacological therapeutics that 

can target this PDE isoform.  

 We also identified the amino acid residues in PDE3B that were responsible for 

maintaining interactions with both EPAC1 and p84, and using a peptide array approach 

and alanine scanning technology we were able to synthesize a cell permeable peptide 

based on the first 13 amino acids of PDE3B that was sufficient to disrupt PDE3B-EPAC1 

interactions in cell. We demonstrated that by disrupting this interaction in HAECs 

resulted in profound increases in PI3Kγ signaling and subsequent increases in cell 

adhesion, cell spreading and participation in an in vitro angiogenesis assay. Our EPAC1-

PDE3B disrupting peptide can be used as a valuable tool for distinguishing functions that 

are regulated specifically by EPAC and PDE3B. Further investigations with this peptide 

could include investigating the role of PDE3B-EPAC1 interactions in murine 
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hypothalamic neurons, where EPAC activation was proven to inhibit leptin resistance in 

obesity, and the PDE3 inhibitor cilostamide potentiated the cAMP induced inhibition of 

leptin mediated signaling325. Since previous studies have demonstrated that PDE3B is 

activated in response to leptin in pancreatic beta cells and in the brain154, 326, it is possible 

that disruption of PDE3B-EPAC interactions with the disrupting peptide may mimic the 

effects of EPAC activation and contribute to leptin resistance in obesity. Although it is 

well established that protein complexes in cells are essential for establishing and 

maintaining and signaling systems, determining the residues involved in protein binding 

and generation of protein interaction disrupting peptides are important tools for 

determining the specific roles that protein complexes are involved in cells and are 

attractive targets for future therapeutics. 

 

5.2 PDES AS ENZYMES THAT MAINTAIN LOCAL cAMP/cGMP POOLS 

RESPONSIBLE FOR DRIVING CELLULAR FUNCTIONS 

 While it is well established that PDEs are targeted to subcellular locations, the 

specific enzyme activity of the PDEs present in these complexes adds a second layer of 

regulation of cAMP and cGMP signaling in cells of the cardiovascular system. While all 

PDEs have different affinities for cAMP or cGMP, we discovered that the same PDEs in 

human platelets, HAECs and HASMCs can have different specific activities based on 

cellular localization and protein binding partners. While investigating PDE5 containing 

complexes in platelets and HASMC, we discovered that we could differentially isolate 

two pools of PDE5. Specifically, PKG immunoprecipitations isolated a pool of PDE5 

enzyme that had a low specific activity, while PDE5 immunoprecipitations, which 
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sampled all PDE5 in a broken cell lysate, was able to isolate a pool of PDE5 with a very 

high specific activity. While this observation was surprising, we also identified that the 

two pools of PDE5 could be differentially activated. While addition of cGMP elevating 

agents did not affect the activity of the cytosolic, high enzyme activity PDE5, they 

resulted in activation of the low activity PDE5 that was resident in the ER-based IP3R-

PKG complex. More specifically, we demonstrated that this increase in activity was 

facilitated by PKG-mediated phosphorylation of the complexed PDE5 on Serine 102, an 

effect we did not observe with the cytosolic PDE5. The functional implication of the 

differential activity of PDE5 was identified when we investigated the role of PDE5 

inhibition in platelet aggregation. While inhibition of PDE5 with sildenafil did not result 

in a global increase in cGMP, nor inhibition of platelet aggregation, it did result in a 

marked decrease in Ca2+ release from the ER. This suggested that inhibition of ER-

targeted PDE5 resulted in a localized increase in cGMP, subsequent activation of PKG 

and phosphorylation of both IP3R1 and PDE5 and thus decreased Ca2+ release and 

increased PDE5 activity. While this was an ER localized phenomenon, it suggests that 

specific activity of PDEs and cellular localization are all involved in temporal and spatial 

maintenance of cyclic nucleotide signaling. While we are unable to measure the 

concentration of cGMP in the ER pool in comparison to the cytosolic pool, nor do we 

know how PDE5 in the cGMP signaling complex is maintained in an low-activity state, 

we do believe that the differential modes of activation of the enzyme is responsible for 

the effects that we observed. The use of FRET based cGMP327 probes targeted to ER 

membranes or the cytosol will aid in analyzing these pools of cGMP, but their use in 

platelets is limited and these studies will have be carried out in nucleated cells. While we 
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hypothesize that cytosolic PDE5 is active due to cGMP-binding to the GAF domain of 

PDE5, and ER-based PDE5 is activated by PKG phosphorylation, the advent of cGMP 

analogs that can preferentially bind to the GAF domains will help in furthering our 

knowledge of these two pools of PDE5, and their mode of activation.  

In addition, while investigating EPAC1-PDE3B interactions, we discovered that 

the fraction of PDE3B that was bound to EPAC1 was approximately 3-fold more active 

than the bulk pool of PDE3B in the cells (Appendix B). The high activity of PDE3B was 

confirmed when cAMP levels were measured using EPAC-based cAMP FRET probes. 

Targeted RNAi-mediated knockdown of PDE3B resulted in a maximal increase in cAMP 

and saturation of the FRET probe, an effect not observed in the same cells where PDE4D 

or PDE4B was knocked down243. While we are unsure of the mechanism that allows the 

different activity of these two pools, it could be differential phosphorylation of one pool 

over the other, or a difference in cAMP levels at the plasma membrane versus ER 

fraction. In addition, it could be the integration of PDE3B into the protein complex and 

protein binding that is essential for basal PDE3B activation. 

Inhibition of PDE3B with cilostamide or targeted knockdown with siRNA, or 

addition of the EPAC1-DP all resulted in large increases in intracellular signaling through 

EPAC1 and active PDE3B. We hypothesized that this increased EPAC signaling upon 

PDE3B manipulation was due to an increase in local cAMP around EPAC1. Since active 

PDEs are continuously breaking down cAMP, an active PDE3B would maintain a low 

local concentration of cAMP and thus maintain EPAC1 in an inactive state. The most 

striking observation measured in our studies was that disruption of PDE3B-EPAC1 

interactions in HAECs resulted in the ability of EPAC1 to sense more cAMP and 
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augment signaling resulting in increased PI3Kγ signaling, suggesting that physical 

separation of EPAC1 from PDE3B is enough to increase local cAMP around EPAC1 and 

drive its activity. Targeting the active EPAC1-bound PDE3B with the EPAC-DP 

demonstrated that this complex is involved in bridging cAMP and phosphatidylinositol 

signaling pathways and has large effects on cell functions such as cell adhesion, cell 

spreading and tube formation on matrigel. Determining the activity of PDEs present in 

their distinct signaling complexes is essential to understanding the role that PDEs play, 

whether it is maintenance of basal cAMP levels to maintain inactivation of signaling 

molecules or if they are transiently activated upon large increases in cAMP or cGMP to 

regulate activation of signaling pathways.  

 

5.3 PDE CONTAINING SIGNALOSOMES AS POINTS OF INTEGRATION OF 

LIPID AND cAMP/cGMP SIGNALING 

As described and demonstrated in this thesis, signaling complexes or 

‘signalosomes’ can help to blend and integrate different signaling systems219. In my 

studies, both the PDE enzyme activity and subcellular localization of signaling 

complexes have been involved in integrating cAMP or cGMP and phosphatidylinositol 

signaling. Firstly, PDE5 and PKG complexes with the IP3R in platelets and HASMC 

allow integration of cGMP and IP3 signaling from PLC-mediated breakdown of 

PtdIns(4,5)P2 from the plasma membrane (Chapters 2 and 4). In blood, platelets are 

continuously exposed to NO, a potent anti-platelet agent, which maintains increased 

levels of intracellular cGMP and thus activates PKG and PDE5 in the ER complex. 

Localization of the IP3R, PKG and PDE5 allow the platelet to maintain its resting state 
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preventing premature activation upon small or inconsequential pro-platelet signals at PM 

receptors and increases in IP3 until it is exposed to large platelet activating events such as 

exposure to ECM proteins and activation factors resulting in adhesion and aggregation of 

platelets1, 3, 4, 7-9, 13, 17. In this context, integration of cGMP and IP3 signaling allows 

cGMP and PDE5 to maintain platelets in a resting state and preventing unwanted 

thrombus formation.  

 Secondly, integration of EPAC1 and PI3Kγ into PDE3B signaling complexes at 

the plasma membrane in HAEC integrates cAMP and PtdIns(3,4,5)P2 signaling in HAEC. 

While localization of PDE5 in platelets and HASMC allowed cGMP to inhibit IP3 

signaling, in HAEC, increases in cAMP around PDE3B help to further promote PI3Kγ 

activation and downstream signaling events (Chapter 3). This complex has multiple 

layers of signal specificity including the activation of R-Ras instead of Rap1 or Rap2, the 

more commonly known EPAC substrates, and the integration of p84-regulated p110γ, 

instead of the more extensively studied p101 regulatory subunit. The incorporation of 

both R-Ras and p84 in this complex in bridging activation of EPAC and PI3Kγ is unique 

and thus allows signal specificity. The presence of a highly active PDE3B in this 

complex and the basal state of EPAC1 and PI3Kγ signaling that was observed suggests 

that extracellular signals need to be prolonged and intense in order to overcome the 

catalytic activity of PDE3B and increase local cAMP levels in the vicinity of the PDE3B 

signalosome. This could represent a mechanism by which the cell can maintain this 

signaling complex in a basal state and prevent PI3Kγ signaling and thus cell adhesion, 

spreading and participation in tube formation which will be discussed in detail in the 

following section. 
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 Finally, subcellular localization and PDE enzyme activity are also involved in 

cAMP-cGMP cross talk in HASMC. While PDE5 can exist in two pools in these cells, 

the non-complexed, cytosolic pool of PDE5 plays a role in regulating intracellular cGMP 

levels that can inhibit PDE3A resulting in increased cAMP and PKA activation. In our 

studies we demonstrated that inhibition of HASMC migration and proliferation by PDE5 

inhibition with sildenafil was reversed upon PDE3A knockdown. Since the complexed 

PDE5 did not interact with cAMP signaling machinery, we concluded that it was 

inhibition of the cytosolic pool of PDE5 responsible for these observations.  

 Our findings that cyclic nucleotides and phosphatidylinositol signaling as well as 

cAMP and cGMP signaling can be integrated further demonstrates that signaling 

pathways cannot be studied as a one way street, but in fact that there are multiple signals 

that converge on many signaling systems that allows integration and efficient cellular 

function. Further signaling studies will need to integrate their pathway into other defined 

signaling pathways to understand the bigger picture of cell signaling and how it regulates 

cellular function.  

 

5.4 FUNCTIONAL IMPLICATIONS OF PDE TETHERING  

 Many of the same process involved in favorable vascular events such as wound 

healing, platelet thrombus formation and angiogenesis and are also involved in 

cardiovascular events such as restenosis, atherosclerosis and in-stent platelet thrombus 

formation. In their simplest level, these include, cell proliferation, adhesion, migration 

and platelet activation events. How cells carry out these functions in times of wound 

healing or angiogenesis in comparison to restenosis or atherosclerosis is under continual 
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investigation, and integration of intracellular signaling pathways and their effects on 

cellular function play a role in both scenarios. In my studies, the role of cAMP or cGMP 

signaling complexes in cells has proven to play roles in regulating multiple cellular 

functions. While PDE5 incorporation into the ER-based PKG-IP3R signaling complex 

was involved in regulating platelet aggregation and Ca2+ release from platelets and 

HASMC, cytosolic PDE5 in HASMC had a profound role in regulating cell proliferation 

and migration via cGMP, cAMP crosstalk through PDE3A (Chapters 2 and 4). In HAEC, 

PDE3B integration of EPAC and PI3Kγ allowed regulation of cell adhesion, cell 

spreading and participation in tube formation, an in vitro assay of angiogenesis (Chapter 

3).  

 While my studies have begun investigating the role of these signalosomes in cell 

functions such as adhesion, proliferation and migration, multiple questions remain on 

how these signals are integrated and how these cells speak to each other during complex 

process such as wound healing and angiogenesis. Firstly, in HAEC, PDE3B-tethered 

EPAC1 activation of PI3Kγ resulted in activation and phosphorylation of both MAP 

kinases (ERK1/2) and PKB. While we know that PI3Kγ activation results in increased 

participation in tube formation, the individual role of ERK mediated signaling pathways 

and PKB mediated signaling pathways is unknown. In addition, previous studies have 

demonstrated that PKB can bind to and phosphorylate PDE3B at specific sites resulting 

in enzyme activation40, 162, 166. Whether this occurs in our complex is also unknown, 

however it could easily be tested by using selective PKB siRNA and measuring PDE3B 

phosphorylation and enzyme activity. In addition, if PKB-PDE3B interactions were 

identified, then mapping the individual residues involved in binding and generation of a 
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PKB-PDE3B disrupting peptide would allow measurement of targeted PKB-PDE3B 

mediated functions. In addition, the relative roles of ERK and PKB phosphorylation in 

tube formation could be tested through targeted siRNA, although since these signaling 

molecules receive inputs from multiple sources in the cell, selective effects would be 

difficult to measure. Again, if PKB-PDE3B interaction were identified in our complex, 

the use of the PDE3B-PKB disrupting peptide in the tube formation assay will help to 

isolate the specific role of PKB in this assay. In addition to HAEC, this PDE3B 

signalosome may be essential in other cells with angiogenic potential such as endothelial 

progenitor cells (EPCs). Recent studies have demonstrated that EPAC1 and PI3Kγ play a 

role in optimal integrin-dependent homing of EPCs to sites of vascularization288, 289, 293 

and may represent a further area where signaling similar to that described in HAECs also 

regulate vascular events of importance in would repair and angiogenesis. While it is 

essential for the activation of this complex in initiating and promoting tube formation, in 

vivo, these structures formed during wound healing and angiogenesis need to be 

stabilized by SMC and pericyte attachment.  

SMC proliferation and migration allow SMCs to increase in number and surround 

newly formed vessels and provide stability. In my studies, targeted inhibition of PDE5 

resulted in decreased SMC proliferation and migration through cGMP mediated 

inhibition of PDE3A and increases in cAMP and PKA activity (Chapter 4). While 

previous studies have demonstrated that increased intracellular cAMP inhibits SMC 

migration, the roles of PDEs in these cells remains unknown. In addition to PDE5 and 

PDE3A, proliferative SMCs that participate in wound healing and angiogenesis have 

upregulated expression of PDE1C, a Ca2+/CaM sensitive, dual cAMP and cGMP PDE. 
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Multiple studies have used co-culture of VECs and VSMCs to analyze the angiogenic 

process and to determine the relative roles of different proteins in regulating VSMC 

migration to primitive VEC tube structures, and their ability to stabilize the capillary like 

structures formed by endothelial cells328-330. Since my studies have identified PDEs in 

both the formation of endothelial cell structure and in the migration and proliferation of 

VSMC, future studies using co-culture of VECs and VSMCs could help to identify the 

role of PDEs in the angiogenic process. Targeted siRNA, adenovirus overexpression and 

pharmacological inhibition of PDE3A, PDE5 and PDE1C (the upregulated PDE in 

proliferative VSMC) could be used to delineate the specific roles of these enzymes and 

the function of cAMP and cGMP signaling in wound healing and angiogenesis 

In conclusion, the investigation into the roles of PDEs in cells of the 

cardiovascular system demonstrates that multiple layers of signal regulation exist. These 

include, subcellular localization of proteins, formation of signaling complexes, PDE 

enzyme activity and integration of signaling systems. In addition, these signaling systems 

identified in these studies have been implicated in cellular functions such as cell 

adhesion, proliferation, migration and platelet activation, all of which are important steps 

in more complex processes such as wound healing, angiogenesis, restenosis, and 

formation of atherosclerotic lesions. By investigating the roles of PDEs in the cells in 

these studies, we can begin to gain knowledge on how signals are integrated inside of 

these cells, and how these cells can work together to form new stable vessels and promote 

vascular integrity. 
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5.5 FUTURE STUDIES 

1. Examine the subcellular location and function of different PDE5 isoforms 

(PDE5A1, PDE5A2, PDE5A3) in HASMC, and determine if one isoform 

preferentially integrates into the PKG-IP3R-PDE5 signaling complex or is 

involved in cGMP/cAMP cross talk via PDE3A using lentivirus or adenovirus 

infection. 

2. Examine the role of the PKG-IP3R-PDE5 complex in human melanocytes and 

V600EB-Raf mutant melanoma cell lines and assess changes in PDE5 expression, 

activity and Ca2+ signaling. 

3. Investigate possible PKB-PDE3B interactions in endothelial cells and confirm 

important residues through peptide array and subsequent generation of PKB-

PDE3B disrupting peptide to identify PDE3B-PKB specific functions. 

4. Further investigate the individual roles of PKB and ERK in HAEC tube formation 

by using possible pharmacologic inhibitors or protein-protein disrupting peptides. 

5. Investigate PDE3B-EPAC1 interactions in murine hypothalamic neurons and their 

role in leptin resistance in obesity by utilizing the EPAC1-DP disrupting peptide. 

6. Examine the role of PDE5 and PDE3A and PDE1C in HASMC migration to 

primitive HAEC tubes and their effects on tube stability, utilizing RNAi mediated 

knockdown, adenoviral overexpression or pharmacological inhibition of PDE5, 

PDE3A and PDE1C. 
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APPENDIX A 

PDE3B COORDINATES EPAC1 AND p84-p110γ TO THE PLASMA 

MEMBRANE IN HAECS 

	  

Figure A.1  
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Figure A.1- PDE3B-Mediated Recruitment of EPAC1 and PI3Kγ to Cholesterol-

Rich Domains in HAEC. A) HAEC were subjected to differential centrifugation and the 

presence of PDE3B, EPAC1, p110γ, p84 and p101 and endoplasmic reticulum marker 

Grp78 and plasma membrane marker Na+/K+ ATPase in cytosolic and membrane 

fractions were analyzed by immunoblotting (B) HAECs were incubated with 15mmol/L 

MβCD for 1 hour or transfected with PDE3B siRNA and subjected to differential 

centrifugation and membrane fractions were analyzed by immunoblotting.  
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APPENDIX B 

EPAC1-BOUND PDE3B HAS A HIGHER SPECIFIC ACTIVITY THAN BULK 

PDE3B 

 

 

 

	  

Figure B.1  
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Figure B.1- EPAC1-bound PDE3B has a greater specific activity than bulk PDE3B 

and alters FRET based cAMP measurements. PDE3B binding to FLAG-EPAC1 in 

293T cells was analyzed by control IgG, M2-FLAG or PDE3B immunoprecipitations. 

Resulting immune complexes were (A) analyzed by immunoblotting, (B) analyzed by 

densitometry, and (C) analyzed for PDE3B activity (mean + SEM). (D) Resulting 

PDE3B activity from (C) was normalized to protein amount present in either PDE3B 

immunoprecipitations or M2-FLAG immunoprecipitations to calculate the resulting 

specific activity of PDE3B (mean + SEM) * significant difference (p<0.05) between 

specific activity of EPAC1-bound PDE3B and bulk PDE3B. Immunoblots and PDE3B 

activity values are from the same experiment and representative of three experiments. 

 


