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Abstract 

 

Angiogenesis, the growth of blood vessels from pre-existing vascular structures, can 

contribute adaptively or mal-adaptively to a myriad of conditions, including ischemic heart 

disease and cancer. During angiogenic sprouting, vascular endothelial cells (ECs) either function 

as “tip cells”, which guide blood vessel lumen formation, or proliferative “stalk cells” that 

lengthen the newly forming vessel. While the molecular mechanisms that govern tip and stalk 

cell specification are well-established, the systems that regulate individual EC functions during 

sprouting remain poorly understood. Importantly, the cAMP second messenger system has been 

implicated in the regulation of angiogenesis; however, the role of individual cAMP effector 

proteins, and the involvement of distinct cyclic nucleotide phosphodiesterase (PDE) isoforms in 

controlling cAMP effector function during angiogenic sprouting, remain ill-defined. The studies 

presented in this thesis investigated the ability of the cAMP-signaling to regulate EC functions 

during angiogenic sprouting, Here, we identify a role for protein kinase A (PKA), but not 

exchange protein activated by cAMP (EPAC), as an intrinsic, negative regulator of EC sprouting 

both in vitro and ex vivo. At a cellular level, we demonstrate that constitutive PKA activity 

regulates EC sprouting by restricting podosome rosette biogenesis, proteolytic breakdown of the 

extracellular matrix (ECM), and the invasive capacity of vascular ECs. Upon investigating the 

molecular mechanisms through which PKA regulates EC sprouting function, we found that PKA 

reduces the level of active cdc42 by promoting its interaction with the regulatory inhibitor, Rho 

GDP-dissociation inhibitor α (RhoGDIα). Given that specificity of cAMP-signaling is achieved 

when PDEs act to locally control the “pool” of cAMP, which in turn activates a specific cAMP-

effector protein, we investigated whether distinct PDEs were responsible for regulating PKA 

during angiogenic sprouting. We found that reduced expression of PDE3B or inhibition of PDE3 
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enzyme activity led to a corresponding increase in PKA activity, which markedly impaired EC 

sprouting. We further demonstrated that PDE3B and PKA interact within perinuclear regions of 

vascular ECs to regulate downstream cdc42 activity during EC sprouting. Overall, our work 

identifies a novel PDE3B-PKA signaling complex in vascular ECs and provides mechanistic 

insight into cAMP-dependent regulation of angiogenic sprouting.   
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Chapter 1 

General Introduction 

The vascular system is comprised of an intricate network of blood vessels that nurture all 

metabolically active tissues in the body. While physiological angiogenesis facilitates the 

remodeling and expansion of the vascular network to support tissue growth and wound healing, 

dysregulated angiogenesis, inadequate vessel maintenance, and/or insufficient angiogenic 

responses contribute to a myriad of disease states (Potente, Gerhardt, & Carmeliet, 2011).  

Therapeutic angiogenesis has been widely investigated for the treatment of ischemic 

diseases and pathologic conditions that exhibit aberrant vessel growth, including cancer and retinal 

vascular disorders (Cooke & Losordo, 2015; Fallah et al., 2019; Johnson, Zhao, Manuel, Taylor, 

& Liu, 2019). Conventional strategies to manipulate vessel growth have targeted molecular 

“drivers” of angiogenesis, namely vascular endothelial growth factor (VEGF), in an attempt to 

modify the host angiogenic response to a particular disease state (Ylä-Herttuala & Baker, 2017; 

Zhao & Adjei, 2015). Although this approach has yielded promising preclinical data, it has been 

largely unsuccessful in a clinical setting. For example, gene and protein-based therapies that 

enhance VEGF expression in an ischemic tissue ultimately lead to the formation of immature, 

leaky vessels that are poorly perfused (Ylä-Herttuala, Bridges, Katz, & Korpisalo, 2017). 

Furthermore, anti-VEGF therapies designed to inhibit tumor neovascularization have been largely 

ineffective, given that cancer cells compensate for the lack of VEGF-signaling by enhancing their 

expression of alternative pro-angiogenic signaling cues (Ferrara & Adamis, 2016). 

 The inability of VEGF-targeted therapies to correct for vascular insufficiencies or block 

pathological angiogenesis has instilled the need for novel therapeutic strategies to selectively 
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promote or inhibit vascular growth. Emerging concepts in the therapeutic manipulation of 

angiogenesis are now focused on the molecular “engines” underlying angiogenic growth, as 

opposed to the “drivers” of vessel formation. Thus, rather than targeting pro-angiogenic growth 

factors or cytokines that initiate an angiogenic cascade, attention has shifted toward the 

intracellular signalling pathways onto which pro-angiogenic signals converge (Treps, Conradi, 

Harjes, & Carmeliet, 2016). Recent insights into the genetic and metabolic regulation of EC 

function during physiological and/or pathological angiogenesis have unveiled novel targets for the 

therapeutic manipulation of vascular growth (De Palma, Biziato, & Petrova, 2017; Jeong et al., 

2017; Li & Carmeliet, 2018; Treps et al., 2016). Despite these advances, we have only scratched 

the surface with respect to the molecular regulation of angiogenesis. Indeed, an advanced 

understanding of relevant molecular players and their functional role in the growth, patterning and 

expansion of vascular networks has substantial therapeutic implications for the translation of pro-

angiogenic and/or anti-angiogenic therapies into clinical use. 
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Chapter 2 

Literature Review 

 

2.1 Angiogenesis and the vascular system 

All metabolically active tissues are located no more than a few hundred micrometers away 

from a vascular bed (Loffredo & Lee, 2008). The cardiovascular system ensures that the body’s 

tissues receive an adequate supply of oxygen and nutrients, while removing metabolic waste and 

providing a gateway for immune surveillance. During embryonic development, the cardiovascular 

system is the first organ system to reach a functional state (Sedmera, 2011), underpinning the 

essential role of the vasculature in supporting tissue growth. The formation of an extensive 

vascular network allows the embryo to grow beyond a size that is otherwise limited by the passive 

diffusion of oxygen and nutrients (Chung & Ferrara, 2011). Indeed, vascular malformations or 

vessel abnormalities impair embryonic development and contribute to a number of ischemic 

diseases in the adult.   

The vascular system is first established through a process termed vasculogenesis, the de 

novo formation of a primitive vascular network from endothelial precursor cells (i.e. angioblasts) 

(Patel-Hett & D’Amore, 2011). In early embryonic development, mesodermal cells differentiate 

into angioblasts, which aggregate to form blood islands. The fusion of blood islands and 

subsequent differentiation of angioblasts into ECs generates a primary capillary plexus (Adams & 

Alitalo, 2007; Kolte, McClung, & Aronow, 2015; Patel-Hett & D’Amore, 2011). Vessel 

development proceeds as the primitive vasculature undergoes complex remodelling into a 

hierarchical network of arteries, veins and capillaries (Adams & Alitalo, 2007; Udan, Culver, & 

Dickinson, 2013). Remodeling and expansion of the vascular network is achieved through 

angiogenesis, the growth and development of blood vessels from pre-existing vascular structures. 
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In addition to supporting embryonic and fetal development, angiogenesis allows for 

revascularization of damaged or ischemic tissues in the adult (Chung & Ferrara, 2011).   

Although angiogenesis is a fundamental physiologic process required for normal growth 

and development, dysregulated angiogenesis contributes to a myriad of malignant, ischemic, and 

inflammatory disorders (Baeriswyl & Christofori, 2009; Ferrara & Adamis, 2016; Inampudi, 

Akintoye, Ando, & Briasoulis, 2018). In cases of uncontrolled vessel development or remodeling, 

including tumorigenesis and intraocular neovascular disorders, the underlying pathology promotes 

persistent neovascularization and abnormal vessel formation. Unlike physiological angiogenesis, 

perfusion of the hypoxic issue does not terminate the pathological angiogenic cascade, leading to 

excessive or unwanted vascular growth. On the other hand, inadequate vessel maintenance or 

insufficient angiogenesis contributes to the pathogenesis of ischemic diseases, such as myocardial 

infarction and peripheral artery disease (Potente et al., 2011). Given the significant and diverse 

clinical implications of dysregulated angiogenesis, the ability to control or manipulate vascular 

growth can provide considerable therapeutic benefits for a broad spectrum of disease states.  

 

2.2 Therapeutic angiogenesis 

Angiogenesis was first described in 1794 by the anatomist and surgeon, John Hunter 

(Hunter, 2007); however the modern history of angiogenesis began in 1971 with the work of Dr. 

Judah Folkman (Folkman, 1971). Folkman, widely recognized as the “father of angiogenesis”, 

proposed that tumor growth required a vascular supply, and angiogenesis could serve as a viable 

therapeutic target in the treatment of cancer (Folkman, 1971). Despite initial criticisms of this 

hypothesis, supporting data from experimental studies and clinical observations ultimately 

stimulated intensive research in the field of angiogenesis (Stephenson, Goddard, Al-Taan, 
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Dennison, & Morgan, 2013). Since the pioneering work of Folkman, clinical translations of 

angiogenesis have extended beyond cancer research to ischemic and neurodegenerative diseases, 

chronic inflammatory diseases, and intraocular vascular disorders, to name a few. Ongoing 

research efforts to identify the molecular mechanisms that regulate physiological and pathological 

angiogenesis have substantial therapeutic implications, specifically by identifying novel targets to 

allow for precise control of the host angiogenic response in disease states (Carmeliet & Jain, 2011; 

Folkman, 2007).  

 

2.2.1 Anti-angiogenic therapy 

Pathological angiogenesis contributes to a myriad of disease states, including cancer and 

intraocular vascular disease (Fallah et al., 2019; Nagy, Dvorak, & Dvorak, 2007). In the early 

stages of tumor development, an “angiogenic switch” is required to promote the transition of a 

dormant avascularized lesion to a growing vascularized tumor with the potential for malignant 

progression (Baeriswyl & Christofori, 2009; Bergers & Benjamin, 2003). Similarly, a switch from 

anti- to pro-angiogenic signalling enables the pathological neovascularization associated with 

retinal vascular disorders. While physiological angiogenesis is tightly regulated by a complex 

network of growth factors and cytokines, pathological vessel development is a crude process 

resulting from an imbalance of regulatory stimuli, most notably VEGF-A (Nagy et al., 2007). 

Enhanced VEGF-A signaling has a central role in the onset and persistence of pathological 

angiogenesis, acting as a primary driver of unwanted or excess vessel formation. Furthermore, 

sustained VEGF-A signaling in combination with a lack of appropriate angiogenic regulators 

results in abnormal angio-architecture, vessel leakiness, and poor tissue perfusion (De Palma et 

al., 2017; Nagy & Senger, 2006). Given that aberrant vessel growth is a hallmark of cancer 
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progression and retinal vascular disorders, anti-angiogenic agents have been implemented as a 

therapeutic strategy to impede tumor growth and treat retinal disease.  

Anti-angiogenic therapy is designed to restrict pathological neovascularization and restore 

adequate vessel density. Historically, anti-angiogenic agents have targeted VEGF-signaling to 

block vascular growth, an approach that has had a substantial impact in the field of ophthalmology 

(Ferrara & Adamis, 2016). Retinal vascular disorders, including diabetic retinopathy and 

associated diabetic macular oedema, age-related macular degeneration (AMD), and retinal vein 

occlusion, are a global health problem and rank as leading causes of vision loss worldwide (Ferrara 

& Adamis, 2016). Upon identifying the causal role of VEGF-A in ocular neovascularization, 

VEGF inhibitors were developed for clinical use in the treatment of retinal vascular disorders. 

Pegaptanib, a polynucleotide anti-VEGF-A aptamer, was the first clinically approved VEGF 

inhibitor for neovascular AMD in 2004 (Gragoudas, 2004), followed closely by ranibizumab, a 

high-affinity antigen-binding fragment that potently neutralizes all VEGF isoforms, approved in 

2006 (Ferrara, Damico, Shams, Lowman, & Kim, 2006). To date, several phase III clinical trials 

have demonstrated that intravitreal injections of ranibizumab lead to substantial improvements in 

visual acuity and quality of life in patients with neovascular AMD (Brown, Kaiser, et al., 2006;  

Brown, Michels, et al., 2006; Kenneth & Kertes, 2006). In addition, ranibizumab has been 

approved for use in retinal vein occlusion and diabetic macular oedema following a number of 

clinical trials that demonstrated its efficacy in treating each of these vision-threatening diseases 

(Mitchell et al., 2011; Nguyen et al., 2012; Varma et al., 2012). Despite the clinical success of anti-

VEGF therapy, the requirement for frequents injections to suppress pathological vascular 

development in addition to frequent suboptimal patient responses have instilled the need for long-
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acting formulations and/or pharmacotherapies that target alternative signaling pathways to 

enhance patient outcomes (Ferrara & Adamis, 2016).    

Although anti-VEGF therapy has been transformative in ophthalmology, it lacked a similar 

success story as a monotherapy in the field of oncology. Given the distinctive role of VEGF-A in 

the pathogenesis of cancer, antagonizing VEGF signaling was expected to induce a sustained anti-

angiogenic and anti-tumor host response. Furthermore, clinically approved anti-VEGF therapies, 

including VEGF-neutralizing antibodies, VEGF-trapping decoy receptors, VEGFR receptor 

antagonists, and tyrosine kinase inhibitors, had been shown to improve patient prognosis when 

used in combination with chemotherapy, compared to chemotherapy alone (Gerber & Ferrara, 

2005; Margolin et al., 2001). While treatment with VEGF inhibitors have been shown to induce 

modest improvements in patient survival, the impact of anti-VEGF therapy has not reached the 

dramatic efficacy anticipated in some early preclinical studies (Carmeliet & Jain, 2011; Ferrara & 

Adamis, 2016). Indeed, the heterogeneity of tumor responses to treatment, acquired drug resistance 

in malignant tumors, accelerated metastasis following treatment (Ebos et al., 2009; Pàez-Ribes et 

al., 2009), and adverse complications associated with anti-VEGF treatment (Chen & Cleck, 2009) 

have limited the use and efficacy of these anti-angiogenic agents. Since anti-VEGF has not proven 

to be effective as a monotherapy, newly emerging anti-angiogenic therapies have adopted a 

multitarget, synergistic approach to simultaneously disrupt multiple distinct signaling pathways 

implicated in tumor angiogenesis (Zhao & Adjei, 2015). In addition to refining molecular 

targeting, ongoing research efforts are focused on identifying predictive biomarkers to enhance the 

efficacy of anti-angiogenesis targeted therapy (Ferrara & Adamis, 2016; Potente et al., 2011).  
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2.2.2 Pro-angiogenic therapy 

Coronary artery disease (CAD) is the most common form of heart disease and a leading 

cause of death worldwide (World Health Organization, 2018), while peripheral artery disease 

(PAD) affects more than 200 million people globally (Kullo & Rooke, 2016). CAD and PAD 

describe the narrowing or obstruction of arteries that supply blood to the heart and peripheral 

muscles, respectively, resulting in oxygen deprivation and ischemic injury. Restricting blood flow 

to cardiac muscle leads to several clinical manifestations, including angina pectoris, acute coronary 

syndrome, myocardial infarction and sudden cardiac death (Cagle & Cooperstein, 2018). 

Similarly, inadequate oxygenation of the peripheral musculature may result in critical limb 

ischemia, causing pain, ulceration and tissue necrosis with a high risk of major amputation and 

cardiovascular death (Annex, 2013). The complexity that underlies the pathophysiology of 

ischemic vascular disease as well as the lack of specific predictive markers have impeded the 

development of effective preventative therapies. As a result, efforts have been focused on 

establishing rescue treatments following disease onset.  

The functional recovery of an ischemic tissue requires an increased blood supply to support 

tissue function and repair. In response to ischemia, most tissues in the body have an extraordinary 

capacity to compensate for low oxygen levels through several distinct mechanisms including 

vasodilation, vascular remodeling, arteriogenesis and angiogenesis; however, in the presence of a 

chronic ischemic insult resulting from vascular occlusion, endothelial dysfunction and impaired 

neovascularization restrict these natural compensatory mechanisms and render them unable to 

restore effective tissue perfusion (Cooke & Losordo, 2015; Freedman & Isner, 2002). 

Conventional revascularization procedures, including angioplasty, intravascular catheter-mediated 

thrombolysis, and bypass surgery are contraindicated for many patients (Johnson et al., 2019), 
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while factors such as reperfusion injury, insufficient revascularization, and graft failures have 

limited their efficacy. Insights into the mechanisms that underlie ischemic disease in combination 

with the unmet clinical need for alternative treatment options led to the concept of therapeutic 

angiogenesis, which is designed to promote the growth of blood vessels in poorly vascularized 

areas to increase blood supply and facilitate recovery from ischemic injury.  

Several strategies have been explored to induce angiogenesis in ischemic disease, including 

protein, gene and cell-based therapies. Pre-clinical studies have demonstrated that exogenous 

administration of cytokines, namely VEGF and fibroblast growth factor (FGF), enhance the 

vascularization, perfusion and metabolic function of ischemic tissues (Cooke & Losordo, 2015; 

Johnson et al., 2019). Despite these favourable pre-clinical outcomes, the short half-life of 

exogenous angiopeptides limited the potential therapeutic benefits of protein therapy in a clinical 

setting. To overcome these limitations, attention has shifted toward a genetic approach to allow 

for sustained expression of pro-angiogenic cytokines in target tissues. In gene therapy, viral or 

non-viral vectors are used to deliver a gene construct encoding pro-angiogenic growth factors to 

an ischemic tissue, where subsequent expression by target cells can promote the growth and 

expansion of the microvasculature (Annex, 2013; Ylä-Herttuala & Baker, 2017). Although clinical 

trials have established the safety of gene vectors (Hedman et al., 2009; Muona, Mäkinen, Hedman, 

Manninen, & Ylä-Herttuala, 2012; Rosengart et al., 2012), there have not been any convincing 

clinical improvements in patients with myocardial or peripheral ischemia to date (Muona et al., 

2012; Ylä-Herttuala & Baker, 2017). Low gene transfer efficiency in target tissues, a short half-

life of transduced therapeutic factors, vessel regression following transgene expression, and an 

incomplete understanding of the pathophysiology underlying ischemic disease have each 

contributed to the underwhelming results of angiogenic gene therapy (Johnson et al., 2019; Ylä-
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Herttuala & Baker, 2017). Ongoing phase III clinical trials, such as ASPIRE, AWARE, JVS-100 

and KAT-PAD101, are attempting to optimize and validate gene therapy for the treatment of CAD 

or PAD by modifying therapeutic genes, vectors, and/or strategies used to introduce the vector into 

the ischemic tissue (Ylä-Herttuala & Baker, 2017). 

In addition to protein and gene-based therapies, stem cell transplantation has emerged as 

an innovative therapeutic approach to promote angiogenesis in vascular disease. Transplanted stem 

or progenitor cells, including bone marrow mesenchymal cells, bone marrow-derived mononuclear 

cells, induced pluripotent stem cells, and endothelial progenitor cells, provide a regulated source 

of secreted growth factors and cytokines that promote vascular development (Henning, 2016). 

Furthermore, the ability of these cells to colocalize with vessel components along with their 

remarkable capacity for self-renewal makes them an ideal therapeutic tool to treat vascular 

insufficiency. Following extensive preclinical investigations, clinical trials utilizing cell-based 

therapy have demonstrated modest efficacy in the treatment of CAD and PAD (Hou, Kim, Woo, 

& Huang, 2015); however, factors such as low cell viability following transplantation and the 

unmet need to identify optimal cell sources have limited the clinical success of this approach 

(Cooke & Losordo, 2015; Johnson et al., 2019; Parikh, Liu, & Velazquez, 2017). In addition, the 

mechanism(s) through which stem or progenitor cells impart a therapeutic effect in clinical trials 

for ischemic disease remain to be fully understood. Although the concept of promoting or 

accelerating angiogenesis in an ischemic tissue remains an undisputed therapeutic approach to treat 

vascular insufficiency in CAD and PAD, an enhanced understanding of the cellular and molecular 

mechanisms that regulate angiogenesis are required for translation into clinical success. 
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2.3 Physiological angiogenesis: Sprouting and intussusception 

The formation of blood vessels from pre-existing vascular structures can occur through two 

distinct yet complementary processes, termed sprouting and intussusceptive (i.e. non-sprouting or 

splitting) angiogenesis (Mentzer & Konerding, 2014). Vascular sprouting was the first identified 

form of angiogenesis and is characterized by EC sprouts that grow toward an angiogenic stimulus 

to allow for vascularization of hypoxic tissues previously devoid of blood vessels. EC sprouting 

occurs through several well-characterized stages, including the activation of quiescent ECs lining 

intact blood vessels, EC dissociation from the parent vessel, directed migration, EC proliferation 

and neovessel formation, vessel fusion and pericyte-dependent maturation and stabilization 

(Herbert & Stainier, 2011). While angiogenic sprouting is critical for establishing a vascular 

network in an avascular tissue, intussusceptive angiogenesis helps expand an existing capillary 

network through the formation of transluminal tissue pillars with subsequent vascular splitting 

(Mentzer & Konerding, 2014). Intussusceptive pillars arise when a capillary wall protrudes into 

the capillary lumen creating an EC bilayer; perforation of the bilayer forms interstitial pillars that 

expand and ultimately divide the parent vessel into two new capillaries. In addition to its role in 

microvascular growth, intussusceptive angiogenesis facilitates the re-structuring of disorganized 

vascular meshworks, branch remodeling, and vascular pruning (Mentzer & Konerding, 2014; 

Nowak-Sliwinska et al., 2018). Although sprouting and intussusceptive angiogenesis occur in 

virtually all tissues, the distinct role of sprouting angiogenesis in the vascularization of ischemic 

tissues makes it an attractive therapeutic target for a myriad of disease states. 
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Figure 2.1 Mechanisms of angiogenesis: sprouting and intussusception. 

Schematic depicting the formation of blood vessels from pre-existing vascular structures. During 

angiogenesis, a neovessel may sprout from an existing capillary (sprouting angiogenesis), or a 

single capillary may split into two distinct vessels (intussusceptive angiogenesis). (Adapted from 

Prior, Yang and Terjung, 2004)  

 

 

2.3.1 Sprouting angiogenesis: endothelial tip and stalk cells  

Sprouting angiogenesis is a highly regulated process that requires the differentiation of ECs 

into one of two distinct phenotypes, known as tip and stalk cells, both of which have distinct roles 

in vessel development. Endothelial tip cells guide the nascent sprout toward pro-angiogenic 

signaling cues and anastomose with existing vascular structures to form an interconnected 

network, while stalk cells reside behind the leading tip cells and proliferate in order to lengthen 

the developing vessel (Herbert & Stainier, 2011). Tip and stalk cell specification are intricately 

regulated by VEGF and Notch signaling pathways (Hellström et al., 2007; Phng & Gerhardt, 2009; 

Roca & Adams, 2007), which establish a balance of the two distinct EC phenotypes in developing 
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sprouts and restrict excess tip cell formation to limit angiogenic sprouting. More specifically, when 

local tissue hypoxia prompts the release of VEGF-A, it binds vascular endothelial growth factor 

receptor-2 (VEGFR2) on quiescent ECs lining nearby vascular structures. Upon ligand binding, 

VEGFR2 activates quiescent ECs, induces a tip cell phenotype, and initiates a signaling cascade 

that results in enhanced expression of the transmembrane Notch ligand, Delta-like ligand 4 (Dll4) 

(Lobov et al., 2007; Suchting et al., 2007). In turn, Dll4 binds Notch receptors on neighbouring 

ECs (Hellström et al., 2007), triggering proteolytic cleavage of the receptor and release of the 

Notch intracellular domain (NICD); NICD then translocates to the nucleus and suppresses 

VEGFR2 expression while upregulating VEGFR1 (Funahashi et al., 2010), a competitive inhibitor 

of VEGF-signaling, ultimately inducing a stalk cell phenotype (Figure 2.2). Although VEGF and 

Notch signaling are critical in establishing these distinct EC phenotypes during sprouting 

angiogenesis, endothelial tip and stalk cells are highly transient, as ECs actively re-arrange and 

compete for the tip position through the sprouting process (Arima et al., 2011; Cruys et al., 2016; 

Jakobsson et al., 2010).  Indeed, differential Vegfr levels greatly impact tip cell selection 

(Jakobsson et al., 2010), and the VEGFR-Dll4-Notch signaling circuit is constantly re-evaluated 

as ECs encounter new neighbours.  

The transition from a quiescent to an active EC phenotype requires a metabolic shift to 

accommodate the increased glycolytic adenosine triphosphate (ATP) requirements of sprouting 

cells (Fitzgerald, Soro-Arnaiz, & De Bock, 2018; Stapor, Wang, Goveia, Moens, & Carmeliet, 

2014). In addition to genetic control of EC sprouting via the VEGF and Notch signaling pathways, 

EC metabolism has a critical role in regulating vascular sprouting and EC behavior. In response to 

VEGF-A, leader tip cells upregulate 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 

(PFKFB3)-driven ATP production to facilitate EC migration toward the pro-angiogenic stimulus 
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(De Bock et al., 2013; Schoors et al., 2014; Y. Xu et al., 2014). Glycolytic production of ATP also 

regulates EC rearrangements during vascular sprouting to ensure that the most competitive EC 

occupies the tip position and leads the developing sprout (Cruys et al., 2016). While glycolysis 

drives tip cell function, the fatty acid oxidation (FAO) pathway is essential for stalk cell 

proliferation and vessel elongation (Schoors et al., 2015). More specifically, FAO-derived acetyl-

CoA, in combination with anaplerotic substrates, sustains the tricarboxylic acid (TCA) cycle and 

production of aspartate required for deoxyribonucleotide (dNTP) synthesis and DNA replication 

(Schoors et al., 2015). Reduced EC expression of carnitine palmitoyltransferase 1A (CPT1A), the 

rate-limiting enzyme in FAO that facilities fatty acid transport into the mitochondria, or 

pharmacologic blockade of CPT1A, impairs TCA replenishment and maintenance of dNTP levels 

(Schoors et al., 2015). In turn, reduced dNTP synthesis impairs EC proliferation, vessel elongation, 

and vascular network complexity but has no impact on tip cell numbers or function (Schoors et al., 

2015), highlighting the importance of this metabolic pathway in endothelial stalk cell function.  
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Figure 2.2 Genetic and metabolic regulation of angiogenic sprouting. 

Simplified schematic depicting the genetic and metabolic regulation of sprouting angiogenesis. In 

endothelial tip cells, VEGFR2 activation induces transcription of Dll4 and upregulates GLUT1 

and PFKFB3. Dll4 binds Notch receptors on adjacent ECs; Notch activation induces the cleavage 

of NICD, which drives the expression of VEGFR1 while downregulating VEGFR2. GLUT1 and 

PFKFB3 increase glucose uptake and glycolysis, respectively, resulting in enhanced ATP 

generation. In endothelial stalk cells, CPT1A shuffles fatty acids into the mitochondria; 

mitochondrial FAO generates acetyl-coA, which enters the TCA cycle and supports dNTP 

synthesis for DNA replication and EC proliferation.  

 

2.3.2 Tip cell function during angiogenic sprouting 

EC sprouting is a dynamic process that requires the coordination of several individual, yet 

interdependent, cellular events (Figure 2.3). Following tip cell specification, directional sprouting 

toward pro-angiogenic stimuli necessarily requires polarization of the leader tip cell. Quiescent 

ECs lining intact vascular structures exhibit features of apicobasal polarity, corresponding to the 
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luminal and abluminal membranes, as well as planar cell polarity in response to fluid shear stress 

exerted by the flow of blood (Lizama & Zovein, 2013). Upon the induction of tip and stalk cell 

phenotypes, tip ECs reorganize their cytoskeleton and establish front-rear polarity to allow for 

directed movement toward pro-angiogenic stimuli (Dubrac et al., 2016; Lizama & Zovein, 2013). 

At the front or leading edge of the cell, membrane protrusions coordinate polarized cell migration, 

while the rear end maintains contact with trailing stalk cells. Currently, the systems that regulate 

tip cell polarization are poorly understood; however, the non-catalytic region of tyrosine kinase 

adaptor protein 1 (NCK1) and NCK2 have been shown to regulate front-rear polarity in tip cells 

downstream VEGFR2 (Dubrac et al., 2016). Although VEGF-A was thought to be the primary 

driver of tip cell polarization (Adams & Alitalo, 2007; Dubrac et al., 2016; Gerhardt et al., 2003; 

Gerhardt, 2008; Lizama & Zovein, 2013), a recent report identified a critical role for the 

mammalian sterile 20-like kinase 1 (MST1)- Forkhead box O1 (FOXO1) signaling cascade in 

establishing tip cell polarity independent of VEGF-A signaling (Kim et al., 2019). Rather, findings 

from this study indicate that hypoxia-driven biosynthesis of reactive oxygen species (ROS) 

regulate tip cell polarization through activation of the MST1-FOXO1 pathway (Kim et al., 2019).  

In a stable blood vessel, EC motility is restricted surrounding perivascular cells (i.e. 

pericytes) and the underlying basement membrane (Potente et al., 2011). The association of 

ECs with vessel-stabilizing pericytes is largely regulated by the Angiopoietin (ANGPT) and 

Tie signaling system (Augustin, Young Koh, Thurston, & Alitalo, 2009; Huang, Bhat, 

Woodnutt, & Lappe, 2010). Constitutive stimulation of EC Tie2 by pericyte-expressed 

ANGPT1 induces Tie-2 clustering in trans at EC-EC junctions and promotes EC-pericyte 

interactions to help maintain a quiescent EC phenotype (Saharinen et al., 2008). At the onset of 

angiogenesis, tip ECs must remove adjacent perivascular cells and breach the fibrous basement 
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membrane to allow for subsequent vessel outgrowth. In the presence of VEFG-A, activated ECs 

release angiopoietin 2 (ANGPT2) to antagonize paracrine ANGPT1-Tie2 signaling and promote 

the dissociation of perivascular cells (Augustin et al., 2009; Huang et al., 2010). In addition, 

endothelial tip cells exhibit enhanced proteolytic activity to remove the physical barrier 

imposed by the basement membrane. EC matrix degradation is catalyzed by local recruitment 

and activation of membrane type-1 metalloproteinase 14 (MMP14), along with the MMP14-

activated MMPs, MMP2 and MMP9 (Egeblad & Werb, 2002; Van Hinsbergh & Koolwijk, 

2008). In sprouting tip cells, MMP14 localization occurs predominantly at sites enriched in 

podosomes, adhesive actin-based structures that demark sites of extracellular matrix (ECM) 

remodelling in invasive cells (Thomas Daubon, Spuul, Alonso, Fremaux, & Génot, 2016; Fey 

et al., 2016). Although podosomes may exist as individual entities, in many cell types, including 

ECs, they can assemble into high-order structures termed podosome rosettes (Thomas Daubon 

et al., 2016; Rottiers et al., 2009; Spuul et al., 2016). Several studies have shown that the 

generation of podosome rosettes precedes tip cell sprouting and vessel outgrowth (Seano, 

Chiaverina, et al., 2014; Warren & Iruela-Arispe, 2014), signifying the importance of these 

podosome super-structures in the vascular sprouting.  

Once liberated from the parent vessel, tip ECs guide nascent vessel development along 

the VEGF-A gradient produced by hypoxic tissues. Directional sprouting in response to VEGF-

A is guided by filopodia, long actin-based membrane protrusions at the leading edge of the tip 

cell that probe the surrounding microenvironment for pro- and anti-angiogenic stimuli (De 

Smet, Segura, De Bock, Hohensinner, & Carmeliet, 2009; Gerhardt et al., 2003). These 

attractive and repulsive signaling cues are translated into dynamic cellular movement by 

filopodia and lamellipodia, short sheet-like membrane protrusions that extend from the front of 
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the cell. Together, filopodia and lamellipodia anchor the leading edge of the tip cell to the 

surrounding ECM via integrin-based focal adhesions; following cell adherence, contraction of 

actomyosin stress fibers generates tension to propel the cell body forward. Throughout this 

process, local and dynamic remodeling of EC-EC junctions facilitates tip cell movement while 

maintaining sprout integrity and preventing cell detachment from trailing stalk cells 

(Szymborska & Gerhardt, 2018). In a quiescent vessel, vascular endothelial (VE)-cadherin-

based adherens junctions mediate strong adhesion between adjacent ECs. At the onset of 

angiogenic sprouting, VEGF-induced alterations in VE-cadherin loosens cell-cell contacts to 

allow for effective detachment of the migrating tip cell from the newly developing vessel while 

maintaining a stable connection with proximal stalk cells (Sauteur et al., 2014).  

 In the end stages of sprouting, tip ECs anastomose with other developing sprouts or 

mature vascular structures to form an interconnected network. In addition to their role in guiding 

tip cell migration, tip cell filopodia are essential in mediating contact with nearby ECs to initiate 

vascular anastomosis. Upon engaging with another tip cell or an EC lining a mature vessel, 

filopodia establish a stable intercellular connection via VE-cadherin-based adherens junctions 

(Almagro et al., 2010; Lenard et al., 2013; L.-K. Phng, Stanchi, & Gerhardt, 2013). Following 

this initial contact, additional adherens junctions form between the anastomosing cells to 

reinforce their connection and consolidate vessel fusion; failure to strengthen junctional 

contacts may result in repulsion of the tip cell with subsequent vessel retraction. Several in vivo 

studies have demonstrated that vascular anastomosis is also supported by macrophages and 

microglia, which help to bridge the connection between an endothelial tip cell and its target 

(Fantin et al., 2010; Rymo et al., 2011). Once the neovessel is incorporated into the larger 
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vascular network, lumen formation helps to establish blood flow and perivascular recruitment 

facilitates vessel maturation (Potente et al., 2011).  

 

 

Figure 2.3: Tip and stalk cell functions during sprouting angiogenesis.  

Sprouting angiogenesis is a multistep process. (a) Quiescent ECs line an intact vessel. (b) Pro-

angiogenic signals (i.e. VEGF) activate quiescent ECs lining intact vascular structures. 

Activated tip cells establish front-rear polarity, dissociate from perivascular cells, prevent 

neighbouring ECs from adopting a tip phenotype, and degrade the surrounding ECM. (c) 

Extracellular signaling cues guide the sprouting tip cell. EC-EC contacts are maintained as the 

tip cell invades the ECM. Stalk cells proliferate to lengthen the newly developing vessel. (d) 

Tip cell filopodia mediate sprout fusion. Vessel anastomosis forms an interconnected vascular 

network. Perivascular cells are later recruited to stabilize the newly formed vessel. ECs resume 

a quiescent phenotype.  
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2.4 Regulation of podosomes and podosome rosettes in ECs 

The vascular basement membrane poses a physical barrier to EC motility. Thus, the ability 

of endothelial tip cells to traverse this dense cross-linked protein network is a critical step in 

angiogenic sprouting. EC podosomes represent specialized cellular machinery that allow the cell 

to breach the basement membrane and invade into the surrounding ECM. Individual podosomes 

are highly transient, submicron structures that consist of a dense filamentous (F)-actin core 

surrounded by ring of adhesion, scaffolding, and regulatory proteins (Murphy & Courtneidge, 

2011). Among the wide array of proteins that co-localize with the F-actin core of podosomes, 

cortactin, Neural Wiskott Aldrich Syndrome protein (N-WASP), and MMP14 are key components 

of the podosome structure. While cortactin and N-WASP facilitate actin nucleation and 

architectural organization, MMP14 initiates a proteolytic cascade that activates non-membrane 

MMPs that collectively degrade the ECM (Murphy & Courtneidge, 2011; Seano & Primo, 2015). 

 Although multiple signaling inputs have been shown to influence podosome biogenesis, 

cdc42 and Src-family kinases (SFKs) function as two of the major regulators of podosome 

assembly in ECs (Hoshino, Branch, & Weaver, 2013; Seano, Daubon, Génot, & Primo, 2014); 

more specifically, cdc42 and SFK signaling pathways converge on N-WASP to promote actin 

polymerization and initiate podosome formation (Hoshino et al., 2013; Spuul et al., 2014). 

Podosomes were first identified in the EC lineage following the expression of a constitutively 

active form of cell division control protein 42 homolog (cdc42)(Moreau, Tatin, Varon, & Génot, 

2003). Since this discovery, several reports have confirmed that ectopic expression of 

constitutively active cdc42 mutant is sufficient to induce podosome formation (Di Martino et al., 

2014; Moreau et al., 2006). In addition, cdc42 has been shown to mediate podosome assembly 

downstream of growth factor receptor signaling. In ECs, transforming growth factor-β (TGF-β) 
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promotes podosome assembly through its activation of Fdg1, a cdc42-specific GEF (T. Daubon, 

Buccione, & Genot, 2011). Indeed, in the presence of a cdc42 inhibitor, TGF-β is unable to 

stimulate podosome formation (Christine Varon et al., 2006). Similarly, reduced cdc42 expression 

blocks podosome formation is response to other stimulatory agents, including phorbol-12-

myristate-13-acetate (PMA) (F. Tatin, 2006) and sodium fluoride (Florence Tatin, Grise, Reuzeau, 

Genot, & Moreau, 2010).  

SFKs have also been identified as a key mediators of EC podosome formation. Multiple 

reports have demonstrated that TGF-β and VEGF stimulate podosome assembly in ECs (Curado 

et al., 2014; Thomas Daubon et al., 2016; Osiak, Zenner, & Linder, 2005; C. Varon et al., 2006; J. 

Wang et al., 2009); in addition, both of these growth factors have been shown to enhance Src 

phosporylation at tyrosine 418, a phosphorylation site that is indicative of Src activation (Christine 

Varon et al., 2006; J. Wang et al., 2009). In vitro and in vivo models of angiogenic sprouting have 

demonstrated that phosphorylated Src (p-Src) co-localizes with cortactin and F-actin at the leading 

edge of tip cells, and sites of triple immunostaining are associated with enhanced ECM proteolysis 

(Spuul et al., 2016). Furthermore, SFK inhibition abrogates podosome formation in response to 

TGF-β, VEGF, or PMA (F. Tatin, 2006; Christine Varon et al., 2006; J. Wang et al., 2009), 

signifying the importance of SFK signaling in the generation of these submicron structures.  

In vascular ECs, individual podosomes can self-arrange into high-order podosome rosettes, 

which allows for focal matrix degradation at sites of EC invasion while avoiding the generalized 

release of proteolytic enzymes (Pan, Chen, & Chen, 2011; Seano & Primo, 2015). In addition, a 

recent study in Src-transformed fibroblasts revealed that in addition to de novo formation, 

podosome “daughter” rosettes can arise from the fission of a pre-existing “mother” rosette (Kuo, 

Chen, Pan, Chiu, & Chen, 2018). Although these ring-shaped superstructures were initially 
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suspected of being an artefact of two-dimensional cell culture (Jones, 2010), podosome rosettes 

have been described in multiple ex vivo and in vivo systems (Rottiers et al., 2009; Seano, 

Chiaverina, et al., 2014; Spuul et al., 2016; Warren & Iruela-Arispe, 2014). Furthermore, recent 

reports have shown that podosome rosettes function as precursors of de novo branching during 

vascular sprouting (Seano, Chiaverina, et al., 2014; Warren & Iruela-Arispe, 2014). Despite the 

emerging roles of podosome rosettes in endothelial biology, the systems that regulate the 

organization of individual podosomes into higher order structures are virtually unknown. While 

perturbations in shear stress and exogenous growth, including VEGF and TGF-β, have been shown 

to increase the presence of podosome rosettes in ECs (Curado et al., 2014; Thomas Daubon et al., 

2016; Fey et al., 2016; Spuul et al., 2016; C. Varon et al., 2006), the intracellular signaling 

pathways that mediate these effects remain undefined.  

 

2.5 cAMP second messenger signaling 

Extracellular chemical and mechanical stimuli communicate vital information to the cell 

through the activation of signal transduction pathways. Cyclic 3′,5′-adenosine monophosphate 

(cAMP) was the first intracellular molecule identified as a second messenger (Sutherland D & 

Rall, 1958), allowing the cell to integrate signaling inputs from primary messengers and 

transduce the appropriate responses to maintain adaptive cellular functioning. In ECs, this 

ubiquitous second messenger has been shown to regulate a myriad of diverse cellular functions, 

including barrier function and vascular permeability, inflammatory responses and angiogenesis 

(Maurice, 2011; Roberts & Dart, 2014; Surapisitchat & Beavo, 2011).  

The cAMP-signaling cascade is initiated when extracellular stimuli, including hormones 

or shear stress exerted on the vascular endothelium by the circulating blood, activate G-protein 
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coupled receptors (GPCRs). GPCRs constitute one the largest family of receptors in eukaryotes 

(Hanlon & Andrew, 2015), functioning as mechanosensors and chemoreceptors capable of 

binding an incredibly diverse set of ligands. A defining feature of the GPCR family includes 

seven transmembrane-spanning segments flanked by an extracellular N-terminus and an 

intracellular C-terminus (Hilger, Masureel, & Kobilka, 2018). Ligand binding or mechanical 

stimulation of the N-terminus activates the GPCR, allowing it to function as a guanine 

nucleotide exchange factor (GEF) for the stimulatory G protein α-subunit (Gsα) of associated 

heterotrimer G-protein; guanosine triphosphate (GTP)-bound Gsα, in turn, dissociates from the 

Gβγ subunits and activates nearby adenylyl cyclases (ACs). Upon Gsα binding, membrane-

bound ACs generate cAMP from ATP. As cAMP emanates from the plasma membrane, it 

activates downstream effector proteins, including  protein kinase A (PKA), exchange protein 

activated by cAMP (EPAC), cyclic nucleotide-gated ion channels (CNGs), and a novel class of 

cAMP-effector proteins, the Popeye domain-containing (POPDC) family (Schindler & Brand, 

2016) (Figure 2.4). 

In ECs, cAMP signal transduction is primarily mediated by PKA and EPAC (Cheng, Ji, 

Tsalkova, & Mei, 2008; Maurice, 2011). PKA, the most well studied and best understood cAMP 

effector, is a tetrameric holoenzyme composed of a regulatory (R) subunit dimer and two 

catalytic (C) subunits (Sassone-Corsi, 2012). PKA-R subunits are multifunctional proteins that 

bind and inhibit PKA-C subunits in the absence of cAMP. In addition to regulating PKA enzyme 

activity, the R subunits have a critical role in binding A-kinase anchoring proteins (AKAPs), or 

other scaffolding proteins, to allow for subcellular localization and targeting of PKA. Although 

the C subunits are rendered enzymatically inactive by the R subunits, cooperative binding of 

two cAMP molecules to each R subunit induces a conformational change that releases the C 
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subunits. Once liberated, the active C subunits are free to phosphorylate a myriad of target 

substrates. To date, four R subunit isoforms, RIα, RIβ, RIIα, and RIIβ, and three C subunit 

isoforms, Cα, Cβ, and Cγ, have been identified, each of which are expressed in a cell- or tissue- 

specific manner (Cheng, Phelps, & Taylor, 2001). 

For many years, there was a consensus that cAMP-dependent signaling in eukaryotic cells 

was almost exclusively mediated through PKA (Kopperud, Krakstad, Selheim, & Døskeland, 

2003); however, the discovery of EPAC as an intracellular cAMP receptor (De Rooij et al., 

1998; Kawasaki et al., 1998) and its contribution in mediating cAMP-dependent response have 

become increasingly appreciated. EPAC proteins share an evolutionally conserved cAMP 

binding domain with PKA-R subunits; following cAMP-dependent activation, EPAC functions 

as a GEF for the Ras family of small G proteins, namely Ras-related protein (Rap) 1, Rap2, and 

R-Ras (Gloerich & Bos, 2010). Among the two EPAC isoforms identified in mammalian cells, 

EPAC1 is expressed in all major tissues, including vascular ECs, while EPAC2 expression is 

limited to nervous system, pancreas, and adrenal glands (De Rooij et al., 1998; Kawasaki et al., 

1998).  

The strength and duration of cAMP signaling is dependent upon a balance between the 

production and degradation of the cyclic nucleotide itself. While ACs synthesize cAMP following 

activation by GPCRs, cyclic nucleotide phosphodiesterases (PDEs) are responsible for cAMP 

hydrolysis and resultant second messenger signal termination. In the absence PDEs, cAMP signals 

would remain unchecked, and increasing concentrations of the second messenger would have dire 

consequences for normal cell function. Indeed, dysregulated intracellular cAMP signaling 

resulting from altered PDE expression or PDE mutations has been implicated in a number of 

pathologies, including heart failure, pulmonary hypertension, diabetes and chronic obstructive 
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pulmonary disease (Beavo & Brunton, 2002; Maurice et al., 2014), signifying the importance of 

these enzymes in maintaining cell homeostasis.  

 

Figure 2.4: cAMP second messenger signaling. 

 

Simplified schematic depicting cAMP second messenger signaling. Ligand-bound GPCRs 

catalyze the exchange of GDP with GTP on the Gα subunit of associated heterotrimeric G-proteins. 

GTP-bound Gα binds and activates AC; activated AC synthesizes cAMP from ATP. cAMP 

diffuses from the plasma membrane and activates nearby effector proteins (PKA, EPAC, CNG, 

and POPDC). PDEs hydrolyze cAMP and terminate second messenger signaling. 

 

2.6 Compartmented cAMP signaling 

Individual cells are constantly exposed to different environmental cues, which must be 

decoded, integrated and translated into the appropriate cellular responses. The ability of the cAMP 

signaling system to simultaneously regulate a broad range of cellular processes in a stimulation-

specific manner is attributed to signal compartmentation. Rather than cAMP acting globally 

throughout the cell, local ‘pools’ of the ubiquitous second messenger are regulated within 

subcellular microdomains to achieve specificity in cAMP-mediated cellular responses (Figure 
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2.5). Although the concept of compartmentalized signaling was initially met with considerable 

resistance, it ultimately became clear that the temporal and spatial activation of cAMP effector 

proteins has profound implications on the cellular processes that they control (Lefkimmiatis & 

Zaccolo, 2014; Smith & Scott, 2006).  

Evidence in support of compartmentalized cAMP signaling emerged in the 1980s, 

following several reports which indicated that increases in intracellular cAMP and PKA activity 

in response to different agonists produced distinct physiological responses (Buxton & Brunton, 

1983; Hayes, Brunton, Brown, Reese, & Mayer, 1979; Hayes, Brunton, & Mayer, 1980). In the 

first of the seminal studies, Hayes et al. (1979) demonstrated that while the perfusion of cardiac 

tissue with isoproterenol or prostaglandin E1 (PGE1) led to comparable increases in cAMP levels 

and PKA activity, only isoproterenol was able to enhance the phosphorylation of protein kinase 

substrates involved in glycogen metabolism and cardiac contractility (Hayes et al., 1979). 

Subsequent works demonstrated that the specificity of theses hormonal responses resulted from 

the activation of distinct pools of PKA (Buxton & Brunton, 1983; Hayes et al., 1980); more 

specifically, isoproterenol selectively activated a pool PKA associated with the particulate fraction 

of isolated cardiomyocytes, while PGE1 stimulated cytosolic PKA (Buxton & Brunton, 1983).  

 The discovery of scaffold proteins, particularly AKAPs, provided a molecular basis for 

compartmentalized cAMP signaling. The AKAP family includes more than 50 structurally diverse 

members, all of which contain a unique localization signal and contain a conserved PKA anchoring 

domain, and have the ability to integrate into macromolecular complexes with other signaling 

molecules (Wong & Scott, 2004). In addition to the pivotal work identifying the interaction 

between PKA and these scaffolding proteins, (Carr, Hausken, Fraser, Stofko-Hahn, & Scott, 1992; 

Lohmann, DeCamilli, Einig, & Walter, 1984; Scott et al., 1990; Theurkauf & Vallee, 1982), the 
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development of Ht31, a synthetic peptide that displaces PKA from the conserved binding domain 

on AKAPs, demonstrated the importance of this interaction in normal cellular function (Carr et 

al., 1992; Rosenmund et al., 1994). More recently, the generation of molecular tools to allow for 

real-time monitoring of cAMP changes in live cells has greatly advanced our understanding of 

second messenger signaling in discrete microdomains (Lefkimmiatis & Zaccolo, 2014). For 

example, fluorescence resonance energy transfer (FRET)-based biosensors that utilize the cAMP 

binding domains present in PKA and EPAC have a unique ability to probe for second messenger 

signaling changes in single cells or subcellular microdomains with high spatial and temporal 

resolution (Jiang, Falcone, Curci, & Hofer, 2017; Lefkimmiatis & Zaccolo, 2014). Indeed, these 

genetically encoded constructs have established that cAMP signaling specificity is achieved by 

virtue of AC, cAMP effector, and PDE organization into highly localized macromolecular 

signaling complexes (i.e. cAMP signalosomes).  

 Compartmented cAMP signaling is multi-faceted, requiring local signal generation, the 

targeting of cAMP effector proteins to discrete subcellular domains, and restricted signal diffusion. 

While the anchoring of EPAC and/or PKA to sites of cAMP generation contributes to the spatial 

and temporal control of cAMP effector function, strategically positioned PDEs maintain signal 

fidelity by limiting cAMP diffusion and preventing global increases in the second messenger. 

Given the rapid rate of cAMP diffusion through the cytosol (~400µm2sec-1) (Houslay, Baillie, & 

Maurice, 2007), breakdown of the ubiquitous second messenger is required to create distinct pools 

of cAMP, which in turn regulates the selective activation of effector proteins and their downstream 

physiological effects.   
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Figure 2.5: Compartmentalized cAMP signaling. 

 

Schematic depicting compartmented signaling in vascular ECs. AKAPs, cAMP effector proteins, 

and PDEs integrate into highly localized cAMP signalosomes. AKAPs and scaffolding proteins 

target macromolecular signaling complexes to specific subcellular domains. Spatially restricted 

PDEs create cAMP gradients within a subcellular compartment to regulate the activation of 

sequestered effector proteins.  

 

 

 

2.7 Cyclic nucleotide phosphodiesterases  

PDEs are ubiquitously expressed in mammalian tissues and represent the sole intracellular 

enzymes responsible for the breakdown of cyclic nucleotides. Eleven PDE families (PDE1-

PDE11), comprising a total of 26 genes, give rise to nearly 100 unique PDE isoenzymes that are 

functionally related yet structurally distinct (Bender & Beavo, 2006; Maurice et al., 2014). As 

modulator proteins, PDEs exhibit a conserved carboxy-terminal catalytic domain and divergent 

amino-terminal regulatory regions, which dictate tissue expression, subcellular localization, 
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integration into cAMP signalosomes, and interactions with other signaling molecules. While all 

PDEs hydrolyze the 3′,5′ phosphodiester bond of cyclic nucleotides, individual families vary in 

their substrate specificity and may be classified as cAMP specific (PDEs 4, 7, and 8), cyclic 

guanosine monophosphate (cGMP) specific (PDEs 5, 6, and 9), or dual specificity enzymes (PDEs 

1, 2, 3, 10 and 11) (Maurice et al., 2014). 

Although a discrepancy between the large number of PDE isoforms and their short list of 

target substrates initially raised questions as to the physiological relevance and potential 

redundancy among isoenzymes (Bender & Beavo, 2006), the complex nature of the PDE 

superfamily is required for subcellular targeting of enzyme variants. In addition, unique amino 

termini of individual PDE isoform variants allows individual enzymes to respond to different post-

translational modifications and regulatory molecules. For example, the N-terminal portion of 

PDE3 contains a hydrophobic transmembrane domain as well as multiple phosphorylation sites 

that enable enzymatic regulation by PKA, protein kinase B, and protein kinase C (Omori & Kotera, 

2007). Importantly, most cell types express several PDE isoforms, suggesting that multiple distinct 

PDE-containing signalosomes form within a cell, each of which are subject to diverse biochemical 

regulation to allow for precise control of second messenger signaling.  
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Figure 2.6: Structure and domain organization of 11 mammalian PDE families.  

 

Schematic depicting the conserved carboxy-terminal catalytic core and the divergent amino-

terminal regulatory region of PDE1-PDE11. N-terminal subdomains and hydrophobic regions 

are critical in subcellular localization, interaction with other signaling molecules, and in the 

regulation of PDE enzyme activity (Adapted from Maurice et al., 2014).   

 

The molecular diversity of the PDE superfamily is coupled to its regulation of distinct 

physiological and pathological processes. The ability of PDEs to selectively regulate individual 

cellular functions stems from their integration into macromolecular signaling complexes with 

cAMP-effector proteins (Beavo & Brunton, 2002; Maurice et al., 2014). In vascular ECs, multiple 

cAMP signalosomes, containing either PKA or EPAC, as well as select PDE isoforms have been 

identified (Netherton & Maurice, 2005). Furthermore, these macromolecular signaling complexes 

have been shown to regulate diverse EC functions. For example, in human arterial ECs (HAECs), 

a PDE4D/EPAC1-based signalosome incorporates into VE-cadherin based structures to coordinate 

the local action of cAMP on EC permeability (Rampersad et al., 2010). In these same cells, a 

PDE3B/EPAC1-based complex localizes to the membrane and regulates integrin-based adhesions, 
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migration and tubule formation (Wilson et al., 2011). Indeed, the diverse subcellular localization 

of unique PDEs isoforms, as well as their integration into distinct cAMP signalosomes allows for 

precise control of individual cellular events by a single, ubiquitous second messenger.  

 

2.8 The role of cAMP effectors in sprouting angiogenesis 

Preclinical and clinical findings have demonstrated that sustained β-adrenergic signaling 

promotes angiogenesis (Chen et al., 2014; Pasquier et al., 2013; Pasquier et al., 2011; Thaker et 

al., 2006), thus implicating the cAMP signaling system in the regulation of angiogenic function. 

Currently, there is a lack of consensus with respect to the role or relative involvement of distinct 

cAMP effector proteins in angiogenic sprouting. While some studies have shown that activation 

of ACs promote angiogenesis via EPAC1 and PKA (Garg et al., 2017; Namkoong et al., 2009), 

others have indicated that these cAMP effector proteins exhibit anti-angiogenic functions. In a 

study utilizing human microvascular ECS (HMVECs), selective activation of EPAC using 8-(4-

chlorophenylthio)-2′-O-methyl-cAMP (8CPT) impaired VEGF-induced chemotaxis and vascular 

sprouting in a severe combined immunodeficient mouse model of human angiogenesis. Similarly, 

8CPT hindered EC infiltration and microvessel formation in an in vivo Matrigel plug model of 

angiogenesis (Doebele et al., 2009). In addition to the anti-angiogenic influence of EPAC, multiple 

reports have described a negative regulatory role for PKA during vessel sprouting. In several 

animal models of angiogenesis, including transgenic green fluorescence protein (GFP)-expressing 

zebrafish embryos and chick chorioallantoic membranes (CAMs), the use of pharmacologic PKA 

activators, purified PKA-C protein, or plasmids encoding the PKA-C subunit, drastically impaired 

vascular growth (Jin et al., 2010; S. Kim, Bakre, Yin, & Varner, 2002; Szkudlarek, Bosio, Wu, & 

Chin, 2009). Upon investigating the cellular mechanisms that mediate the anti-angiogenic actions 
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of PKA, one study reported that impaired angiogenesis following PKA activation resulted from 

enhanced EC apoptosis (Kim et al., 2002), while another indicated that PKA blocks sprouting in 

newly forming embryonic vessels by promoting cell-cell adhesion and suppressing EC motility 

(Jin et al., 2010). In addition to the anti-angiogenic impact of PKA activation, loss of PKA catalytic 

function promotes a hyper-sprouting phenotype. Studies utilizing the zebrafish model of vascular 

sprouting have demonstrated that pharmacologic PKA inhibition or injection of a plasmid 

encoding for a protein kinase inhibitor (PKI) protein leads to enhanced tip cell sprouting (Jin et 

al., 2010; Nedvetsky et al., 2016). Similarly, in a murine retinal model of angiogenesis, EC-specific 

expression of a cAMP-insensitive (i.e. dominant negative) PKA regulatory subunit (Prkar1a-

G324D) resulted in excessive tip cell sprouting and the formation of a hyperdense vascular plexus 

(Nedvetsky et al., 2016).  

Whether cAMP effector proteins act independently of Dll4-Notch signaling to regulate 

angiogenic sprouting also remains unclear. Work by Nedvetsky et. al. (2016) indicated that the 

hyper-sprouting phenotype observed in mice containing the endothelial-specific dominant-

negative PKA mutation (dnPKAEC), described above, was unrelated to Notch signaling. In 

dnPKAEC mice, the expression of both Dll4 and genes regulated by Notch signalling were largely 

conserved relative to wildtype controls. Furthermore, the inhibition of Notch signaling potentiated 

the hyper-sprouting phenotype in dnPKAEC mice, suggesting that PKA and Notch act 

independently of one another to regulate EC behavior during angiogenic sprouting (Nedvetsky et 

al., 2016). Conversely, a recent study demonstrated that Notch signals through PKA to regulate 

EC barrier function and vascular permeability (Boardman et al., 2019). While the activation of 

Notch signaling with soluble Dll4 promoted the rearrangement of VE-cadherin based adherens 

junctions and reduced EC permeability, PKA inhibition and/or knockdown blunted these effects, 
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signifying that Notch acts upstream of PKA (Boardman et al., 2019). Integrated PKA and Notch 

signaling has also been shown to regulate tumor angiogenesis through EC-tumor cell crosstalk. In 

breast cancer cells, sustained adrenergic signaling activates downstream PKA, which in turn 

upregulates expression the Notch ligand, Jagged1. In contrast to Dll4-Notch signaling, Jagged1 

binding of Notch receptors promotes EC sprouting; thus, tumor cell expression of Jagged1 

activates nearby ECs and initiates tumor angiogenesis (Zeng et al., 2005).  

 

2.9 PDEs and angiogenesis 

PDEs are pivotal in the regulation of compartmented cAMP signaling, and the select 

targeting of individual PDE isoforms represents a promising therapeutic approach to manipulate 

distinct physiological or pathological processes. In cases of pathological angiogenesis, several 

studies have suggested that altered PDE expression may contribute to dysregulated EC function 

and aberrant vessel growth (Bitar & Al-Mulla, 2014; Pullamsetti et al., 2013). Furthermore, a 

number of preclinical findings have demonstrated that PDE family inhibitors are capable of 

modulating angiogenic responses in both hypervascular or ischemic disease states (Abusnina et 

al., 2015; Keravis et al., 2015; Mendes et al., 2009; Mendes, Campos, Rocha, & Andrade, 2009).  

With respect to the cAMP-specific and dual-substrate enzyme families, vascular ECs 

primarily express PDE2, PDE3, and PDE4 (Netherton & Maurice, 2005), each of which have been 

implicated in the regulation of EC function during angiogenic sprouting. The PDE2 family of 

enzymes are encoded by a single gene, PDE2A, which generates three distinct splice variants 

(PDE2A1, PDE2A2, PDE2A3) that vary in their N-terminal sequence (Omori & Kotera, 2007). 

PDE2A is a dual specific enzyme, capable of hydrolyzing both cAMP and cGMP; in addition, 

cGMP binding to its GAF domain stimulates enzymatic activity. In cell-based studies, PDE2 
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inhibition has been shown to reduce EC migration (Favot, Keravis, Holl, Le Bec, & Lugnier, 2003; 

Netherton & Maurice, 2005), proliferation and tubule formation (Diebold et al., 2009), all of which 

are critical events during EC sprouting. Furthermore, in several tissue and animal models of 

angiogenesis, including mouse aortic explant cultures and the Matrigel plug assay, reduced PDE2 

expression or inhibition of PDE2 catalytic function impaired vessel outgrowth (Diebold et al., 

2009), suggesting that PDE2 has a pro-angiogenic function in vascular ECs.  

Several preclinical studies have also invoked a potential role for PDE3 in the regulation of 

angiogenesis; however, results from individual reports are conflicting and the mechanisms through 

which PDE3 controls EC sprouting remain ill-defined. The PDE3 family is comprised of two 

distinct subfamilies, PDE3A and PDE3B, each of which have been identified in vascular ECs 

(Netherton & Maurice, 2005). Although PDE3A and PDE3B are classified as dual specific 

enzymes, both isoforms hydrolyze cAMP with a Vmax 4-10 fold greater than that of cGMP (Omori 

& Kotera, 2007). Currently, studies investigating the distinct roles of PDE3A and PDE3B in 

regulating EC function are lacking. In addition, while some preclinical studies have demonstrated 

that PDE3 family inhibitors promote angiogenesis, others indicate that PDE3 inhibition impairs 

vascular growth. For example, in the murine model of hindlimb ischemia, multiple reports have 

shown that Cilostazol, a selective PDE3 inhibitor, promotes angiogenic activity, as measured by 

an increase in capillary density and peripheral blood flow (Biscetti et al., 2013; Hori, Shibata, 

Morisaki, Murohara, & Komori, 2012; Sanada et al., 2016). Conversely, treatment with Cilostazol 

has been shown to attenuate postoperative angiogenic responses in a mouse model post-surgical 

intraabdominal adhesion (Juliana Barros Mendes et al., 2009) and reduce synovial angiogenesis in 

an animal model of rheumatoid arthritis (Kim et al., 2014).  
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In recent years, a growing body of evidence has established a link between PDE4 and 

angiogenesis. The PDE4 family of enzymes is made up of four subfamilies (PDE4A-PDE4D), 

which give rise to more than 20 unique splice variants (Houslay et al., 2007). Distinct features of 

PDE4 family of enzymes include their high cAMP substrate specificity and the presence of highly 

conserved “signature” regions of amino acid sequences, referred to as upstream conserved regions 

1 and 2 (UCR1 and UCR2). To date, multiple preclinical findings have indicated that altered PDE4 

expression controls vessel development and suggest a pro-angiogenic role for the PDE4 family of 

enzymes. In diffuse large B-cell lymphoma (DLBCL), PDE4B overexpression has been shown to 

exacerbate pathological angiogenesis, while genetic deletion of PDE4B or inhibition of PDE4 

enzyme activity reduces tumor vascularization and metastatic growth (Suhasini et al., 2016). 

Similarly, in multiple lung cancer cell types, hypoxia-induced increases in PDE4A and PDE4D 

promote pathological angiogenesis and facilitate cancer progression (Pullamsetti et al., 2013). In 

addition to these preclinical findings, several in vitro studies have demonstrated that upregulation 

of PDE4 isoforms leads to enhanced EC tubule formation (Muzaffar, Jeremy, Angelini, & Shukla, 

2012), while PDE4 inhibition impairs individual EC functions that are critical to angiogenic 

sprouting, namely VEGF-induced migration and proliferation (Favot et al., 2003; Netherton & 

Maurice, 2005). Although these works have demonstrated an irrefutable role for PDEs in 

modulating angiogenic function, further studies are required to determine how specific PDE 

isoforms, and the associated cAMP effector proteins, regulate physiological and pathological 

angiogenesis.  
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2.10 Hypothesis 

The integration of cAMP effector proteins and PDEs into highly localized cAMP signalosomes 

allows for the precise and simultaneous regulation of distinct subcellular events by a single, 

ubiquitous second messenger. Although the cAMP second messenger system has been implicated 

in the regulation of angiogenesis, the role of each cAMP effector protein, and the involvement of 

distinct PDE isoforms in controlling cAMP effector function, during angiogenic sprouting remain 

ill-defined. We hypothesize that distinct cAMP effector-PDE interactions are critically involved 

in the regulation of EC behavior during angiogenic sprouting. The following aims are designed to 

test this this hypothesis: 

 

2.10.1 Aim 1: Determine the impact of the two main cAMP effector proteins, PKA and 

EPAC, on angiogenic sprouting. 

Using in vitro and ex vivo models of angiogenesis, we will characterize the respective roles of 

PKA and EPAC during EC sprouting. To comprehensively study the role of each effector protein, 

we will use genetic and pharmacologic approaches to selectively modify their expression and 

catalytic function, respectively, and assess the impact on EC function during angiogenic sprouting.  

 

2.10.2 Aim 2: Investigate the distinct cellular and molecular mechanisms through which 

cAMP effector proteins control EC sprouting  

EC sprouting in response to pro-angiogenic stimuli requires a symphony of highly coordinated 

cellular events. To understand how individual cAMP effector proteins influence EC behavior 

during angiogenesis, we will investigate the distinct cellular and molecular mechanisms through 

which PKA and/or EPAC regulate sprouting. Using multiple cell-based assays, we will assess the 
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influence of individual cAMP effector proteins on the migratory, invasive, and proteolytic function 

of ECs. To establish a molecular basis for the observed effects, we will use cell and tissue-based 

models of angiogenesis in addition to various biochemical and biophysical techniques to elucidate 

the downstream targets of PKA and/or EPAC signaling that regulate EC behavior during 

angiogenic sprouting. 

 

2.10.3 Aim 3: Identify the specific PDE variant(s) that are responsible for regulating cAMP 

effector function during EC sprouting  

Specificity in second messenger signaling can be achieved when a PDE acts to locally control the 

“pool” of cAMP that activates the cAMP-effector protein. To investigate whether distinct PDE 

isoforms coordinate the actions of cAMP effector proteins during EC sprouting, we will repeat 

experiments from aims 1 and 2 using pharmacologic inhibitors and siRNA constructs that target 

distinct PDE families and/or isoforms, respectively. Co-immunoprecipitations and 

immunofluorescence imaging will be used to screen for the interaction of select PDE isoforms 

with cAMP effector proteins, while FRET-based experiments will allow us to assess regulatory 

impact of distinct PDEs on cAMP effector function.  
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Chapter 3 

A PKA/cdc42 Signaling Axis Restricts Angiogenic Sprouting by Regulating Podosome 

Rosette Biogenesis and Matrix Remodeling 

 

3.1 Abstract  

Angiogenic sprouting can contribute adaptively, or mal-adaptively, to a myriad of 

conditions including ischemic heart disease and cancer. While the cellular and molecular 

systems that regulate tip versus stalk EC specification during angiogenesis are known, those 

systems that regulate their distinct actions remain poorly understood. Pre-clinical and clinical 

findings support sustained adrenergic signaling in promoting angiogenesis, but links between 

adrenergic signaling and angiogenesis are lacking; importantly, adrenergic agents alter the 

activation status of the cAMP signaling system. Here, we show that the cAMP effector, PKA, 

acts in a cell autonomous fashion to constitutively reduce the in vitro and ex vivo angiogenic 

sprouting capacity of ECs. At a cellular level, we observed that silencing or inhibiting PKA in 

human ECs increased their invasive capacity, their generation of podosome rosettes and, 

consequently, their ability to degrade a collagen matrix. While inhibition of either Src-family 

kinases or of cdc42 reduced these events in control ECs, only cdc42 inhibition, or silencing, 

significantly impacted them in PKA(Cα)-silenced ECs. Consistent with these findings, cell-

based measurements of cdc42 activity revealed that PKA activation inhibits EC cdc42 activity, 

at least in part, by promoting its interaction with the inhibitory regulator, guanine nucleotide 

dissociation inhibitor-α (RhoGDIα). 
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3.2 Introduction 

Angiogenesis, the growth of blood vessels from pre-exiting vascular structures, is a critical 

developmental event in utero and in the revascularization of damaged or ischemic tissues in the 

adult (Chung & Ferrara, 2011). In addition, angiogenesis contributes, either adaptively or mal-

adaptively, to a myriad of conditions including ischemic heart disease and cancer (Carmeliet & 

Jain, 2011; Inampudi et al., 2018; Welti, Loges, Dimmeler, & Carmeliet, 2013). Initiation of 

angiogenesis results when tissue hypoxia promotes a surge of the pro-angiogenic factor, VEGF. 

VEGF, via actions coordinated through its receptor, VEGFR2, promotes the conversion of 

quiescent ECs in local vascular structures to an activated “tip cell” phenotype (Blanco & Gerhardt, 

2013; Gerhardt, 2008; Jakobsson et al., 2010). Endothelial tip cells guide the growth of newly 

forming vessels and mediate contacts with existing vascular structures to form an anastomosing 

network (De Smet et al., 2009; Gerhardt et al., 2003; Herbert & Stainier, 2011). Activation of tip 

cells through VEGF/VEGFR2 also upregulates expression of the Notch ligand, Dll4 (Bentley, 

Gerhardt, & Bates, 2008; Hellström et al., 2007; Siekmann & Lawson, 2007; Suchting et al., 2007); 

Dll4, in turn, binds Notch1 receptors on neighboring cells to initiate Notch signaling and induce a 

stalk EC phenotype. In contrast to tip ECs, stalk ECs migrate and proliferate to promote 

lengthening and maturation of the newly developing vessel.  

Extensive research has allowed for identification of the signaling pathways that coordinate 

tip and stalk specification during angiogenesis. In contrast, our understanding of the systems that 

regulate the pro-angiogenic functions of these two phenotypically distinct ECs remains in its 

infancy. For instance, there is limited understanding of the systems that coordinate the ability of 

tip ECs to establish VEGF stimulated polarity, extend cellular projections toward the VEGF 

gradient, degrade ECM and migrate during angiogenic sprouting. In these latter events, matrix 
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degradation is catalyzed by local recruitment and activation of membrane type-1 

metalloproteinases (e.g. MMP14), together with MMP14-activated MMPs (e.g. MMP2 and 

MMP9), all of which serve as critical steps for subsequent tip EC matrix invasion (Egeblad & 

Werb, 2002; Van Hinsbergh & Koolwijk, 2008). Tip EC MMP14 localization occurs 

predominantly at cellular regions enriched in podosomes, adhesive actin-based structures that 

demark sites of ECM remodeling in invasive cells (El Azzouzi, Wiesner, & Linder, 2016; Seano 

et al., 2014). Although numerous separate signaling systems coordinate podosome formation in 

cells, including ECs, their relative contributions during angiogenic sprouting are unclear (Murphy 

& Courtneidge, 2011). For instance, while compelling evidence supports involvement of Src 

family kinases, Rho family GTPases (i.e. cell division control protein 42 homolog, cdc42) and 

phosphoinositide 3-kinases as key regulators of podosome biogenesis in ECs (Hoshino et al., 

2013), their relative dominance during distinct invasive contexts remains unknown. Moreover, 

individual EC podosomes can be used to form larger (5-10µm diameter) actin-based, ECM 

degrading, cellular superstructures; these superstructures are referred to as podosome “rosettes”. 

Currently, whether and how these signaling systems control the organization of podosomes into 

higher order podosome rosettes is virtually unknown. 

cAMP was the first intracellular molecule shown to act as a second messenger, allowing 

cells to faithfully respond to signals encoded by primary extracellular messengers. Since its 

discovery, numerous physiological agents have been shown to regulate cellular functions through 

actions mediated largely by the cAMP-effectors, Protein Kinase A (PKA), Exchange Protein 

Activated by cAMP (EPAC) and cyclic nucleotide-gated ion channels. In ECs, the cAMP system 

decodes and integrates signaling from numerous primary messengers including hormones, 

transmitters and the mechanical forces exerted by fluid shear stress. Although the ubiquity with 
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which cAMP-signaling acts in cells makes this system an attractive therapeutic target, it also limits 

the specificity of many of the drugs developed for this purpose. Indeed, although cAMP was first 

described over 60 years ago (Beavo & Brunton, 2002), only relatively recent findings have 

highlighted how this ubiquitous second messenger simultaneously regulates countless events in 

virtually all types of mammalian cells (Maurice et al., 2014). Presently, a consensus exists that 

specificity of cAMP signaling is achieved when its effectors (PKA, EPAC or cyclic nucleotide-

gated ion channels), act within intracellular signaling compartments, not globally throughout the 

cell (Kritzer, Li, Dodge-Kafka, & Kapiloff, 2012; Lefkimmiatis & Zaccolo, 2014; Otero et al., 

2014). Moreover, it is now clear that these signaling compartments form when individual 

components of the cAMP signaling system, including ACs, cAMP effectors and cAMP-

hydrolyzing phosphodiesterases, generate macromolecular complexes (termed “cAMP-

signalosomes”) within numerous distinct subcellular domains. Consistent with this model, we, and 

others, have shown that regulating selective cAMP-sensitive cellular functions is possible by 

targeting actions of a selected individual cAMP-effector within an individual cAMP signalosome 

(Kritzer et al., 2012; Lefkimmiatis & Zaccolo, 2014; Otero et al., 2014). Indeed, when tested, this 

approach has yielded greater selectivity than was achieved by targeting cAMP effectors globally 

throughout the cell. 

To date, studies assessing the role of cAMP signaling in EC sprouting angiogenesis are 

few and contradictory. While several studies report that increases in cAMP correlate with 

inhibition of EC angiogenesis (Garg et al., 2017; O’Leary, Fox, & Pullar, 2015; Zhang & Daaka, 

2011), others indicate that activation of either PKA or EPAC, the dominant EC cAMP effectors, 

promote certain pro-angiogenic events (Bir, Xiong, Kevil, & Luo, 2012; H. Chen et al., 2014). To 

comprehensively address the roles of PKA or EPAC in sprouting angiogenesis, we used several 
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model systems, including a mouse retinal model of sprouting angiogenesis, HAEC and 

microvascular EC (HMVEC) cultures. Overall, our findings highlight a critical inhibitory role for 

PKA, but not EPAC, in sprouting angiogenesis. Specifically, we report that knocking down levels 

of either of the PKA catalytic domains (PKACα or PKACβ), or selectively inhibiting PKA activity, 

promotes EC invasion, an effect which markedly increases sprouting angiogenesis. Conversely, 

PKA activation impaired EC invasion and sprouting. At a cellular level, we demonstrate that PKA 

regulates EC angiogenic sprouting through two interdependent cellular events. Thus, while PKA 

modestly antagonized VEGF-induced podosome biogenesis in ECs, it markedly inhibited 

formation of podosomal superstructures (i.e. podosome “rosettes”) in these cells, which in turn 

tightly regulates matrix degradation. At a molecular level, while our studies confirm a role for both 

Src family kinases and cdc42 in podosome rosette biogenesis and in EC sprouting, they unmask a 

critical role for PKA regulation of cdc42 during these events. Furthermore, we provide evidence 

that PKA regulates cdc42 activity by dynamically regulating its association with an inhibitory 

regulator, guanine nucleotide dissociation inhibitor α (RhoGDIα). Taken together, our data provide 

insight into a novel PKA-RhoGDI-cdc42 signaling axis and highlight how controlling PKA 

expression, or its activity, in ECs during angiogenesis may represent a novel therapeutic strategy 

to control sprouting angiogenesis in humans. 

 

3.3 Materials and Methods 

3.3.1 Cell culture, siRNA transfection.  

HAECs and HMVECs (Lonza, Walkersville, MD) were maintained in EGM-2 media 

(Lonza). All cells were cultured at 37°C in 5% CO2. For siRNA transfection, cells were incubated 

with Lipofectamine 2000 (Invitrogen) and siRNA at a 1:1 ratio per the manufacturer’s instructions. 
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Efficiency of RNAi-dependent knockdown and of RNAi-mediated effects in HAEC or HMVEC 

were evaluated at either 48 or 72 hrs post-transfection, as indicated. The following siRNA targeting 

constructs were used: PRKACA #1, 5′-GGA AGC UCC CUU CAU ACC AAA GUU U-3′; 

PRKACA #2 5′-CCA GGU CUU GCU GGU GUAU-3′; PRKACB 5′-GGA AAA AAA CCC 

UUG GAAC-3′; EPAC1, 5′-AUU GAG AUU CUU CUG CUC CUU GAG G-3′; cdc42 5′-UGA 

GAU AAC UCA CCA CUGU-3′, as well as a high GC universal negative control (Invitrogen).  

 

3.3.2 Spheroid angiogenesis assays.  

HAEC or HMVEC spheroids were generated using a previously established protocol 

(Korff & Augustin, 1998). Briefly, cells were suspended in EGM-2 media containing 0.25% 

(w/vol) methylcellulose and the experimental compounds, then seeded in a non-adherent round-

bottom 96-well plate at a concentration of 1000 cells per well. Once formed, spheroids were 

harvested and embedded in a collagen gel consisting of 3 vol of collagen stock solution 

(equilibrated to 2.0 mg/ml) with 1 vol EGM-2 containing 40% FBS, 1 vol 0.25% (w/v) 

methylcellulose, 25 ng/ml VEGF-A165 and experimental compounds. Spheroids were incubated at 

37C with 5% CO2 for 24hr; live cell images were acquired with a Zeiss Axiovert S100 microscope 

equipped with a CCD camera and the total number of sprouts per spheroid were manually 

quantified. Experimental compounds utilized in the assay included a PKA inhibitory cocktail 

[PKAi cocktail: 200 µM cAMPS-RP triethylammonium salt (ToCris); 1 µM KT5720 (Sigma-

Aldrich); 1 µM mPKI (ThermoFisher Scientific); 1 µM H89 (Cedarlane)], N6-Benzoyl cAMP (30 

µM; Cayman Chemical), 8-CPT-cAMP (100 µM; Biolog), CE3F4 (20 µM; ToCris), PP2 (10 µM; 

Millipore), ML141 (10 µM; ToCris), or appropriate vehicles. For mosaic spheroids, HAECs or 

HMVECs were transfected with the relevant siRNA, labeled with CellTracker™ Green (Molecular 
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Probes), and combined in a 1:1 ratio with control siRNA ECs (pre-labeled with CellTracker™ 

Red); the mixed-cell suspension was used to generate EC spheroids that were harvested and 

embedded in collagen, as described above. Live images of mosaic spheroids were acquired after 

24 hr. For mosaic spheroid studies, tip cell occupancy by the differentially labeled ECs were 

quantified for each spheroid, and expressed as a percent of the total number of sprouts generated 

by the spheroid. In all spheroid experiments, a minimum of 10 spheroids per condition were 

analyzed for at least three independent experiments.  

 

3.3.3 RNA isolation and qRT-PCR.  

HAEC or HMVEC RNA was isolated using a Qiagen RNeasy mini kit; RNA concentration 

and purity were measured using a NanoDrop 1000 (Thermo Fisher Scientific). cDNA was 

synthesized with a Qiagen Omniscript RT kit, as per the manufacturer’s instructions. For each 

qPCR reaction, PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific) was used with 

10 ng cDNA template and the primers listed in Appendix B.   

 

3.3.4 Protein extraction, antibodies and immunoblotting.  

Proteins were extracted using a triple detergent lysis buffer containing (1% Igepal, 10 mM 

sodium pyrophosphate, 10 mM sodium β-glycerophosphate, 5 mM benzamidine, 10 mM sodium 

orthovanidate, 50 mM TrisHCl, 150 mM sodium chloride, 0.5% sodium deoxycholate, 0.1% SDS, 

10 mM sodium fluoride 0.1 mg/ml PMSF, 1 µg/ml pepstatin A, 1 µg/ml  E-64, 5 µg/ml bestatin, 

1 µg/ml aprotinin, 1 µg/ml leupeptin); 10-25 µg of extracted cellular proteins were resolved by 

SDS-PAGE and electro-transferred to polyvinylidene difluoride membranes (Millipore) prior to 

incubation with antisera. Membranes were blocked with 5% BSA in tris-buffered saline with 
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Tween 20 for 1 hr prior to an overnight incubation with the primary antibody. The next day, 

membranes were incubated with a horseradish peroxidase-conjugated secondary antibody 

(Thermo Fisher Scientific), followed by detection with ECL plus reagents (Perkin Elmer) in 

accordance with the manufacturer’s protocol. Immunoblots were scanned and densitometry was 

performed using ImageJ software. Primary antibodies used for immunoblotting are listed in 

Appendix A. 

 

3.3.5 Fluorescence resonance energy transfer (FRET)-based analysis of cdc42 activity or 

interaction with GDIα.  

FRET-based measurements of cdc42 activity were carried out as follows. HAECs were 

transiently transfected with the pTriEx4-Cdc42-2G sensor (a gift from Olivier Pertz; Addgene 

plasmid #68814) or pTriEx-Antenna- GDI cdc42 (a gift from Klaus Hahn; Addgene plasmid 

#101681) using TransfeX (ATCC) in accordance with manufacturer’s instructions to assess cdc42 

activity and cdc42-RhoGDI binding, respectively. Following transfection, cells were plated on 

glass coverslips coated with type I collagen (20µg/ml) and imaged at room temperature 24 hr post 

transfection. Real-time FRET was performed using the Leica DMi8 inverted microscope equipped 

with a HC PL FLUOTAR 40x/1.30 oil immersion objective, a Leica EL6000 light source and a 

C11440 ORCA-Flash 4.0 digital camera (Hamamatsu).  

Experiments were conducted with cells incubated in Phenol Red-free EGM using the 

following protocol; resting baseline FRET measurements were captured over 3 minutes, followed 

by FRET experimental compounds [VEGF (25 ng/ml), N6-Benzoyl-cAMP (30 µM), or PKAi 

cocktail] for 5-10 min. Three filter sets (CHROMA) were used to acquire images: for CFP, 

excitation filter 430/424 nm, emission 470 nm; for FRET (CFP/YFP) cube, excitation 430/24 nm, 
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DC 440nm; 520 nm, emission 540 nm, for YFP, excitation 500/52 0nm, emission 535 nm. Images 

were acquired every 5 seconds with an exposure of 449 ms and processed using LAS X Version 

2.0.0.14332 software (Leica). FRET-based measurements were quantified by defining a single 

region of interest (ROI) per cell (outlining ~10-15um from the outer membrane of the cell).  FRET 

was measured in the selected ROI of each image acquired by capturing fluorescence in three 

channels; CFP for direct donor excitation and emission, YFP-FRET for donor-sensitized acceptor 

emission and YFP for direct acceptor excitation and emission. Calculation of the FRET efficiency 

was determined by performing a background correction in each fluorescence channel captured by 

subtracting the background fluorescence intensity in a ROI that contained no cells from the 

emission intensity from the cells expressing the biosensor. FRET emission ratios (YFP-

FRET/CFP) were calculated for each time point and normalized over the time course by dividing 

the emission ratio at each time point by the value preceding drug application. Data is presented as 

either single representative tracings from individual cells, the mean of averaged tracings from 

multiple cells in a single experiment, or the area under the curve following drug addition.  Mean 

changes in FRET were obtained by determining the maximal peak increase following drug 

application from the preceding baseline.  

 

3.3.6 EC migration and invasion assays.  

For migration assays, siRNA-transfected HAECs were plated on the upper chamber of a 

collagen I coated (20 µg/ml) 8μm porous FluoroBlok™ membrane insert (BD Biosciences). ECs 

were incubated for 2hr at 37°C with 5% CO2 to allow for adherence to the upper surface of the 

membrane. Following cell adhesion, VEGF-A165 and FBS (10 ng/ml and 0.5%, respectively) were 

added to the lower chamber to stimulate migration; after 4 hr, the membranes were fixed in 4% 
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paraformaldehyde. For invasion assays, siRNA-transfected HAECs were suspended in type I 

collagen (2 mg/ml) and this suspension was added to the upper chamber of an 8μm porous 

membrane insert; the inserts were incubated at 37°C with 5% CO2 for 1hr to allow collagen 

polymerization. Once the collagen had polymerized, inserts were transferred to a 24-well plate in 

which the lower chamber containing VEGF-A165 and FBS (50 ng/ml and 1%, respectively) to 

stimulate EC invasion of the solidified matrix; after 48 hr the membranes were fixed in 4% 

paraformaldehyde. In both the migration and the invasion assays, following fixation, HAECs were 

washed, permeabilized in 0.1% Triton X-100, blocked in 0.3% BSA, then incubated with TRITC-

conjugated phalloidin and 4′-6′-diamidino-2-phenylindole (DAPI) to stain actin and nuclei, 

respectively. The cells which had migrated or invaded to the underside of the porous membrane 

were imaged with a Zeiss Axiovert S100 microscope and counted. At least three experimental 

replicates were tested for three independent experiments. To delineate whether treatments altered 

selectively either migration or invasion, an invasive index was calculated from the migration and 

invasion data, as described previously (Albini & Benelli, 2007). 

 

3.3.7 Collagen degradation assays.  

siRNA transfected HAECs, labeled with a live cell nuclear dye (HOESCHT 33342), were 

trypsinized, resuspended in complete growth medium, and seeded on collagen I-coated coverslips 

supplemented with DQ-Collagen-I (25 µg/ml). Once the HAECs had adhered to the coverslips (20 

min), cells were treated with select experimental compounds [VEGF-A165 (25 ng/ml), GM6001 

(10 µM; MedChem Express) or appropriate vehicles] for 4 hr. Following treatment, HAECs were 

briefly fixed in 4% paraformaldehyde (15 min) then imaged using a Zeiss Axiovert S100 

microscope; immediate imaging post-fixation optimized visualization of fluorescent products 
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derived from of DQ-collagen degradation. For these studies, collagen degradation was quantified 

as the average fluorescence intensity per cell for a minimum of 100 cells per experiment using 

ImageJ software. In some experiments, following imaging for collagen degradation, HAECs were 

washed, permeabilized in 0.1% Triton, blocked in 0.3% BSA and stained with an anti-cortactin 

antibody (#05-180, clone 4F11; Millipore). Co-localization of the FITC DQ-Col-I degradation 

products and of anti-cortactin-staining in cortactin-rich circular structures (rosettes) was visualized 

with a Zeiss Axiovert S100 microscope. 

 

3.3.8 Podosome and podosome rosette formation in ECs culture in 2-dimensions.  

Following siRNA transfection, HAECs or HMVECs, were trypsinized and seeded on 

collagen I-coated coverslips in complete growth medium. Adherent cells were treated with VEGF-

A165 (25ng/ml) and select experimental compounds [PKAi cocktail, PP2 (10 µM, ML141 (10 µM) 

or the appropriate vehicle] for a period of 24hr, then fixed in 4% paraformaldehyde. To visualize 

actin and cortactin, the fixed cells were and stained with an anti-cortactin antibody (#05-180, clone 

4F11; Millipore) and with TRITC-conjugated phalloidin. DAPI was also used to stain cellular 

nuclei. For high resolution images of podosomes and podosome rosettes, actin/cortactin-stained 

cells were imaged with a Leica TCS SP8 confocal laser scanning microscope (Leica Microsystems, 

Concord, ON, CA).  For quantification of podosome-positive and podosome rosette-positive 

HAECs or HMVECs, images were acquired with a Zeiss Axiovert S100 microscope. Individual 

podosomes were identified by co-localization of F-actin and cortactin staining in a dot-like 

distribution (0.5-1 µm)(Kuo et al., 2018) while podosome rosettes were characterized by 

individual podosomes clustered into a ring or circular-like structure of dimensions (5-10 µm in 

diameter) (Kuo et al., 2018). Identification of individual podosomes or podosome rosettes was 
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quantified from at least three separate experiments in which 50-100 cells were examined per 

experiment. 

 

3.3.9 Flow cytometry.  

Following siRNA transfection, HAECs were trypsinized, washed, and incubated in the 

presence of MMP14 Alexa Fluor® 488-conjugated antibody (0.1 µg per 105 cells; #FAB9181G, 

R&D systems) or mouse IgG2B Alexa Fluor® 488-conjugated isotype control (0.1 µg per 105 

cells; #IC0041G R&D systems) for 40 minutes in fluorescence-activated cell sorting (FACS) 

buffer containing 2% FBS. Cells were then washed 2Xs with ice-cold FACS buffer, suspended 1% 

paraformaldehyde and analyzed by flow cytometry on a SH800S Cell Sorter and FlowJo software. 

The median fluorescence intensity less the isotype control was compared for each data set for two 

independent experiments. 

 

3.3.10 Ex vivo mouse retina angiogenesis assay. 

  Isolation of fresh mouse retinas was performed as described previously (Tual-Chalot et. 

al., 2013). Following isolation, the retinas were embedded in solution of type I collagen (2 mg/ml) 

supplemented with the PKAi cocktail, ML141 (10 µM) or with an appropriate vehicle; embedding 

the retinas in a three-dimensional matrix supports the vasculature and allows for longer treatment 

windows prior to fixation (Rezzola et al., 2013). Collagen-embedded retinas were incubated for 

8hr at 37C with 5% CO2, then fixed overnight in 4% paraformaldehyde. Following several Hanks-

buffered salt solution (HBSS) washes, retinas were removed from collagen, blocked and 

permeabilized in 5% goat serum, 0.2% BSA and 0.2% Triton X-100 for 4 hr prior to being 

incubated with an Alexa Fluor 568-conjugated isolectin B4 antibody (1:500, Thermo Fisher 



50 
 

Scientific) at 4°C overnight. Subsequently, retinas were washed and flat mounted in mowiol on 

microscope glass slides. The isolectin B4-stained retinal vasculature was imaged with a Zeiss 

Axiovert S100 microscope equipped with a CCD camera. All procedures were approved by the 

Queen’s University Animal Care Committee in accordance with Canadian Council on Animal 

Care guidelines. 

 

3.3.11 Statistical analysis.  

Statistical analyses was performed using Prism (GraphPad Prism software). For all graphs, 

data are presented as means ± standard error of the mean (SEM). All data presented in this study 

were obtained from a minimum of three independent experiments, unless otherwise stated. The 

Shapiro-Wilk test was used to assess the normality of distribution of investigated parameters. 

Statistical significance between 2 groups for non-normally distributed data was analyzed by Mann-

Whitney U test, and normally distributed data by a Student’s unpaired t-test. Statistical analysis 

for >2 groups was conducted by Kruskal-Wallis and Dunn’s test for non-normal data, and one-

way ANOVA with Tukey’s test for normal data. Values were considered statistically different at 

p < 0.05.  

 

3.4 Results 

3.4.1 Endothelial PKA, but not EPAC, negatively regulates VEGF-induced angiogenic sprouting.  

To explore the functional role of the cAMP effectors expressed in human ECs (PKA and 

EPAC) in angiogenic sprouting, we utilized a “mosaic spheroid” competitive sprouting 

angiogenesis assay (Santos et al., 2017). In this assay, ECs with one of the cAMP-effectors 

selectively knocked down competed against control ECs transfected with a non-targeting siRNA 
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for the “tip position” in newly forming angiogenic sprouts. Dominance in tip cell occupancy by 

one of these cells reflects its superior capacity to generate angiogenic sprouts. In these studies, we 

used both human arterial (HA) and human microvascular (HMV) ECs. Selective silencing of the 

individual PKA catalytic subunits (Cα or Cβ) expressed in these ECs was achieved using several 

distinct siRNAs and the effectiveness of this strategy was confirmed at the level of mRNA (qPCR) 

(Figure 3.2a), protein (immunoblotting) (Figure 3.2.b) and PKA activity (Figure 3.2c). 

Effectiveness of silencing EPAC1, the sole EPAC expressed in human ECs, by this strategy was 

similarly confirmed at the mRNA level (Figure 3.2a) and by anti-EPAC1 immunoblotting (Figure 

3.2b). To readily identify cells occupying the tip position within individual sprouts, control ECs 

were labelled with CellTracker™ Red and cAMP effector-targeted ECs with CellTracker™ Green. 

While neither CellTracker™ Green or CellTracker™ Red labelled HAEC transfected with 

the control siRNA showed a preference for tip cell occupancy (Figure 3.1a(i)), HAEC and 

HMVEC mosaic spheroids containing equal numbers of control- and PKA(Cα)-knockdown (KD) 

cells yielded sprouts in which PKA(Cα)-silenced cells predominantly occupied the tip position (≥ 

75%) (Figure 3.1a(ii), b(i), c, d). Since this hyper-sprouting effect was observed in cells transfected 

with either of two distinct PKA(Cα)-targeting siRNAs (Figure 3.2d), as well as in ECs transfected 

with a PKA(Cβ)-targeting siRNA (Figure 3.2e), we conclude that the increased capacity of the 

PKA(C)-targeted cells to form sprouts is related to a reduction in total cellular PKA(C). 

Interestingly, angiogenic sprouts from HAEC, or HMVEC, mosaic spheroid containing an equal 

proportion of control- and EPAC1-knockdown cells showed no preference for tip cell occupancy 

(Figure 3.1a(iii), b(ii), c, d). Given the high efficiency of EPAC1 knockdown (KD) (Figure 3.2a, 

b), and our previous work showing that EPAC1-KD HAECs are less responsive to changes in fluid 
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shear stresses (Rampersad et al., 2010), we conclude that PKA(C), but not EPAC1, critically 

regulates the angiogenic sprouting capacity of both human arterial or microvascular ECs. 

Consistent with the idea that reducing levels of PKA(C) unmasked an inhibitory influence 

of this kinase on the intrinsic sprouting capacity of both HAECs and HMVECs, altering PKA 

activity pharmacologically also influenced their sprouting capacity. Thus, while inhibition of PKA 

(Deming et al., 2015; Netherton et. al., 2007) in HAEC spheroids promoted sprouting, addition of 

a selective PKA-activating cAMP-analogue, N6-Benzoyl-cAMP, markedly inhibited such 

sprouting (Figure 3.1e, f). These effects directly correlated with the impact of these treatments on 

PKA activity, assessed by the phosphorylation status of a bona fide PKA substrate in these cells 

(Figure 3.2f). While silencing EPAC1 did not alter sprouting in either HAECs, or HMVECs 

(Figure 3.1a(iii), b(ii), c, d),  addition of a selective EPAC inhibitor, CE3F4 (Brown et. al., 2014), 

did reduced HAEC sprouting by ~20% in both control- and PKA(C)-KD HAECs (Figure 3.2g). 

However, since CE3F4 did not preferentially impact sprouting in PKA(Cα)-KD ECs, and an 

EPAC-selective agonist, 8-CPT-2'-O-Me-cAMP, did not alter sprouting in either control- or 

PKA(C)-KD spheroids, our findings are inconsistent with EPAC1 having a significant role in EC 

sprouting or in the hyper-sprouting observed in ECs in which PKA was inhibited or silenced.  

Tip cell specification in response to VEGF requires enhanced expression of VEGFR2 and 

Dll4 (Bentley et al., 2008; Hellström et al., 2007; Siekmann & Lawson, 2007; Suchting et al., 

2007). Given that increased levels of VEGFR2 and/or Dll4 might impart a substantial advantage 

in angiogenic sprouting, we next investigated whether levels of these tip cell markers were elevated 

in PKA(C)-KD HAECs, given their enhanced sprouting capacity. Our findings are inconsistent 

with the hypothesis that PKA(C)-KD HAECs are “primed” to adopt a tip EC phenotype based on 

their expression of these tip cell-enriched genes (Figure 3.2h-j). Indeed, levels of VEGFR2 were 
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similar in control-KD and PKA(C)-KD HAECs (Figure 3.2h, i), while expression of Dll4 mRNA 

was significantly reduced in PKA(C)-KD HAECs when compared to control-KD cells (Figure 

3.2j). Thus, PKA(C)-KD HAECs are not imparted with a competitive advantage during 

angiogenesis by upregulating genes associated with tip cell sprouting. Interestingly, these findings 

are consistent with previous work (Nedvetsky et al., 2016) in which endothelial-specific 

expression of a dominant-negative PKA caused vascular hyper-sprouting in the mouse retina, 

independently of Notch-signaling. 

Since our studies in HAECs support the premise that PKA activity critically regulates 

angiogenic sprouting, we next investigated the role of PKA in the more physiologically relevant 

ex vivo mouse retinal model of angiogenesis (Rezzola et al., 2014; Sawamiphak, Ritter, & Acker-

Palmer, 2010). Pharmacologic PKA inhibition in this model significantly increases the number of 

EC sprouts emerging at the vascular front of the developing retina, a sign of retinal vascular hyper-

sprouting (Figure 3.1g, h). Consistent with the idea that endogenous PKA activity is sufficient to 

control retinal vascular sprouting in this developmental model, addition of the PKA-selective 

activator (N6-Benzoyl-cAMP), which markedly inhibited sprouting by HAEC spheroids, only 

modestly decreased sprouting in the isolated mouse retina (Figure 3.1g, h). Overall, these data 

support a critical role for PKA activity in regulating basal human sprouting angiogenesis and in 

the in the mouse retina. 

 

3.4.2 PKA negatively regulates the invasive potential of HAECs  

Given that silencing the catalytic subunits of PKA, or pharmacological inhibition of PKA 

activity, increased angiogenic sprouting, while PKA activation impaired sprouting, we next sought 

to identify the individual cellular event(s) critical to angiogenic sprouting that were sensitive to 
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these changes in PKA. To this end, we modified an established protocol (Albini & Benelli, 2007) 

to differentiate the effects of PKA on the invasive and migratory potentials of these cells. 

Interestingly, the ability of control or PKA(Cα)-KD HAECs to migrate in response to a VEGF 

gradient were indistinguishable (Figure 3.3a, b). In contrast, when these cells were required to 

invade a collagen gel in response to a VEGF gradient, PKA(Cα)-KD HAECs were markedly more 

efficient than control cells (Figure 3.3a, c). Thus, PKA(Cα)-KD HAECs exhibited a markedly 

elevated invasive capacity (invasive index) relative to control HAECs (Figure 3.3d). Taken 

together, these data signify that PKA negatively regulates the intrinsic invasive capacity of HAECs 

and suggest that PKA activity in HAECs acts to reduce the angiogenic sprouting capacity of these 

cells by limiting their ability to invade the surrounding ECM. 

 



55 
 

 

 



56 
 

Figure 3.1: PKA coordinates the intrinsic angiogenic sprouting potential of human ECs in 

vitro and murine ECs ex vivo.  
 

(a,b) Representative images depicting results of competitive sprouting angiogenesis in mosaic 

spheroids containing 1:1 mixtures of either (i) control-control, (ii, iv) control-PKA(Cα)-KD, or 

(iii, v) control-EPAC1-KD (a) HAECs or (b) HMVECs. EC identity in individual spheroids 

was determined through differentially labelling with either CellTracker™ Green, or 

CellTracker™ Red, respectively. Scale bars denote 50 μm. (c, d) The competitive sprouting was 

assessed by quantifying tip cell occupancy of CellTracker™ Green- or CellTracker™ Red-

labelled cells in individual (c) HAEC or (d) HMVEC spheroids. Values are expressed as a 

percentage of the total number of sprouts formed in each spheroid (n = 3; **p<0.01, 

****p<0.0001 in Student’s unpaired t-test). (e) Representative images of sprouting in HAEC 

spheroids treated with either vehicle, a PKAi cocktail or N6-Benzoyl-cAMP; scale bars, 

50 μm. (f) Quantification of HAEC sprouting; values are normalized to the vehicle treated 

control (n = 3; ****p<0.0001 in Kruskal-Wallis test). (g) Representative low and high 

magnification images of the sprouting front of an ex vivo mouse retinal model of angiogenesis. 

Retinas were isolated from postnatal day 5 mice and treated with the PKAi cocktail (n = 9), N6-

Benzoyl-cAMP (n = 6), or the vehicle (n=13) for 8 hr. The retinal vasculature was visualized 

with IsolectinB4; angiogenic activity was evaluated by EC sprouting at the vascular front 

(arrowhead). Scale bars in top panel denote 50 µm; scale bars in lower panel denote 

25 µm. (h) Quantification of the number of sprouts emerging from the front of the vascular 

plexus per field of view; values are normalized to the control (vehicle) ****p<0.0001 in one-

way ANOVA. 
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Figure 3.2: PKACα and Cβ actively antagonizes the angiogenic sprouting potential of human 

ECs in vitro. 

 

(a) mRNA expression demonstrating PKA(Cα), PKA(Cβ) and EPAC1 knockdown efficiency (n=3  

****p<0.0001 in Student’s unpaired t-test). (b) Immunoblot analysis measuring total PKA(C) or 

EPAC1 levels following PKA(Cα)- or EPAC1-knockdown; n=3 ***p<0.001, ****p<0.0001 in 

Student’s unpaired t-test. (c) Validation of reduced PKA activity in PKA(Cα)-KD HAECs by 

examining phosphorylation of the bona fide PKA substrate, VASP. Following siRNA-mediated 

knockdown, cells were serum starved for 4hrs, then treated with N6-Benzoyl cAMP (30 µM) for 

15min (n=3; *p<0.05 in one-way ANOVA). (d-e) Quantitation of tip cell occupancy normalized 

to the overall contribution of HAEC sprouts (n=1 biological replicate with minimum of 10 

spheroids analyzed per condition) with accompanying knockdown efficiency (representative 

blots). (f) N6-Benzoyl-cAMP promotes phosphorylation of a bona fide PKA phosphorylation site 

on VASP in HAECs, while the PKAi cocktail inhibits this phosphorylation (n=3; **p<0.01 in one-

way ANOVA).  (g) Quantification of HAEC sprouting in control- or PKA(Cα)-KD spheroids 

treated with 100 µM 8-CPT, 20 µM CE3F4, or the vehicle; values are normalized to the vehicle 

treated control (n=3; **p<0.01, ****p<0.0001 in Kruskal-Wallis and Dunn's test).  (h-j) Silencing 

HAEC PKA(Cα) does not alter levels of VEGFR2 (h) mRNA or (i) protein, but (j) significantly 

reduces levels of DLL4 mRNA (n=3; **p<0.01 in student’s unpaired t-test). 
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Figure 3.3: PKA(Cα)-silencing promotes invasion and enhances the formation of 

podosome superstructures in ECs.  

 

(a) Representative images of VEGF-induced chemotaxis and chemoinvasion. Actin and nuclei 

in these cells were visualized by staining with TRITC-conjugated phalloidin and with DAPI, 

respectively; scale bars, 50μm. (b–d) Quantification of whole cell (b) migration 

(n = 3), (c) whole cell invasion (n = 3), and (d) the invasive index of control- and PKA(Cα)-

knockdown HAECs. Invasive index was calculated as the ratio of invaded:migrated cells. All 

values are normalized to the control knockdown; ****p<0.0001 using Mann-Whitney U 

test. (e) Representative high-resolution confocal images of individual podosomes and 

podosome superstructures (ie rosettes) in ECs. Podosomes or podosome superstructures were 

identified based on the co-localization of actin and cortactin staining; scale bars, 10μm. 

Quantification of the percent of HAECs and/or HMVECs with (f,j)individual podosomes 

or (g,k) posodosome rosettes in control- and PKA(Cα)-knockdown cells cultured under basal 

conditions and following 24hr VEGF stimulation (25 ng/ml). (N = 3; *p<0.05, **p<0.01, 

***p<0.001 using one-way ANOVA). (h,i) Quantification of the percent of HAECs 

with (h) individual podosome or (i) podosome rosettes following 24 hr treatment with the PKAi 

cocktail or vehicle in the presence of VEGF (25 ng/ml). Values are normalized to the vehicle -

treated control (n = 3; **p<0.01 using a Student’s unpaired t-test). 
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3.4.3 PKA regulates podosome rosette formation  

A large body of evidence supports the premise that matrix remodeling by ECs occurs 

predominantly at sites enriched in podosomes (Linder, 2007; Linder, Wiesner, & Himmel, 2011). 

As such, we investigated whether altering PKA(Cα) levels influenced the ability of HAECs, or 

HMVECs, to form these small (0.5-1µm diameter) actin-rich invasive structures (Figure 3.3e). 

Under basal conditions, we observed no difference in the number of control or PKA(Cα)-KD 

HAECs (Figure 3.3f), or HMVECs (Figure 3.3j), that produced podosome. Indeed, while addition 

of VEGF increased the fraction of these cells that generated podosomes, the impact of this 

angiogenic stimulus on podosome biogenesis was not materially different between control-KD and 

PKA(Cα)-KD cells. Similarly, PKA inhibition did not significantly alter the number of HAECs 

that generated individual podosomes (Figure 3.3h). 

Although individual EC podosomes coordinate hyper-localized ECM degradation, these 

sub-micron structures can also be organized into larger (5-10 µm in diameter) cellular 

superstructures (ie podosome rosettes) (Figure 3.3e). While the systems that control the formation 

of rosettes from individual podosomes are largely unknown, it is clear that these structures are 

required for vascular sprouting (Seano, Chiaverina, et al., 2014; Warren & Iruela-Arispe, 2014). 

Given that PKA(Cα)-KD ECs exhibited a hyper-sprouting phenotype compared control cells, we 

reasoned that cells with reduced PKA(Cα) levels might have an enhanced capacity to generate 

podosome rosettes. In support of this hypothesis, the percentage of HAECs or HMVECs 

expressing podosome rosettes was significantly higher in PKA(Cα)-KD compared to control cells, 

both under basal conditions and in the presence of added VEGF (Figure 3.3g, k). Furthermore, 

selective inhibition of PKA markedly promoted podosome rosette formation in these cells (Figure 

3.3i). Overall, these data highlight a crucial role for PKA(C) in the regulated formation of 
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podosome rosettes in both HAECs and HMVECs, and are consistent the effects of PKA(C)-KD 

on EC invasion and sprouting. 

 

3.4.4 PKA regulates podosome rosette-mediated, MMP-dependent, collagen matrix 

degradation  

To determine whether the hyper-sprouting phenotype observed in PKA(C)-KD human ECs 

correlated with their ability to degrade the ECM, we next assessed this capacity in control and 

PKA(Cα)-KD ECs. For these studies, collagen degradation was evaluated by measuring the 

fluorescence emitted from a fluorogenic collagen (i.e. DQ™ collagen) upon its hydrolysis by live 

ECs. As predicted, MMP-mediated (i.e. GM6001-sensitive) collagen degradation by control-KD 

HAECs under basal conditions was modest, but significantly increased upon the addition of VEGF 

(Figure 3.4a, b). Consistent with results from our podosome rosette studies, collagen hydrolysis 

by PKA(Cα)-KD HAECs was significantly higher than that in control-KD ECs, both under basal 

conditions and in the presence of VEGF (Figure 3.4a, b). To confirm the functionality of podosome 

rosettes, and correlate matrix degradation with rosette formation, we stained control or PKA(Cα)-

KD HAECs for podosome markers (i.e. cortactin) following their incubation on a DQ-Col-I 

supplemented collagen-1 matrix. In these studies, we readily detected FITC-DQ collagen 

degradation products within the central core of cortactin-stained circular structures (i.e. rosettes) 

in both control and PKA(Cα)-KD HAECs (Figure 3.4c). Overall, these data support the notion that 

increased formation of podosome rosettes in PKA(Cα)-KD ECs allows for more efficient matrix 

degradation and subsequent sprout formation, both under basal conditions and in the presence of 

added VEGF. 
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Since MMP14-mediated matrix remodeling is critical for EC sprouting, and for the 

activation of non-membrane bound MMPs, we considered the possibility that increased MMP14 

expression in PKA(Cα)-KD HAECs might contribute to their hyper-sprouting capacity. In contrast 

to this hypothesis, immunoblot analysis revealed that total cellular MMP14 levels were equivalent 

between control- and PKA(Cα)-KD HAECs (Figure 3.4d). Given that MMP14 is actively recruited 

to EC cell surface sites enriched in podosomes and podosome rosettes (Thomas Daubon et al., 

2016; Wiesner, Faix, Himmel, Bentzien, & Linder, 2010), we next sought to determine whether 

cell surface levels of MMP14 were elevated in PKA(Cα)-KD human ECs compared to controls. 

Flow cytometry analysis revealed that cell surface expression of MMP14 in PKA(Cα)-KD HAECs 

was substantially elevated when compared to levels observed in control HAECs (Figure 3.4e, f); 

immunostaining confirmed MMP14 recruitment to podosome rosettes (Figure 3.4g). Thus, while 

levels of MMP14 were conserved between control- and PKA(Cα)-KD HAECs,  greater surface 

exposure of the membrane-bound MMP in PKA(Cα)-KD HAECs corresponds with both increased 

numbers of podosome rosettes and enhanced matrix degradation in these cells. 

 

3.4.5 PKA regulates angiogenic sprouting and podosome rosette formation through cdc42.  

Overall, our data identify an intrinsic regulatory role for PKA in podosome rosette 

formation, MMP-mediated collagen degradation, cell invasion and ultimately, angiogenic 

sprouting. To begin to identify the mechanisms through which PKA might regulate these 

processes, we compared the activation status of several signaling systems known to regulate EC 

sprouting angiogenesis. First, to investigate whether knocking down HAEC PKA(Cα) simply 

sensitized these cells to actions of VEGF, we characterized the activation of the Akt, Erk1/2 and 

VEGFR2 signaling system, all of which have been reported to positively correlate with  



64 
 

 

 

 

 

  



65 
 

Figure 3.4: PKA(Cα)-silencing enhances MT1-MMP surface expression and MMP-

dependent matrix degradation.  

 

(a) Representative images showing DQ-Col-I degradation (green) by HOESCHT33342-labelled 

HAECs which had been transfected previously with either a control siRNA (top 2 rows) or a 

PKA(Cα) siRNA (bottom 2 rows). DQ-Col-1 degradation was measured under basal conditions, 

in the presence of VEGF (25 ng/ml), or in the presence of VEGF and the broad spectrum MMP 

inhibitor GM6001 (10  µM). (b) Quantification of DQ-Col-I degradation measured as the 

average FITC fluorescence intensity per cell. Values are normalized to vehicle treated control 

siRNA HAECs (n = 3; *p<0.05, **p<0.01, *** p<0.001, ****p<0.0001 by Kruskal-Wallis 

test). (c) Representative images of cortactin-stained HAECs following DQ-Col-I degradation. 

Matrix degradation, indicated by FITC fluorescent signal (green), is found within the core of 

podosome rosettes in control and PKA(Cα)-knockdown HAECS; scale bars, 

50 μm. (d) Immunoblot analysis in control and PKA(Cα)-silenced indicates that PKA(Cα)-

silencing does not significantly alter HAEC expression of MMP14 (n = 3).  (e) Cell surface 

expression of MMP14 assessed by flow cytometry in non-permeabilized control and PKA(Cα)-

KD HAECs using an AlexaFluor 488-conjugated anti-MMP14 antibody or mouse IgG2B Alexa 

Fluor® 488-conjugated isotype control. (f) Cell surface levels of MMP14 in PKA(Cα)-KD 

HAECs relative to controls (n = 2). (g) Representative images showing cell surface MMP14 and 

intracellular cortactin co-localization at a podosome rosette in HAECs. 
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Figure 3.5: Activation status of the Akt, Erk1/2, and VEGFR2 signaling systems in response 

to VEGF. 

 

Representative immunoblot of Akt, Erk1/2 and VEGFR2 activation status in control- and PKA(C)-

knockdown HAECs under basal conditions and following VEGF stimulation (25ng/ml) (n=2). 
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Figure 3.6: Enhanced EC sprouting and podosome rosette formation following PKA(Cα)-

knockdown are largely mediated through cdc42.  

 

(a) Representative images of angiogenic sprouting in control or PKA(Cα)-silenced HAEC 

spheroids in the presence of vehicle, the src inhibitor (PP2, 10  µM) or the cdc42 inhibitor 

(ML141, 10  µM); scale bars denote 50 µm. (b) Quantification of EC sprouting in the spheroid 

angiogenesis model (n = 3; ****p<0.0001 by Kruskal-Wallis test). (c) The impact of src 

inhibition (PP2, 10  µM) and cdc42 inhibition (ML141, 10  µM) on the percent of control and 

PKA(Cα)-KD HAECs expressing podosome rosettes. (d) Quantification of the percent of cells 

expressing posodosome rosettes in control- and cdc42-KD HAECs. For podosome studies, cells 

were treated with the PKAi cocktail or the vehicle for 24 in the presence of VEGF 

(25 ng/ml). (c,d) n = 3; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way 

ANOVA. (e) Western blot analysis of cdc42 knockdown efficiency (n = 3; ***p<0.001 in 

Student’s unpaired t-test). (f) Representative blot showing phosphorylation of the Src activation 

site (Tyr416) and inhibition site (Tyr530) in control and PKA(Cα)-knockdown HAECs under 

basal conditions and following VEGF stimulation (25 ng/mL). (g,h) Western blot analysis of 

Src phosphorylation at the (g)activation (Tyr416) and (h) inhibition (Tyr530) sites 

(n = 3). (i) Validation of Src inhibition by PP2 in PKA(C)-knockdown HAECs (representative 

Western blot; n = 2). 
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VEGF/VEGFR2-induced EC angiogenic sprouting (Mavria et al., 2006; Shin et al., 2016; Shiojima 

& Walsh, 2002). Interestingly, while basal levels of Akt, Erk1/2  and VEGFR2 activation were 

modestly elevated in PKA(Cα)-KD HAECs compared to the control-KD cells, their activation 

upon addition of VEGF was equivalent (Figure 3.5). Thus, while PKA modestly regulates the basal 

level of activation of these systems, it does not materially alter their activation status in response 

to VEGF stimulation. 

In addition to the Akt- and MAPK-signaling systems described above, numerous studies 

have invoked critical roles for Src family kinases, most commonly c-src itself, in EC angiogenic 

sprouting and in podosome biogenesis (Hoshino et al., 2013; Park, Shah, Zhang, & Gallick, 2007). 

Since PKA activation was previously shown to activate the c-Src inhibitory kinase, c-Src kinase 

(Csk) (Jin et al., 2010), in human umbilical vein-derived ECs, we hypothesized that PKA might 

regulate HAEC angiogenic sprouting through c-Src. To this end, we compared the impact of Src 

inhibition with its validated inhibitor, PP2, on sprouting angiogenesis in both control and 

PKA(Cα)-KD HAEC spheroids. As predicted, PP2 reduced HAEC sprouting in control-KD 

spheroids (Figure 3.6a, b); however, the Src inhibitor was without effect on VEGF-  induced 

sprouting angiogenesis in PKA(Cα)-KD spheroids (Figure 3.6a, b). Given that enhanced sprouting 

in PKA(Cα)-KD HAECs and HMVECs was proportional to the increased podosome rosette 

formation in these cells, we next assessed the influence of PP2 on VEGF-induced podosome 

rosette formation in control and PKA(Cα)-KD HAECs. Consistent with results from spheroid 

angiogenesis assays, PP2 markedly reduced the fraction of control-KD ECs expressing podosome 

rosettes but did not impact podosome rosette formation in cells in which PKA(C) had been 

silenced (Figure 3.6c). To determine if our findings were related to alterations in c-Src levels, or 

in the ability of PP2 to inhibit c-Src in PKA(C)-KD cells, we evaluated whether Src expression, 
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activation by VEGF, or its inhibition by PP2 were altered in PKA(Cα)-KD HAECs. Results from 

these experiments confirmed that silencing EC PKA(C) did not alter c-Src levels, its activity or its 

sensitivity to PP2 in human ECs (Figure 3.6e-h). Taken together, these data refute the notion that 

PKA(Cα)-KD promotes increased podosome rosette formation and angiogenic sprouting in 

HAECs largely by interfering with c-Src mediated pro-angiogenic events.  

In addition to c-Src, the Rho-family GTPase, cdc42, has been reported to promote EC 

sprouting angiogenesis by stimulating podosome biogenesis (Hoshino et al., 2013; Jeong et al., 

2017). Given that our studies were largely discordant with a role for Src in PKA-mediated 

regulation of HAEC sprouting and podosome rosette biogenesis, we next investigated the role of 

cdc42 in these PKA-dependent events. Remarkably, our data largely support a critical role for 

cdc42 in regulating the pro-angiogenic phenotype in PKA(Cα)-KD human ECs. Thus, unlike PP2, 

cdc42 inhibition with a cdc42-selective concentration of ML141 markedly reduced angiogenic 

sprouting (Figure 3.6a, b) and podosome rosette formation (Figure 3.6c) in both control and 

PKA(Cα)-KD HAECs. Furthermore, selective silencing of cdc42 in these cells abolished the 

ability of PKA inhibition to promote podosome rosette formation (Figure 3.6d). Taken together, 

these data support a critical role for a PKA-cdc42 signaling axis in the regulation of sprouting 

angiogenesis both in vitro and in ex vivo models.   

 

3.4.6 PKA-catalyzed RhoGDIα phosphorylation, cdc42-RhoGDIα interactions and cdc42 

inhibition.  

To directly investigate the manner through which PKA influenced cdc42 activity, and by 

extension EC sprouting and podosome rosette biogenesis, we made use of two distinct 

fluorescence resonance energy transfer (FRET)-based cdc42 biosensors. First, we utilized a cdc42-  
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Figure 3.7: PKA regulates the association of cdc42 with its negative regulator, GDIα.  

 

 (a) Plot of the average normalized FRET emission ratio (YFP/CFP) at baseline and following 

VEGF stimulation (25 ng/ml) in HAECs expressing the pTriEx4-Cdc42-2G sensor (n = 8 

cells). (b) The maximum percent increase in the FRET response was calculated for the baseline 

(3min) and following VEGF (25 ng/ml) stimulation (5 min). (c) Representative heat maps of 

cdc42 activity in a HAEC expressing the pTriEx4-Cdc42-2G FRET biosensor. Panels show 

cdc42 activity at baseline (0s), at the time of 30  µM N6-Benzoyl-cAMP addition (120 s), and 

following a 10 min incubation with the PKA activator (720 s); warmer colors represent high 

cdc42 activity, while cooler colors indicate low cdc42 activity. Scale bar, 

20 µm. (d)Representative single-cell trace of the normalized FRET ratio response (CFP/YFP) 

at baseline and following the addition of N6-Benzoyl-cAMP (30  µM) in a HAEC expressing 

the pTriEx4-Cdc42-2G sensor. (e) Quantification of the average FRET emission ratio at 

baseline and following N6-benzoyl cAMP addition (n = 13 cells; ****p<0.0001 in Student’s 

unpaired t-test). (f) Representative blot of GDIα phosphorylation at S174 in cells treated with 

N6-Benzoyl cAMP (30  µM), N6-Benzoyl and the PKAi cocktail, or the vehicle (n = 2). (g) 

Representative traces of the normalized FRET ratio response (YFP/CFP) at baseline and 

following stimulation with N6-Benzoyl-cAMP (30  µM) or N6-Benzoyl-cAMP + PKAi cocktail 

in HAECs expressing the pTriEx-Antenna- GDI cdc42 sensor. (h) Quantification of the average 

FRET emission ratio at baseline, and following the addition of N6-Benzoyl-cAMP (n = 12 cells) 

or N6-Benzoyl-cAMP + PKAic (n = 16 cells); **p<0.01, ***p<0.001, ****p<0.0001 in 

Student’s unpaired t-test. 
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Figure 3.8: Scheme depicting the novel PKA/GDIα/cdc42 signaling axis and its influence 

on the invasive EC potential.  

 

VEGF binding to its receptor, VEGFR2, results in downstream activation of Src and cdc42. Src 

activation promotes podosome biogenesis and rosette formation. By promoting GDIα-cdc42 

interaction, PKA antagonizes cdc42 activity and restricts the development of podosome 

rosettes. 
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2G sensor (Martin et al., 2016), which detects changes in cdc42 activity upon cdc42-GTP loading 

to the WASP N-terminal cdc42/Rac1interactive binding motif (CRIB) domain. Validating this 

approach, addition of VEGF (25 ng/ml) increased cdc42 activity as measured by an increase in the 

FRET emission ratio (Figure 3.7a, b). Consistent with the idea that PKA regulates HAEC sprouting 

by inhibiting cdc42 activation, addition of the selective PKA activating cAMP analogue, N6-

Benzoyl-cAMP, significantly reduced levels of active cdc42, specifically within the periphery of 

the cell (Figure 3.7c-e). Cdc42 cycling between the inactive GDP-bound and active GTP-bound 

state is largely regulated through its sequestration in the bulk cellular cytosol by virtue of its 

interactions with Rho-specific guanine nucleotide dissociation inhibitors (RhoGDIs) (J. L. 

Johnson, Erickson, & Cerione, 2009; Michaelson et al., 2001), including the ubiquitously 

expressed human Rho GDP dissociation inhibitor α (RhoGDIα). Since previous works have 

identified RhoGDIα as a bone fide PKA substrate (Oishi, Makita, Sato, & Iiri, 2012; Qiao et al., 

2008; Xiao et al., 2014), and phosphorylation of  RhoGDIα has been shown to regulate its 

interaction with RhoGTPases, including cdc42 (Hodgson et al., 2016; Oishi et al., 2012; Qiao et 

al., 2008; Xiao et al., 2014), we hypothesized that PKA may reduce cdc42 activity, at least in part, 

through increased binding of RhoGDIα to cd42. To assess the role of cdc42 interactions with 

RhoGDIα, we used an alternative FRET biosensor, pTriEx-Antenna- GDI cdc42, which selectively 

reports cdc42 interactions with the endogenous RhoGDIα (Hodgson et al., 2016). Immunoblot 

analysis confirmed that treatment of HAECs with N6-Benzoyl cAMP promoted phosphorylation 

of RhoGDIα at S174, and that addition of the PKAi cocktail markedly inhibited this effect (Figure 

3.7f). Consistent with a role for RhoGDIα in mediating PKA-cdc42 crosstalk, addition of N6-

Benzoyl cAMP to cells expressing pTriEx-Antenna- GDI cdc42 increased cdc42 binding to 

RhoGDIα in the periphery of the cell (Figure 3.7g, h), as measured by an increase in the FRET 
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emission ratio. Furthermore, addition of the PKAi cocktail with the PKA-activating cAMP 

analogue, N6-Benzoyl-cAMP, obviated the increases in cdc42 binding to endogenous RhoGDIα 

(Figure 3.7g, h). Taken together, these data support the novel observation that PKA has an intrinsic 

negative regulatory role with respect to cdc42 activation, mediated through RhoGDIα, and are 

consistent with PKA functioning as a cell autonomous “brake” on cdc42-mediated podosome 

rosette formation and sprouting in ECs (Figure 3.8).  

 

3.5 Discussion 

In this work, we identify a selective role for PKA in modulating the intrinsic angiogenic 

sprouting potential of human arterial and microvascular ECs, and in the mouse retinal vasculature. 

Perhaps more importantly, our findings are consistent with the novel hypothesis that inhibiting 

baseline levels of PKA activity in these ECs, rather than inhibiting an artificially elevated level of 

PKA activity following addition of cAMP-elevating agents, was sufficient to dynamically 

influence their angiogenic potential. We base this interpretation of our data on several findings. 

First, the influence of knocking down PKA(Cα) on EC podosome rosette formation and angiogenic 

sprouting was internally consistent with the effects observed when PKA activity was 

pharmacologically inhibited. In addition, while we report experiments in which N6-Benzoyl-

cAMP was used to drive PKA activation and inhibit angiogenic sprouting, no such agent was 

required to observe the dynamic influence of reduced PKA activity in the human EC cultures. 

Overall, while our data do not support a critical role for EPAC1 activation or inhibition in 

regulating the intrinsic sprouting angiogenic activity of these cells, they do identify a potentially 

modest influence of this cAMP-effector on sprouting. Interestingly, our findings conflict with data 

presented in two earlier reports that identified a prominent role for EPAC1 in the regulation of 
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angiogenic sprouting (Garg et al., 2017; Namkoong et al., 2009). While these differences may be 

attributed to the choice of HUVECs as a model system, or the relatively poor angiogenic responses 

reported in these earlier studies, further work will be required to formally assess these possibilities.    

Although a substantial body of literature details critical roles for both c-Src and cdc42 in 

numerous angiogenic processes, including those studied here, findings from our work provide 

novel insight with respect to their relative involvement during angiogenic sprouting in human ECs 

with varying levels of PKA activity. Overall, our findings confirm previous reports indicating that 

both Src and cdc42 regulate podosome rosette formation and angiogenic sprouting (Di Martino et 

al., 2014; Gordon et al., 2016; Kuo et al., 2018; Spuul et al., 2016; F. Tatin, 2006). However, in 

marked contrast, the regulatory functions of Src and cdc42 varied markedly in ECs with modified 

PKA signaling. Indeed, in this context, we observed that cdc42 had a dominant role in regulating 

podosome rosette formation and angiogenic sprouting in cells with reduced levels of baseline PKA 

activity. Findings in mechanistic studies were inconsistent with the idea that Src was dysregulated 

in PKA(Cα)-KD HAECs, as its activation by VEGF and sensitivity to inhibition by PP2 were 

indistinguishable from control-KD cells. Given that a previous report (Jin et al., 2010) had 

convincingly shown that cAMP-elevating agents inhibited Src by promoting PKA-mediated 

phosphorylation and activation of its inhibitory kinase, namely Csk, our findings were surprising 

to us. Whether this discrepancy was due to the different ECs used (HAECs and HMVECs vs 

HUVECs), the distinct culture conditions used in the two studies, or differences in the basal 

activation status of PKA under these distinct conditions, will require further analysis. Rather than 

minimalizing the functional impact of Src, our findings were more consistent with the idea that 

knocking down or pharmacologically inhibiting PKA unmasked its role as an active antagonist of 

cdc42 signaling during podosome rosette formation, matrix remodeling and ultimately EC 
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sprouting angiogenesis. In agreement with this mechanism, activation of HAEC PKA markedly 

inhibited cdc42 activity in these cells.  

During the course of our studies, Nedvetsky and colleagues (Nedvetsky et al., 2016) 

reported that EC-specific expression of a cAMP-insensitive (i.e. dominant-negative) PKA 

regulatory subunit (Prkar1a-G324D) inhibited postnatal retinal angiogenesis in the mouse. 

Though this work reported that the hyper-sprouting phenotype observed in these mice was not 

related to changes in Notch signaling, they did not establish a molecular basis for their 

observations. While our strategy to limit PKA catalytic activity in HAECs, HMVECs and in the 

mouse retinas is distinct from those used in this earlier report, the similarities in our results lead us 

to speculate that the increased sprouting detected in the Prkar1a-G324D mice was likely related 

to the cdc42-mediated actions that we report here. Future studies investigating the relative impact 

of selective Src or cdc42 inhibition in the Prkar1a-G324D mice may validate our conclusion.  

Extensive work has identified a critical role for cdc42 in controlling podosome rosette 

formation and angiogenic sprouting in ECs; however, it has yet to be determined which of the 

broad spectrum of cdc42 GEFs, GAPs and GDIs regulate cdc42 function during podosome rosette 

biogenesis and sprouting. In the context of PKA signaling, we explored the role of RhoGDIα in 

regulating cdc42 activity, given that it is a known PKA substrate (Oishi et al., 2012; Qiao et al., 

2008; Xiao et al., 2014), and its phosphorylation status has been shown to regulate RhoGDI 

interactions with Rho GTPases (Hodgson et al., 2016; Oishi et al., 2012; Qiao et al., 2008; Xiao et 

al., 2014). Consistent with our live cell studies that demonstrate PKA activation reduces cdc42 

activity, pharmacologically activating PKA enhanced RhoGDIα binding to cdc42, while PKA 

inhibition abrogated the RhoGDI-cdc42 interaction. Although these data provide mechanistic 

insight as to how PKA regulates cdc42 activity, further studies are required to fully characterize 
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the involvement of other GEFs, GAPs and GDIs during podosome rosette biogenesis and 

angiogenic sprouting. In addition, while our studies demonstrate that a PKA-cdc42 signaling axis 

plays an important role in the regulation of angiogenic sprouting, it would be essential to explore 

the role of other GTPases that are likely to influence the angiogenic potential of ECs in the context 

PKA signaling.  

Our work highlights a critical role for the cAMP effector, PKA, in the regulation of 

angiogenic sprouting. Moreover, since cAMP-signaling is recognized to occur within highly 

localized cellular domains, this study encourages further work aimed at elucidating the 

components of the cAMP signalosome involved in regulating this important process. While we 

chose to investigate the catalytic function of PKA in our studies, previous works have identified a 

crucial role for the anchoring of PKA-C, via the PKA-RIα subunit, in angiogenic sprouting 

(Nedvetsky et al., 2016) and cardiac functioning (Veugelers et al., 2004) in murine models. Further 

studies will be required to confirm whether PKA-RIα serves as the dominant PKA-R subunit 

responsible for regulating PKA-C activity in the human ECs used in our in vitro models of 

angiogenesis. In addition, identification of the PKA-R subunit and the associated A-kinase 

anchoring protein that are critical to help isolate the specific subcellular domain in which the 

cAMP-signalosome resides to allow for localized GDIα-phosphorylation, and subsequent 

regulation of cdc42-activity.  

In summary, we report that reducing PKA activity in human arterial and human 

microvascular ECs, and in mouse retinal ECs, increases their angiogenic sprouting potential. We 

present data inconsistent with the notion that loss of PKA(C) promotes the adoption of a “tip” cell 

phenotype; rather, our studies support a critical role for enhanced matrix invasion by these cells. 

At a cellular level, our work identifies increased formation of podosome rosettes in ECs with 
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reduced PKA activity, as well as a commensurate increase in their ability to promote MMP-

mediated degradation of the collagen matrix. At a molecular level, we uncouple Src- and cdc42-

mediated events in ECs and demonstrate that PKA suppresses sprouting and podosome rosette 

biogenesis largely by inhibiting cdc42 activities, but not events coordinated by the Src family of 

kinases. Lastly, we provide mechanistic insight into the regulation of cdc42 activity by PKA. 

Specifically, we present data that suggests PKA acts to promote sequestration of cdc42 in the 

cytosol of ECs and that this is coordinated by promoting its interaction with  the guanine nucleotide 

dissociation inhibitor, RhoGDIα. Thus, our work identifies a novel PKA/cdc42-RhoGDIα 

signaling axis that controls EC angiogenic sprouting, which may represent a novel therapeutic 

strategy to gain control over angiogenesis. 
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Chapter 4 

Phosphodiesterase 3B (PDE3B) antagonizes the anti-angiogenic actions of PKA in human 

and murine endothelial cells 

4.1 Abstract 

Recent reports show that protein kinase A (PKA), but not exchange protein activated by 

cAMP (EPAC), acts in a cell autonomous manner to constitutively reduce the angiogenic sprouting 

capacity of murine and human ECs. Specificity in the cellular actions of individual cAMP-

effectors can be achieved when a cyclic nucleotide phosphodiesterase (PDE) enzyme acts locally 

to control the “pool” of cAMP that activates the cAMP-effector. Here, we examined whether PDEs 

coordinate the actions of PKA during EC sprouting. Inhibiting each of the cAMP-hydrolyzing 

PDEs expressed in human ECs revealed that phosphodiesterase 3 (PDE3) inhibition with 

cilostamide reduced angiogenic sprouting in vitro, while inhibitors of PDE2 and PDE4 family 

enzymes had no such effect. Identifying a critical role for PDE3B in the anti-angiogenic effects of 

cilostamide, silencing this PDE3 variant, but not PDE3A, markedly impaired sprouting. 

Importantly, using both in vitro and ex vivo models of angiogenesis, we show the hypo-sprouting 

phenotype induced by PDE3 inhibition or PDE3B silencing was reversed by PKA inhibition. 

Examination of the individual cellular events required for sprouting revealed that PDE3B and PKA 

each regulated angiogenic sprouting by controlling the invasive capacity of ECs, more specifically, 

by regulating podosome rosette biogenesis and matrix degradation. In support of the idea that 

PDE3B acts to inhibit angiogenic sprouting by limiting PKA-mediated reductions in active cdc42, 

the effects of PDE3B and/or PKA on angiogenic sprouting were negated in cells with reduced 

cdc42 expression or activity. Since PDE3B and PKA were co-localized in a perinuclear region in 

human ECs, could be co-immunoprecipitated from lysates of these cells, and silencing PDE3B 
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activated the perinuclear pool of PKA in these cells, we conclude that PDE3B-mediated hydrolysis 

of cAMP acts to limit the anti-angiogenic potential of PKA in ECs. 

 

4.2 Introduction 

Angiogenesis is a fundamental physiologic process for embryonic development and tissue 

repair in the adult (Chung & Ferrara, 2011). The formation of new blood vessels is initiated when 

local tissue hypoxia promotes the release of pro-angiogenic stimuli, including VEGF. Upon it’s 

release, VEGF activates quiescent ECs in nearby blood vessels and induces their differentiation 

into one of two highly specialized phenotypes. The first of these inducible phenotypes are referred 

to as endothelial “tip” cells, which direct vessel growth toward angiogenic signaling cues and 

anastomose with existing vascular structures to form an interconnected network (Blanco & 

Gerhardt, 2013; Gerhardt, 2008; Gerhardt et al., 2003). Following these leader tip cells are 

proliferative “stalk” cells, which lengthen the newly developing blood vessel. Though 

angiogenesis is a critical adaptive response to hypoxia, dysregulated angiogenic activity 

contributes to a wide array of malignant, ischemic, and inflammatory disorders (Deveza, Choi, & 

Yang, 2012; Potente et al., 2011; Szekanecz & Koch, 2007; Weis & Cheresh, 2011). Given their 

role in directing new vessel growth, tip ECs serve as a preferential target for angiogenesis-related 

therapies. While the systems that regulate whether ECs adopt a tip or stalk phenotype are well 

defined (Aspalter et al., 2015; Hasan et al., 2017; Hellström et al., 2007; Jakobsson et al., 2010), 

the mechanisms that allow tip cells to establish front-rear polarity, generate filopodia to sense their 

environment, remodel and invade the ECM, and migrate toward pro-angiogenic stimuli, are 

relatively poorly understood.  
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In ECs, the cAMP signaling system allows for spatial and temporal regulation of signals 

encoded by numerous hormones, neurotransmitters, cytokines and mechanical forces (Maurice, 

2011; Stangherlin & Zaccolo, 2012). For instance, this ubiquitous second messenger system 

simultaneously regulates a myriad of EC functions, including maintenance of the endothelial 

permeability barrier (Rampersad et al., 2016; Surapisitchat & Beavo, 2011) and the generation of 

new vascular structures (Jin et al., 2010; MacKeil et al., 2019; Nedvetsky et al., 2016), through its 

effectors, protein kinase A (PKA) and/or exchange protein activated by cAMP (EPAC). Ongoing 

studies in several laboratories, including ours, have established that spatial and temporal cAMP 

signaling is achieved, at least in part, when members of the multi-gene family of cyclic nucleotide 

phosphodiesterases (PDEs) co-localize with cAMP effector proteins and regulate local “pools” of 

cAMP (Conti, Mika, & Richter, 2013; Maurice et al., 2014). Indeed, specificity in targeting 

individual cAMP effector-regulated functions has been achieved in model systems by targeting 

cAMP-signaling specifically within an individual macromolecular complex (i.e. cAMP-

signalosome) rather than ubiquitously throughout all cellular cAMP signaling domains.  

We recently reported that PKA, but not EPAC, acts in a cell autonomous fashion to 

constitutively reduce the angiogenic sprouting capacity of murine or human ECs by reducing levels 

of active cdc42, an effect which directly correlated with increased cdc42 binding to its negative 

regulator, GDIα (MacKeil et al., 2019). While this recent work elucidated the underlying cellular 

and molecular mechanisms through which PKA regulates sprouting, it did not identify the PDE(s) 

that act to coordinate this specific action of PKA, nor did it report on whether PKA acted 

specifically by virtue of it being compartmented with a PDE in these cells. Here, we report that 

PDE3B specifically regulates the “pool” of cAMP through which PKA inhibits the intrinsic 

sprouting capacity of ECs. Using several model systems, including an in vitro spheroid model of 
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sprouting angiogenesis and an ex vivo mouse retinal angiogenesis model, we show that 

pharmacological inhibition of PDE3 activity or PDE3B-silencing markedly impaired EC 

sprouting, an effect that correlates with increased PKA activity. At a cellular level, we show that 

PDE3B and PKA differentially regulate sprouting through several interdependent cellular events, 

including podosome rosette biogenesis, matrix degradation and, ultimately, cell invasion. At a 

molecular level, we demonstrate that PDE3B co-localizes with the PKA regulatory subunit, RIIβ, 

within a perinuclear domain and that these two proteins can be co-immunoprecipitated; in live cell 

FRET-based experiments, we show that PDE3B regulates PKA catalytic activity within this 

perinuclear domain. Lastly, we confirm that the PDE3B regulates the anti-angiogenic effects of 

PKA in large part by effects downstream of cdc42. Collectively, these data identify PDE3B as a 

potential therapeutic target to manipulate angiogenesis.   

 

4.3. Materials and Methods 

4.3.1 Cell Culture, siRNA transfection, stable cell lines 

HAECs were cultured in VascuLife® VEGF media (LifeLine Cell Technology) at 37°C in 

5% CO2. For siRNA transfection, cells were incubated with Lipofectamine 2000 (Invitrogen) and 

siRNA at a 1:1 ratio, as per manufacturer’s instructions. Efficiency of RNAi-dependent 

knockdown was assessed via western blotting and/or polymerase chain reaction (qPCR), 48hrs 

post-transfection. The following siRNA were used: PKA(Cα) 5′-

GGAAGCUCCCUUCAUACCAAAGUUU-3′, 5′-AAACUUUGGUAUGAAGGGAGCUUCC-

3′ (Invitrogen); PDE3A 5′-GCUAUUUCUGCAGCUAACCAUGUA-3′ 5′-

UUACAUGGUUAGCUGCAGAAAUAGC-3′ (Invitrogen); PDE3B 5′-

GCCUCACCAAGAAUUUGGCAUUUCA-3′, 5′-UGAAAUGCCAAAUUCUUGGUGAGGC-
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3′ (Invitrogen); PDE3B SMARTpool 5′-CAGGAAGGAUUCUCAGUCA-3′, 5′-

GUAAAGCUGAUGGGAAUAA-3′, 5′-GCGAAUUGCUUAUAUUUCU-3′, 5′-

GGCAUAGAAUGGAGUAAUG-3′ (Dharmacon); cdc42 5′-UGAGAUAACUCACCACUGU-

3′, 5′-ACAGUGGUGAGUUAUCUCA-3′ (Ambion); high GC universal negative control 

(Ambion).  

For the generation of an AKAR-GR-expressing cell line, telomerase immortalized HAECs 

(“teloHAECs”) were transfected with a plasmid encoding the A-kinase activity reporter (AKAR)-

GR biosensor (a generous gift from Dr. Jin Zhang, UCSD) using TransfeX (ATCC) in accordance 

with manufacturer's instructions. To select for successfully transfected cells, teloHAECs were 

cultured in VascuLife® VEGF media supplemented with 250 μg/ml G418; following cell 

selection, teloHAECs expressing AKAR-GR were maintained in VascuLife® VEGF media with 

125 μg/ml G418. 

 

4.3.2 Spheroid angiogenesis assay 

HAECs were trypsinized, resuspended in Vasculife® VEGF media containing 0.25% 

carboxymethylcellulose and experimental compounds, then plated in a 96-well round-bottom, non-

adherent plate. Once the ECs had aggregated, multicellular spheroids were harvested and 

embedded in a type 1 collagen gel comprised of 3 vol of collagen stock solution (equilibrated to 

2.0 mg/ml) with 1 vol EGM-2 containing 40% FBS, 1 vol 0.25% (w/v) methylcellulose, 

25 ng/ml VEGF-A165 and experimental compounds The collagen-embedded spheroids were 

incubated at 37°C with 5% CO2 for 24h to allow for VEGF-induced EC sprouting; live cell 

images were acquired with a Zeiss Axiovert S100 microscope equipped with a CCD camera. 

The total number of sprouts per spheroid were manually quantified from brightfield images. 
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Experimental compounds utilized in the assay include: PKA inhibitor cocktail (PKAic; 1 µM 

H89, 1 µM mPKI, 1 µM KT5720, 200 µM cAMPs-RP), 30 µM 6-Bnz-cAMP, 100nM Bay 60-

7550, 5µM cilostamide, 10µM Ro20-1724, 10µM ML141, and appropriate vehicles.  

 For mosaic spheroids, HAECs transfected with the relevant siRNA were labelled with 

either CellTracker™Green (RNAi-dependent knockdown) or CellTracker™Red (control 

siRNA); the differentially labelled HAECs were then trypsinized and combined in a 1:1 ratio. 

These mixed-cell suspensions were used to generate mosaic spheroids that were harvested and 

embedded in a collagen gel, as described above. Following 24h of sprouting, live images of 

spheroids were acquired with a Zeiss Axiovert S100 microscope. Competition between the 

differentially labelled HAECs for the “tip” position in sprouts of each spheroid was measured 

and expressed as a percent of the total number of sprouts generated by the spheroid. In all 

experiments, a minimum of 10 spheroids were analyzed per condition and this was repeated in 

at least three independent experiments.  

 

4.3.3 Chemotaxis and chemoinvasion assays 

For chemotaxis studies, HAECs were trypsinized and plated in the upper chamber of a type 

1 collagen-coated, (20µg/ml) 8µm porous FluoroBlok™ transwell insert (BD Biosciences); inserts 

were incubated for 2h at 37°C to allow cells to adhere to the upper surface of the porous membrane. 

Once cells adhered to the membrane, VEGF and FBS (10ng/ml and 0.5%, respectively) were added 

to the bottom of the chamber to stimulate cell migration. Following a 4h incubation period, 

transwell inserts were fixed with 4% paraformaldehyde, washed, permeabilized in 0.2% Triton 

X-100, blocked in 0.3% BSA, then stained with TRITC-conjugated phalloidin and DAPI to 

visualize F-actin and nuclei, respectively. 
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For chemoinvasion studies, HAECs were trypsinized, resuspended in a collagen gel 

(2mg/ml), and plated in the upper chamber of an 8µm porous FluoroBlok™ transwell insert (BD 

Biosciences). Inserts were incubated at 37°C for 1h on a flat, parafilm-covered surface to allow 

the collagen gel to polymerize. Once gelled, the inserts were transferred to a 24-well plate 

containing VEGF and FBS (50ng/ml and 1%, respectively) to stimulate cell invasion through the 

polymerized collagen. After a 48h incubation period, transwells were fixed and stained with 

TRITC-conjugated phalloidin and DAPI, as described previously. For chemotaxis and 

chemoinvasion assays, whole cell migration and/or invasion to the bottom of the transwell insert 

were imaged with a Zeiss Axiovert S100 microscope and quantified using ImageJ software. To 

distinguish invasive activity from migratory functions, an invasive index was calculated from the 

ratio of invaded:migrated HAECs (Albini & Benelli, 2007). For chemotaxis and chemoinvasion 

studies, at least two experimental replicates were tested for a minimum of thee independent 

experiments.  

 

4.3.4 Podosome studies  

HAECs were plated on type 1 collagen-coated (20µg/ml) coverslips and cultured in 

VascuLife® VEGF media supplemented with an additional 25ng/ml VEGF and experimental 

compounds. After 24h , cells were fixed in 4% paraformaldehyde, washed, permeabilized in 0.2% 

triton X-100, blocked in 0.3% BSA, then stained with an anti-cortactin antibody (#05-180, clone 

4F11; Millipore), TRITC-conjugated phalloidin and DAPI. For high resolution images of 

podosomes and podosome rosettes, HAECs were imaged with a Leica TCS SP8 confocal laser 

scanning microscope. For quantification of podosome-positive and podosome rosette-positive 

HAECs, images were acquired with a Zeiss Axiovert S100 microscope. Individual podosomes 
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were identified by the co-localization of cortactin and F-actin in 0.5-1µm structures; podosome 

superstructures (i.e. rosettes) were identified as clusters of individual podosomes arranged in a 

ring-like structure (5-10 µm diameter) (Kuo et al., 2018; Seano, Chiaverina, et al., 2014). For 

quantification of the percent of HAECs expressing individual podosomes and/or podosome 

rosettes, at least 100 HAECs were analyzed per condition for a minimum of three independent 

experiments.  

 

4.3.5 Collagen degradation assays 

HAECs labelled with HOESCHT 33342 live cell nuclear stain were seeded on a MatTek 

glass bottom dish coated with a mix of type 1 collagen (20 µg/ml) and Fluorogenic DQ collagen 

(25 µg/ml). Once the cells adhered to the dish, HAECs were incubated with VEGF (25 ng/ml), or 

the vehicle, for 4 hr, fixed in 4% paraformaldehyde, then imaged with a Zeiss Axiovert S100 

microscope; imaging immediately following the fixation period was critical for optimized 

visualization of the fluorescent bi-products resulting from DQ-collagen degradation. Collagen 

hydrolysis was quantified by measuring the average fluorescence intensity per cell, for a minimum 

of 100 cells per condition, in at least three independent experiments.  

 

4.3.6 Protein extraction, immunoprecipitation, and immunoblotting 

HAECs were lysed in a triple detergent lysis buffer (1% Igepal, 10 mM sodium 

pyrophosphate, 10 mM sodium β-glycerophosphate, 5 mM benzamidine,10 mM sodium 

orthovanadate, 50 mM Tris-HCl, 150 mM sodium chloride, 0.5% sodium deoxycholate, 0.1% 

SDS, 10 mM sodium fluoride, 0.1 mg/ml PMSF, 1 µg/ml pepstatin A, 1 µg/ml E-64, 5 µg/ml 

bestatin, 1 µg/ml aprotinin, 1 µg/ml leupeptin). For protein-protein interaction studies, cell 
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lysates were precleared with protein A/G agarose and 1µg/ml mouse IgG (4h at 4°C).  

Precleared HAEC lysates were incubated with either PDE3B antisera (ICOS Corporation) or 

mouse IgG (Santa Cruz) and protein A/G beads on a rotating platform for 16-24h at 4°C. 

Following this incubation, beads were collected by centrifugation and subsequently washed 

extensively with the lysis buffer. Proteins bound to the washed beads were eluted with 2X 

Laemmli buffer, resolved by SDS-page, electro-transferred to PVDF membranes (Millipore) 

and visualized by immunoblot analysis. For siRNA-mediated knockdown efficiency, 15-40µg 

of HAEC lysate were analyzed by SDS-page and immunoblotting. Primary antibodies used for 

immunoblotting are listed in Appendix A.  

 

4.3.7 RNA isolation and qRT-PCR 

HAEC or HMVEC RNA was isolated using a Qiagen RNeasy mini kit; RNA 

concentration and purity were measured using a NanoDrop 1000 (Thermo Fisher Scientific). 

cDNA was synthesized with a Qiagen Omniscript RT kit, as per manufacturer’s instructions. 

For each qPCR reaction, PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific) 

was used with 10 ng cDNA template and the and the primers listed in Appendix B.   

 

4.3.8 Fluorescence resonance energy transfer (FRET) 

TeloHAECs stably expressing the AKAR-GR unimolecular sensor flanked by a GFP donor 

and mCherry as acceptor were used to measure PKA activity. Cells were plated on glass coverslips 

coated with type I collagen (20µg/ml) and transferred to a dark room. The cells were mounted in 

a home-built flow perfusion chamber and perfused with modified Krebs buffer (25 mM NaCl, 5 

mM KCl, 1 mM Na2HPO4, 1 mM MgCl2, 5 mM dextrose, 20 mM HEPES, 2 mM CaCl2, pH 7.40) 
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and maintained at room temperature. Real-time FRET was performed using a Leica DMi8 inverted 

microscope equipped with a HC PL FLUOTAR 40x/1.30 oil immersion objective, a Leica EL6000 

light source and a C11440 ORCA-Flash 4.0 digital camera (Hamamatsu). Resting baseline FRET 

measurements were captured over 5 min by perfusing the cells with Krebs buffer, followed by a 

10min perfusion with Krebs buffer supplemented with forskolin (10μM) and IBMX (100μM) to 

maximally saturate the sensor. FRET was quantified with three filter sets (CHROMA) as follows: 

for GFP, excitation filter 450/490nm, DC 495nm, emission 500/590nm; for FRET 

(EGFP/mCherry), excitation 500/20nm, DC 520nm, emission 640nm, for mCherry, excitation 

532/558nm, DC 565nm, emission 570/640nm. Images were acquired every 5 s with an exposure 

of 449ms and processed using LAS X Version 2.0.0.14332 software (Leica). FRET changes were 

measured as changes in the background subtracted by the emission ratio of GFP over mCherry and 

correcting for bleed through of the emission of the donor into the acceptor channel and the bleed 

through of the acceptor emission into the donor channel. The resulting ratiometric traces are 

represented as the averaged traces of each condition to yield one single trace.  

 

4.3.9 Ex vivo retina angiogenesis assay 

Ai6(RCL-Zs green) mice (Madisen et al., 2010) were crossed with a Cre-transgenic line, 

Tg(Alk1-cre)-L1 mice, resulting in GPF expression within the retinal endothelium. Isolation of 

retinas from postnatal day 5 mice was performed, as described previously (Tual-Chalot et al., 

2013). Once harvested, retinas were embedded in type 1 collagen (2 mg/ml) containing 

experimental compounds (PKAic, 30 µM 6-Bnz-cAMP, 5 µM cilostamide, 10 µM ML141, or 

an appropriate vehicle). Embedded retinas were incubated for 7h at 37°C with 5% CO2 and 

subsequently fixed with 4% paraformaldehyde overnight. Following several HBSS washes, 
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retinas were flat mounted, and the retinal vasculature was imaged with a Zeiss Axiovert S100 

microscope. Angiogenic activity in this ex vivo system was evaluated as by measuring the 

number of sprouts emerging from the front of the vascular plexus per field of view. All 

procedures were approved by the Queen’s University Animal Care Committee in accordance 

with Canadian Council on Animal Care guidelines. 

 

4.3.10 Cdc42 activation assay 

Cdc42 activity pulldowns were performed using a Cdc42 activation kit (Cytoskeleton) in 

accordance with the manufacturer’s protocol. Briefly, HAECs were serum starved for 4h, then 

treated with VEGF (25ng/ml) and/or experimental compounds (PKAic, 5 µM cilostamide, or the 

vehicle) for 10min. Following treatment, HAECs were washed with ice-cold HBSS, then lysed in 

a Tris-based lysis buffer. Active (GTP-bound) cdc42 was isolated from the lysates using GST-p21 

activated kinase p21 binding domain (PAK-PBD) beads. The pulldowns were resolved by SDS-

page and analyzed by immunoblotting.  

 

3.3.11 Statistics 

Statistical analyses were performed using GraphPad Prism 8 software. All graphs are 

presented as the means ± standard error of the mean (SEM). The D’Agostino and Pearson test was 

used to assess the normality of distribution of investigated parameters. For normal data, a student’s 

unpaired t-test was used to determine significance between two groups, and a one-way ANOVA 

was used for data sets with greater than two groups. For non-normal data, statistical analysis for 

two groups was conducted with a Mann-Whitney U test, and greater than two groups with a 
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Kruskal-Wallis and Dunn’s test. Values were considered statistically significant at p≤0.05. Unless 

otherwise stated, all data were collected in a minimum of three independent experiments.  

 

4.4 Results 

4.4.1 PKA and PDE3B differentially regulate HAEC sprouting angiogenesis. 

Recent reports have identified PKA as a negative regulator of angiogenic sprouting 

(MacKeil et al., 2019; Nedvetsky et al., 2016). Given that cAMP-effector selectivity in cells can 

be regulated by their co-localization with PDE(s) (Conti et al., 2013; Maurice et al., 2014; 

Stangherlin & Zaccolo, 2012), we sought to explore whether cAMP-hydrolyzing PDE(s) regulate 

PKA activity in the context of angiogenic sprouting. To elucidate which of the cAMP-dependent 

PDEs predominantly expressed in ECs, namely PDE2, PDE3 and PDE4 (Maurice et al., 2014; 

Netherton & Maurice, 2005), influence sprouting, we selectively inhibited each enzyme and 

assessed the impact of these treatment on sprouting in an in vitro spheroid model. While inhibition 

of PDE2 with Bay 60-7550 had no impact on HAEC sprouting relative to controls, treatment of 

EC spheroids with cilostamide, a PDE3 inhibitor, significantly impaired angiogenic sprouting 

(Figure 4.1a, b). Of note, the observed decrease in sprouting was indistinguishable from that seen 

when spheroids were treated with a PKA-selective activator, 6-Bnz-cAMP, implicating PDE3 

family of enzymes as a potential regulator of PKA activity during sprouting. In marked contrast, 

spheroids treated with the PDE4 inhibitor, Ro20-1724, exhibited a hyper-sprouting phenotype 

similar to that of spheroids treated with a PKA inhibitor cocktail (Figure 4.1a, b), an effect 

inconsistent with a role for this PDE in regulating the ability of PKA to inhibit sprouting. Taken 

together, these data indicate that distinct PDE families, specifically PDE3 and PDE4, have 

opposing roles in the regulation of EC sprouting. Furthermore, these results suggest that PDE3 
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may function as a potential regulator of PKA activity, given that inhibition of this cAMP-

hydrolyzing enzyme mirrored the effects of PKA activation.  

Since HAECs express enzymes encoded by each of the two known PDE3 genes, namely 

PDE3A and PDE3B (Netherton & Maurice, 2005), and both PDE3A and PDE3B activities are 

efficiently inhibited by cilostamide (Sudo et al., 2000), our findings were silent with respect to the 

“relative” involvement of these two PDE3 isoforms in regulating sprouting. To determine whether 

cilostamide-mediated inhibition of sprouting was due to changes in total PDE3 activity, or more 

selectively due to inhibition of one of these PDE3 variants, we next investigated the roles of 

PDE3A and PDE3B during angiogenic sprouting using the competitive mosaic spheroid model. In 

this system, cells with reduced levels of the gene of interest (i.e. PKA(Cα), PDE3A, or PDE3B) 

must compete with neighbouring control cells for the “tip position” in newly forming angiogenic 

sprouts; knockdown efficiency for each gene was validated at the protein (Figure 4.1g, m) or 

mRNA level (Figure 4.1j). To identify distinct populations within the mosaic spheroid, HAECs 

were either labelled with CellTracker™ Green or Red; importantly, the differentially labelled cells 

show no preference for tip cell occupancy (Figure 4.1c,d). Consistent with our previous works 

(MacKeil et al., 2019), HAECs with reduced expression of PKA(Cα) exhibited an enhanced 

sprouting capacity, as demonstrated by their dominance in tip cell occupancy (≥80%) (Figure 4.1e, 

f). Although PDE3A-silenced HAECs did show a modest, albeit significant, decrease in their 

ability to occupy the tip position (Figure 4.1h, i), the ability of PDE3B-silenced HAECs to compete 

with HAEC control for tip cell occupancy was reduced. Indeed, silencing PDE3B with either of 

two distinct siRNAs markedly impaired EC sprouting, with fewer than 25% of PDE3B-knockdown 

cells establishing the tip position in newly forming sprouts (Figure 4.1k, l; Appendix C). Given 

the subtle effect of PDE3A-knockdown on EC sprouting compared to the marked effects  
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Figure 4.1: PKA and PDE3B differentially regulate angiogenic sprouting in vitro.  

 

(a) Representative brightfield images of HAEC spheroids treated with a PKAic (1 µM H89, 1 µM 

mPKI, 1 µM KT5720, 200 µM cAMPs-RP), 6-Bnz-cAMP (30 µM), Bay 60-7550 (100 nM), 

cilostamide (5 µM), Ro20-1724 (10 µM) or the vehicle; scale bars, 50µm. (b) Quantitation of 

HAEC sprouting (n=3; ****p<0.0001 in one-way ANOVA). (c, e, h, k) Representative images of 

the competitive sprouting angiogenesis assay. Mosaic spheroids were generated from a 1:1 mixture 

of (c) siCtrl-siCtrl, (e) siCtrl-siPKA(Cα), (h) siCtrl-siPDE3A, or (k) siCtrl-siPDE3B HAECs. EC 

identity in sprouting spheroids was determined by differentially labelling ECs with CellTracker™ 

Green, or CellTracker™. Scale bars, 50 μm. (d, f, i, l) The competitive sprouting was assessed by 

quantifying tip cell occupancy of CellTracker™ Green- or CellTracker™ Red-labelled cells in 

individual HAEC spheroids. Values are expressed as a percentage of the total number of sprouts 

formed in each spheroid (n=3; ***p<0.001, ****p<0.0001 in Student’s unpaired t-test). (g, m) 

Representative immunoblots of PKA(Cα) and PDE3B knockdown efficiency (n=3). (j) Relative 

mRNA expression demonstrating PDE3A knockdown efficiency (n=2). 
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of PDE3B-knockdown, our data are consistent with the conclusion that the effects of cilostamide 

were largely mediated through PDE3B inhibition. Furthermore, the opposing effects of PKA(Cα)- 

and PDE3B-knockdown in the mosaic spheroid model are consistent with the hypothesis that 

PDE3B regulates PKA activity during angiogenic sprouting. 

 

4.4.2 Silencing HAEC PDE3B reduces their migration, invasion, podosome rosette formation 

and collagen matrix degradation. 

Tip cell sprouting in response to a pro-angiogenic stimulus requires a myriad of highly 

coordinated cellular events. We previously reported that PKA regulates angiogenic sprouting by  

restricting podosome rosette biogenesis, MMP-dependent matrix degradation, and cell invasion 

(MacKeil et al., 2019). Since our in vitro angiogenesis studies provided compelling evidence for 

PDE3B regulation of PKA during sprouting, we next investigated the underlying cellular 

mechanisms through which PDE3B regulates EC sprouting. To this end, we used a modified 

Boyden chamber assay to assess the impact of silencing PKA(Cα) or PDE3B on HAEC chemotaxis 

and chemoinvasion. Consistent with our previous studies (MacKeil et al., 2019), silencing 

PKA(Cα) promoted HAEC invasion (Figure 4.2a, c, d) , but had no impact on cell migration in 

response to a chemotactic stimulus (Figure 4.2a, b). On the other hand, cells with reduced 

expression of PDE3B exhibited both hypo-migratory (Fig 4.2a, b) as well as hypo-invasive (Figure 

4.2a, c) phenotypes when compared to control HAECs. Importantly, the invasive index of PDE3B-

knockdown cells was significantly lower than that of controls (Figure 4.2d), indicating that the 

hypo-invasive phenotype observed in these cells is not simply a reflection of their reduced 

migratory capacity.  
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EC invasion is associated with the generation of podosomes, submicron (0.5-1µm) actin-

rich structures that recruit and activate matrix metalloproteinases (MMPs) to allow for focal matrix 

degradation. Although podosomes may exist as individual entities, in many cell types, including 

HAECs, they can also form larger superstructures (5-10µm) termed podosome rosettes. 

Importantly, several studies have demonstrated that the generation of podosome rosettes precedes 

vascular sprouting (Seano, Chiaverina, et al., 2014; Warren & Iruela-Arispe, 2014). Given that 

sprouting and invasion were both impaired in PDE3B-silenced HAECs, we suspected that these 

cells may have a reduced capacity to generate podosomes and/or podosome rosettes. To test this 

hypothesis, we assessed the percent of PKA(Cα)- and PDE3B-silenced HAECs that expressed 

individual podosome or podosome rosettes following a 24h treatment with the pro-angiogenic 

agent, VEGF. While silencing PKA(Cα) increased the number of HAECs expressing either 

individual podosomes or podosome rosettes (Figure 4.2e-g), PDE3B-knockdown markedly 

decreased the number of HAECs expressing the podosome rosette superstructures (Figure 4.2e, g).  

To investigate the functional impact of reduced podosome rosette expression in PDE3B-

knockdown cells, we assessed their ability to degrade the ECM using fluorogenic DQ™ collagen 

model. In this system, proteolytic activity is measured by the emission of a green fluorescence 

signal following DQ™ collagen hydrolysis. Though stimulating control HAECs with VEGF 

(25ng/ml) significantly increased collagen hydrolysis compared to cells cultured under basal 

conditions, the effect of the pro-angiogenic stimulus was blunted in HAECs with reduced PDE3B 

levels (Figure 4.2h,i). Furthermore, matrix degradation by PDE3B-knockdown HAECs was 

drastically reduced compared to controls, both under basal conditions and following VEGF 

stimulation (Figure 4.2h,i). Collectively these data support the idea that impaired angiogenic 

sprouting following PDE3B-knockdown and/or inhibition with cilostamide is attributed to a 
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decrease in the presence of podosome rosettes, reduced matrix degradation and a diminished 

invasive capacity. Perhaps more importantly, the opposing effects of PKA(Cα)- and PDE3B-

knockdown on HAEC invasion, podosome rosette biogenesis, matrix degradation and sprouting 

provide further evidence that PDE3B selectively controls the effects of PKA on EC sprouting.  

 

4.4.3 PDE3B associates with PKA and regulates its catalytic activity in HAECs 

Since PKA and PDE3B differentially regulate podosome rosette biogenesis, cell invasion 

and angiogenic sprouting, we next chose to confirm our earlier finding that PDE3B and PKA 

integrate into a cAMP-signaling complex in HAECs (Netherton et al., 2007). As predicted, 

immunoprecipitation of endogenous HAEC PDE3B allowed recovery of the PKA regulatory 

subunit, PKA-RIIβ (Figure 4.3a). Interestingly, immunoblot analysis was inconsistent with 

interactions between PDE3B and another PKA regulatory subunit, namely PKA-RIα (Figure 4.3a). 

In addition, immunofluorescence imaging verified co-localization of endogenous PKARIIβ with a 

GFP-tagged PDE3B within the perinuclear region of HAECs (Figure 4.3b, c); regrettably, the 

PDE3B antibody used for our immunofluorescence studies did not have a sufficiently avidity to 

allow detection of endogenous levels of PDE3B in these cells. To explore the functional impact of 

PDE3B-PKA co-localization in HAECs, we measured the impact of silencing PDE3B on PKA 

activity in a stable HAEC line expressing the PKA activity biosensor, AKAR-GR (Ni et al., 2011). 

Validating our approach, PKA(Cα)-knockdown significantly reduced global PKA activity in these 

cells, as measured by a decrease in the FRET emission ratio (Figure 4.3d, e). Although silencing 

PDE3B resulted in a small, albeit significant, increase in total cellular PKA activity (Figure 4.3f), 

it drastically increased PKA activity within the perinuclear region (Figure 4.3g) where PDE3B is 
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highly localized (Figure 4.3b). Taken together, these data identify a role for PDE3B in regulating 

a perinuclear “pool” of PKA in HAECs.  

 

4.4.4 PKA inhibition reverses the hypo-sprouting phenotype induced by cilostamide or 

PDE3B-silencing. 

To determine if PDE3B regulation of PKA activity was relevant during vascular sprouting, 

we used an in vitro spheroid model of angiogenesis to assess whether PKA inhibition could rescue 

the hypo-sprouting phenotype induced by PDE3B-knockdown. In support of a role for a PDE3B-

PKA signaling axis in regulating EC angiogenesis, inhibiting PKA activity in PDE3B-silenced 

spheroids resulted in a significant increase in HAEC sprouting (Figure 4.4a, b). Given that 

silencing PDE3B influenced both the invasive and the migratory capacities of these cells, while 

PKA only regulated their invasive capacity, we did not anticipate that PKA inhibition would fully 

restore EC sprouting in PDE3B-silenced spheroids. To confirm that the restorative effects of PKA 

inhibition were associated with an enhanced invasive capacity in these cells, we next studied 

whether PKA inhibition could rescue the appearance of podosome rosettes in cells with reduced 

levels of PDE3B. Remarkably, in the presence of PKA inhibitors, the percent of cells containing 

podosome rosettes was equivalent between control and PDE3B-knockdown HAECs (Figure 4.4c). 

Collectively, these data indicate that a PDE3B-PKA signaling axis regulates the invasive functions 

of sprouting HAECs during angiogenic sprouting. 

Upon identifying a regulatory role for the PDE3B-PKA complex during angiogenic 

sprouting in vitro, we next explored the role of PDE3B/PKA-signaling in the more physiologically 

relevant ex vivo retina model of angiogenesis. Consistent with our in vitro studies, PKA inhibition 

promoted angiogenic activity in the retina, measured as an increase in the number of sprouts at the 
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front of the vascular plexus, while pharmacologic activation of PKA with 6-Bnz-cAMP impaired 

vascular sprouting (Figure 4.4d, e). Interestingly, treatment of retinas with a PDE3 inhibitor 

significantly decreased sprouting at the vascular front, mirroring the effects of PKA activation 

(Figure 4.4d, e). Importantly, when cilostamide and the PKA inhibitors were used in combination, 

PKA inhibition was sufficient to restore vascular sprouting relative to vehicle treated controls 

(Figure 4.4d, e). Taken together, these data support the hypothesis that PDE3B activity regulates 

PKA-mediated control of angiogenic sprouting both in vitro and ex vivo.   
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Figure 4.2: Selective knockdown of PDE3B impairs endothelial cell invasion, podosome 

rosette formation, and matrix degradation.  

 

(a) Representative images of the chemotaxis and chemoinvasion assays. F-actin and nuclei from 

migrating and/or invading cells were visualized with TRITC-conjugated phalloidin and with 

DAPI, respectively; scale bars, 50 μm. (b-d) Quantification of whole cell (b) chemotaxis, (c) 

chemoinvasion, (d) and the invasive index of siCtrl, siPKA(Cα), and siPDE3B HAECs. The 

invasive index was calculated as the ratio of invaded:migrated ECs.  (b, d) ****p<0.0001 with 

one-way ANOVA, (c) **p<0.01, ****p<0.0001 in Kruskal-Wallis test. (e) Representative 

confocal images of individual podosomes and podosome superstructures (ie rosettes) in HAECs; 

scale bars 5 µm. (f, g) Quantitation of the percent of ECs expressing (f) individual podosomes 

and/or (g) podosome rosettes following 24 hr treatment with VEGF (25 ng/ml); *p<0.05, **p<001 

in one-way ANOVA. (h) Representative images of showing DQ-Col-I degradation (green) by 

HOESCHT33342-labelled HAECs (blue) under basal conditions or following stimulation with an 

additional 25ng/ml VEGF. (i) Quantitation of DQ-collagen degradation, measured as the average 

FITC fluorescence intensity per cell (n=3, **p<0.01, ****p<0.0001 in one-way ANOVA).  
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Figure 4.3: PDE3B tethers PKA and regulates its catalytic activity. 

 (a) Representative immunoblot showing interaction of endogenous PDE3B and PKARIIβ. HAEC 

lysates were subjected to anti-PDE3B immunoprecipitation; isolated protein complexes were 

resolved by SDS PAGE and immunoblotted for endogenous PKARIα, PKARIIβ, and PDE3B. (b) 

Representative high-resolution confocal images showing GFP-tagged PDE3B localization in the 

perinuclear region of the HAECs. Scale bars denote 50µm. (c) Representative high-resolution 

confocal images showing PKARIIβ co-localization with GFP-tagged PDE3B in the perinuclear 

region of HAECs. Scale bars in top panel, 50µm; scale bars in bottom panel, 5µm. (d) Plot of 

average PKA activity in control- and PKA(C)-knockdown teloHAECs stably expressing the 

AKAR-GR FRET biosensor at baseline, for n=13 cells. (e) Quantification of the FRET emission 

ratio in control- and PKA(C)-knockdown teloHAECs. (f, g) Quantification of the normalized 

FRET emission ratio for the (f) whole cell and (g) perinuclear region of control (n=21 cells) and 

PDE3B-KD teloHAEC (n=34 cells) stably expressing AKAR-GR; ****p<0.0001 in Student’s 

unpaired t-test.  
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Figure 4.4: Inhibition of PKA rescues the hypo-sprouting phenotype induced by PDE3B-

knockdown in vitro and PDE3 inhibition ex vivo.  

 

(a) Representative brightfield images of control- and PDE3B-knockdown spheroids treated with 

PKAic or the vehicle; scale bars denote 50µm. (b) Quantification of HAEC sprouting; 

****p<0.0001 in one-way ANOVA. (c) Quantification of the percent of control- and PDE3B-

knockdown HAECs with podosome rosettes in the presence of PKAic or the vehicle; *p<0.05, 

**p<0.01 with one-way ANOVA. (d) Representative low and high magnification images of the 

sprouting front of an ex vivo mouse retinal model of angiogenesis. Retinas were isolated from 

postnatal day 5 mice and treated with PKAic (n=9), 6-Bnz-cAMP (30µM; n=7), cilostamide (5µM; 

n=10), cilostamide + PKAic (n=8), or the vehicle (n=10). Angiogenic activity was evaluated by 

EC sprouting at the front of the vascular plexus (arrowheads). Scale bars in top panel denote 

50 µm; scale bars in lower panel denote 25 µm. (e) Quantification of angiogenic sprouting in the 

ex vivo mouse retina model; *p<0.05, **p<0.01, ****p<0.0001 in Kruskal-Wallis test.  
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4.4.5 The PDE3B-PKA complex acts upstream of cdc42 to regulate angiogenic sprouting 

We previously reported that PKA negatively regulates angiogenic sprouting, at least in 

part, through its inhibition of cdc42 (MacKeil et al., 2019). To explore the role of PDE3B in 

regulating cdc42-dependent sprouting, we first used an in vitro spheroid model of angiogenesis. 

Consistent with the hypothesis that PDE3B-PKA signaling acts upstream of cdc42, neither PKA 

inhibition nor PDE3 inhibition altered EC sprouting in cdc42-silenced HAEC spheroids (Figure 

4.5a, b). In addition, the impact of cdc42 inhibition on sprouting in PKA(Cα)-, PDE3B-, or control-

knockdown spheroids further demonstrated that cdc42 acts downstream of each PKA and PDE3B. 

Thus, while treatment with the cdc42 inhibitor, ML141, significantly impaired angiogenic 

sprouting in control and PKA(Cα)-silenced HAEC spheroids, pharmacologic cdc42 inhibition had 

no effect on the sprouting function of PDE3B-knockdown spheroids (Figure 4.5c, d), suggesting 

that the small RhoGTPase was maximally inhibited in cells with reduced levels of PDE3B. To 

confirm that PDE3B-PKA signaling indeed regulates cdc42 activity, we performed GST-PAK-

PBD pulldown assays to evaluate the impact of PDE3B and/or PKA on the activation status of 

endogenous cdc42 in HAECs. In support of a role for this cAMP signaling system in regulating 

cdc42, treatment of HAECs with the PKA inhibitors significantly enhanced VEGF-induced cdc42 

activation relative to vehicle-treated controls (Figure 4.5e). In addition, in the presence of the 

PDE3 inhibitor, there was a trend toward a decrease in the level of active cdc42 following VEGF 

treatment (Figure 4.5e). 

Since our in vitro studies implicated a PDE3B-PKA-cdc42 signaling axis in the regulation 

of angiogenic sprouting, we next explored the dynamic regulatory functions of PDE3B, PKA and 

cdc42 in the ex vivo retina model of angiogenesis. In agreement with our cell-based studies, PKA 

inhibition induced a hyper-sprouting phenotype, while PDE3 and/or cdc42 inhibition reduced 
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endothelial sprouting at the vascular front (Figure 4.5g, h). Importantly, simultaneous inhibition 

of PKA and cdc42 obviated the pro-angiogenic effects of PKA inhibition (Figure 4.5g, h), 

indicating that PKA acted upstream of cdc42 during vascular sprouting. Furthermore, when 

cilostamide and ML141 were used in combination, the effects of PDE3 inhibition and cdc42 

inhibition were non-additive (Figure 4.5g, h), suggesting that PDE3B and cdc42 regulate EC 

sprouting through a common signaling pathway. Taken together, these data support an intrinsic 

regulatory role for PDE3B-PKA signaling during cdc42-dependent sprouting (Figure 4.6).   
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Figure 4.5: The PDE3B-PKA signalosome regulates sprouting through the small RhoGTPase, cdc42. 

 

 (a) Representative brightfield images of control and cdc42-knockdown HAECs spheroids in the presence 

of PKAic, cilostamide (5µM), or the vehicle. Scale bars denote 50µm. (b) Quantitation of HAEC sprouting 

(n=3; **p<0.01, ****p<0.0001 in Kruskal-Wallis test) and accompanying cdc42 knockdown efficiency 

(***p<0.001 in Student’s unpaired t-test). (c) Representative brightfield images of control, PKA(Cα)-, and 

PDE3B-knockdown spheroids in the presence of ML141 (10µM) or the vehicle. Scale bars, 50µm. (d) 

Quantitation of HAEC sprouting; (n=3; ****p<0.0 in one-way ANOVA). (e) Representative immunoblots 

showing VEGF-induced cdc42 activation in the presence of PKAic, cilostamide (5µM), or the vehicle; 

relative cdc42 activation is quantified for PKAic, cilostamide and vehicle treatments in the presence of 

VEGF (n=3; *p<0.05 in one-way ANOVA). (g) Representative low and high magnification images of the 

sprouting front of an ex vivo mouse retinal model of angiogenesis. Retinas were isolated from postnatal day 

5 mice and treated with PKAic (n=7), cilostamide (5µM; n=7), ML141 (10µM; n=12), PKAic + ML141 

(n=8), cilostamide + ML141 (n=8), or the vehicle (n=12). Scale bars in top panel denote 50 µm; scale bars 

in lower panel denote 25µm. (h) Quantification of EC sprouting at the vascular front of the retina (*p<0.05, 

**p<0.01, ****p<0.0001 in one-way ANOVA).  
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Figure 4.6: Scheme depicting the PDE3B-PKA-cdc42 signaling axis and its influence on the 

angiogenic sprouting potential of ECs.  
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4.5 Discussion 

Our work builds on previous reports that highlights an intrinsic inhibitory role for PKA 

during angiogenesis (MacKeil et al., 2019; Nedvetsky et al., 2016) by identifying PDE3B as the 

sole PDE responsible for regulating PKA activity in sprouting ECs. Thus, we show that PDE3, but 

not PDE2 or PDE4, activity regulates the “pool” of cAMP that allows PKA to antagonize EC 

sprouting. More specifically, we identify PDE3B as the unique PDE variant underpinning these 

effects, and present data consistent with the idea that PDE3B is afforded this role by virtue of its 

co-localization with PKA within a perinuclear cAMP-signaling compartment in these cells. Using 

in vitro and ex vivo models of angiogenesis, we demonstrate that PDE3 inhibition significantly 

impairs EC sprouting, mirroring the effects of pharmacologic PKA activation. Furthermore, our 

knockdown studies revealed an inverse regulation of angiogenic activity by PDE3B and PKA, as 

PDE3B-knockdown severely blunted EC sprouting, while reduced expression of PKA(Cα), or 

PKA inhibition, induced a hyper-sprouting EC phenotype. Importantly, PKA inhibition rescued 

vascular sprouting in both PDE3B-knockdown spheroids and retinal explants treated with the 

PDE3 inhibitor cilostamide, indicating that PDE3B regulates PKA activity during angiogenesis. 

Examination of the individual cellular events required for EC sprouting provided insight 

into the mechanisms through which PDE3B controls this important process. Thus, while silencing 

PDE3B reduced the invasive capacity of HAECs by restricting podosome rosette formation and 

matrix degradation, PKA inhibition reversed the effects of PDE3B-knockdown on podosome 

rosette biogenesis in these cells. Furthermore, inhibition of PKA partially restored angiogenic 

sprouting in PDE3B-silenced HAECs; these data are consistent with the observation that loss of 

PDE3B impairs both HAEC invasion and migration, while PKA only regulates the invasive 

function of ECs. Although further studies are required to elucidate the molecular mechanisms 
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through which PDE3B regulates EC migration, previous work had identified a PDE3B-EPAC1 

signalosome in HAECs (Stuart J. Netherton et al., 2007; Wilson et al., 2011), which may underpin 

the effects of this PDE on the migratory functions of these cells. 

Several studies have reported a pivotal role for cdc42 in regulating EC angiogenic 

sprouting (Laviña et al., 2018; Suchting et al., 2007; M. Xu et al., 2019). We previously reported 

that endothelial PKA restricts vascular sprouting, in large part, through its inhibition of cdc42 

activity (MacKeil et al., 2019). In agreement with these earlier findings, our current study largely 

supports a role for the PDE3B-PKA signaling in regulating cdc42-dependent sprouting. Using in 

vitro and ex vivo models of angiogenesis, we demonstrate that pharmacologic inhibition or RNAi-

mediated silencing of cdc42 abolishes the effects of PKA and/or PDE3B on EC sprouting, 

indicating that both PDE3B and PKA act upstream of cdc42. In addition, we show that cdc42 

inhibition impairs EC sprouting in both control and PKA(Cα)-knockdown HAECs, but that this 

treatment was without effect in cells with reduced levels of PDE3B. These data suggest that in the 

absence of PDE3B, PKA maximally inhibits cdc42 activity, and by extension, cdc42-dependent 

sprouting. While our previous work indicated that PKA inhibits cdc42 by promoting its interaction 

with the guanine nucleotide dissociation inhibitor (GDI), RhoGDIα (MacKeil et al., 2019),  further 

studies are required to characterize the involvement of other GEFs, GAPs and GDIs and the 

roles of these regulators may play in  further coordinating cdc42-dependent sprouting 

downstream of the PDE3B-PKA signaling identified here.  

The integration of PDEs and cAMP effector proteins into highly localized cAMP 

signalosomes facilitates compartmentalized signaling and allows cAMP to control diverse 

functions selectively, and simultaneously, in cells (Maurice et al., 2014; Stangherlin & Zaccolo, 

2012). Given that Nedvetsky and colleagues observed a hyper-sprouting phenotype in dnPKAiEC 
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mice, which express a dominant negative PRKARIα in ECs (Nedvetsky et al., 2016), we suspected 

that PDE3B might also interact with the PKARIα subunit in HAECs. Although our protein-protein 

interaction studies were not consistent with a strong interaction between PDE3B and PKARIα, 

they did confirm our previous reports which identified binding of endogenous PDE3B with 

PKARIIβ in HAECs (Stuart J. Netherton et al., 2007). Furthermore, immunostaining revealed co-

localization of PDE3B and PKARIIβ within the perinuclear region of HAECs, while live cell 

imaging studies verified that PDE3B regulates a distinct perinuclear “pool” of PKA. Although this 

work illustrates that PDE3B is the cAMP-hydrolyzing enzyme that modulates the anti-angiogenic 

actions of PKA in ECs, further studies will be required to fully elucidate the signaling pathways 

involved in regulating PDE3B activity in response to pro-angiogenic agents. Given that previous 

work has characterized the activation of PDE3B by phosphoinositide-3-kinase (PI3K), protein 

kinase B (PKB) and PKA (F. Ahmad et al., 2014; Faiyaz Ahmad et al., 2007; Degerman et al., 

2011; Lindh et al., 2007; Palmer et al., 2007; Young et al., 2006), current studies in our laboratory 

are aimed at addressing the post-translational regulatory mechanisms that may facilitate PDE3B 

activation during angiogenesis. In support of a critical role for PDE3B activity in normal 

angiogenic functioning, a recent study investigating endothelial dysfunction and impaired wound 

healing in type 2 diabetes described enhanced cAMP-PKA-CREB signaling as well as decreased 

expression of PDE3 in ECs isolated from diabetic animals (Bitar & Al-Mulla, 2014), suggesting a 

potential link between dysregulated PDE3-PKA signaling and pathological angiogenesis. 

Our data strongly suggest that reduced PKA activity facilitates EC sprouting. Given that 

the regulation of cAMP effector proteins is dependent upon the production and degradation of 

cAMP within distinct subcellular domains (Conti et al., 2013; Maurice et al., 2014), a decrease in 

PKA activity during angiogenic sprouting would necessarily require enhanced cAMP hydrolysis 
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and/or impaired cAMP production. While our work emphasizes a role for the cAMP-hydrolyzing 

PDE3B enzyme in regulating PKA activity, little is known regarding upstream signaling pathways 

that control cAMP production in response to pro-angiogenic stimuli. Recent studies have 

demonstrated that expression of C-X-C chemokine receptor type 4 (CXCR4), a Gαi-coupled 

GPCR, is upregulated in  tip ECs during angiogenic sprouting and is essential for vessel 

development (Hasan et al., 2017; Pitulescu et al., 2017). Since Gαi inhibits ACs, thus reducing 

cAMP production, endothelial CXCR4 may have a crucial, unexplored role in restricting 

downstream PKA activity that promotes angiogenic sprouting.  

 

4.6 Conclusions  

Here, we identify a novel PDE3B-PKA signaling complex in HAECs and provide 

mechanistic insight into cAMP-dependent regulation of angiogenic sprouting. Our works 

demonstrates that PDE3B has a crucial role in regulating PKA activity, which in turn restricts the 

intrinsic sprouting capacity of ECs in vitro and ex vivo. Protein interaction studies confirmed the 

direct interaction of PDE3B with PKARIIβ, while imaging studies revealed that this cAMP 

signalosome localizes within the perinuclear region of ECs. At a cellular level, we demonstrate 

that the PDE3B-PKA signalosome regulates angiogenic sprouting through its effects on invasive 

functions, including podosome rosette biogenesis and matrix degradation. At a molecular level, 

we show that PDE3B-PKA signaling regulates angiogenic sprouting, at least in part, through the 

small RhoGTPase, cdc42. Thus, this study identifies a novel role for PDE3B in regulating EC 

sprouting, which may represent a novel therapeutic strategy to target angiogenesis.  
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Chapter 5 

General Discussion 

5.1 Summary of findings 

Understanding the cellular and molecular mechanisms that regulate EC behavior during 

angiogenesis is critical for the therapeutic manipulation of this process. The cAMP second 

messenger system has been implicated in the regulation of angiogenesis, however, the role of each 

cAMP effector protein and the involvement of distinct PDE isoforms in controlling cAMP effector 

function during angiogenic sprouting were ill-defined. The studies presented in this thesis support 

a critical role for PKA, but not EPAC, in regulating EC behavior during angiogenic sprouting. 

More specifically, we demonstrate that PKA functions as an intrinsic, negative regulator of EC 

sprouting both in vitro and ex vivo. At a cellular level, we show that PKA limits angiogenic 

sprouting by restricting podosome rosette biogenesis, MMP-mediated ECM degradation, and the 

invasive capacity of ECs. Importantly, our studies unmask a critical role for PKA in regulating 

cdc42-dependent sprouting by promoting the interaction of GDP-bound cdc42 with the inhibitory 

regulator, RhoGDIα. In addition to elucidating the distinct cellular and molecular mechanisms 

through which PKA controls EC sprouting behavior, we identify a novel role for PDE3B as the 

enzyme responsible for regulating PKA activity during angiogenic sprouting.  

 

5.2 PKA as an intrinsic inhibitor of angiogenesis 

EC sprouting behavior is determined by the net input of concurrent signals from pro- and 

anti-angiogenic stimuli, including hormones and neurotransmitters that activate GPCRs (De 

Francesco, Sotgia, Clarke, Lisanti, & Maggiolini, 2017; Richard, Vouret-Craviari, & Pouysségur, 

2001). Downstream of GPCR-mediated signaling, the cAMP second messenger system 

coordinates and integrates multiple signals to transduce the appropriate cellular response. The 
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ability of a single, ubiquitous second messenger to elicit distinct endothelial responses and regulate 

angiogenic function necessarily requires compartmentalized cAMP signaling. Thus, the targeting 

of GPCRs, ACs, PDEs and cAMP effector proteins to distinct subcellular domains allows for the 

generation of discrete “pools” of cAMP that can selectively activate nearby effector proteins. 

Given that PKA and EPAC have been shown to mediate both pro- and anti- angiogenic responses 

downstream of GPCR-signaling, compartmentalized signaling likely contributes to the diverse EC 

behaviors elicited by these cAMP effector proteins. For example, while Gαs-coupled receptors, 

including the prostaglandin E2 and β2-adrenergic receptors, promote angiogenesis through PKA-

dependent signaling pathways (Garg et al., 2017; Zhang & Daaka, 2011), Gαi-associated GPCRs, 

namely CXCR4, suppress cAMP-mediated signaling and have been shown to stimulate angiogenic 

activity (Hasan et al., 2017; Pitulescu et al., 2017). Although these findings indicate the activation 

of discrete subcellular “pools” of PKA can impart pro-angiogenic effect, global targeting of EC 

PKA through various pharmacologic and genetic approaches support a dominant, intrinsically 

negative role for this cAMP effector protein during angiogenesis (Jin et al., 2010; Nedvetsky et 

al., 2016; Szkudlarek et al., 2009; Wang et al., 2018). Findings presented in this thesis further 

demonstrate that reduced PKA(C) expression or pharmacologic PKA inhibition promote a hyper-

sprouting phenotype both in vitro and ex vivo, while pharmacologic PKA activation impairs EC 

sprouting in these systems.  

 In addition to the biochemical regulation of angiogenic sprouting, hemodynamic forces 

exerted on the endothelium by flowing blood (i.e. fluid shear stress) have been implicated in the 

regulation of angiogenic sprouting (Galie et al., 2014; Song & Munn, 2011; Wragg et al., 2014). 

While normal physiological levels of shear stress maintain ECs in a quiescent state, elevations in 

shear stress caused by hyperemia or reduced shear stress resulting from poor vessel perfusion have 
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been shown to promote angiogenesis (Wragg et al., 2014). Importantly, the cAMP second 

messenger signaling system has been implicated in mediating shear-stimulated signaling events in 

ECs. Multiple reports have demonstrated that shear-induced activation of PKA regulates vascular 

tone, suppresses inflammatory signalling, and maintains EC barrier function (Dixit et al., 2005; 

Funk et al., 2010; Iring et al., 2019; Rodrigues & Granger, 2015). While studies examining the 

association between shear stress, PKA, and angiogenesis are lacking, in vivo findings have 

suggested that the Gαi-coupled receptor, CXCR4, may link flow-mediated alterations in PKA 

activity and EC sprouting behavior (Bussmann, Wolfe, & Siekmann, 2011). Recent reports have 

demonstrated that CXCR4 is upregulated in tip ECs during angiogenic sprouting (Bussmann et al., 

2011; Hasan et al., 2017; Pitulescu et al., 2017), while vascular anastomosis and vessel perfusion 

result in corresponding decrease in CXCR4 expression (Bussmann et al., 2011). Given that 

CXCR4 inhibits cAMP production by ACs, which in turn impairs PKA activation, flow-mediated 

alterations in CXCR4 levels may have a critical role in regulating PKA activity in both quiescent 

and sprouting ECs. More specifically, the CXCR4-PKA signaling axis may function as an 

“angiogenic switch” that, on one hand, inhibits PKA and facilitates EC sprouting in response to 

perturbed blood flow, but on the other hand, promotes PKA activation and impairs EC sprouting 

behavior once the vessel is adequately perfused. Further studies are warranted to investigate this 

signaling paradigm and confirm the role of CXCR4-PKA signaling in mediating the switch 

between quiescent and actively sprouting ECs in response to flow.  

 

5.3 PDEs as regulators of angiogenic sprouting 

PDEs have been shown to regulate angiogenesis, primarily in the context of aberrant vessel 

growth or ischemic disease. Although a select number of preclinical studies have indicated that 
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altered expression of distinct PDE isoforms, namely PDE4A and PDE4B, influence vessel growth 

and development (Pullamsetti et al., 2013; Suhasini et al., 2016), a majority of reports implicating 

PDEs in the regulation angiogenic sprouting have relied on PDE-family selective inhibitors rather 

than studying the roles of individual variants within a given family (Biscetti et al., 2013; Diebold 

et al., 2009; Kim et al., 2014; Mendes et al., 2009; Muzaffar et al., 2012; Sanada et al., 2016). 

Importantly, the PDE superfamily of enzymes gives rise to no fewer than 100 unique isoforms, 

each of which varies in their amino terminus to allow for diverse interactions with regulatory 

partners as well as the targeting of individual PDEs to subcellular compartments (Maurice et al., 

2014). Furthermore, the integration of PDEs into specific cAMP signalosomes within different 

functional compartments has delineated distinct, non-redundant roles for individual 

isoenzymes. Collectively, works identifying cAMP signalosomes have clearly linked the large 

number of PDE isoforms to the compartmentalized regulation of specific cAMP signalling 

pathways and associated biological responses. While family-selective PDE inhibitors are 

valuable in elucidating signaling pathways and cellular functions regulated by PDEs, these 

agents are unable to distinguish between the large numbers of family-specific isoforms 

expressed in vascular ECs, thus limiting their use in defining the precise molecular regulation 

of EC functions during angiogenic sprouting. Accordingly, our findings indicate that the anti-

angiogenic effects of PDE3 inhibition are predominately mediated through PDE3B, rather than 

PDE3A. In addition, we readily demonstrate that reduced expression of PDE3B or selective 

inhibition of PDE3 enzyme activity results in enhanced PKA activation and reduced vascular 

sprouting in both in vitro and ex vivo models of angiogenesis.  

Upon investigating the downstream molecular mechanisms through which the PDE3B-

PKA complex regulates angiogenic sprouting, we revealed that PKA inhibits cdc42 activity by 
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promoting its interactions with inhibitory regulator, RhoGDIα. While our work confirms that 

PKA and PDE3B interact, that this complex also contains PKA-RIIβ subunits, and that this 

interaction is localized within the perinuclear region of vascular ECs, we did not determine 

whether other components of this signaling cascade incorporate into a cAMP-signalosome to 

facilitate PKA’s regulation of cdc42 activity. Although RhoGDIα has been identified as PKA 

target substrate (Oishi et al., 2012; Qiao et al., 2008; Xiao et al., 2014), it is unclear whether 

RhoGDIα integrates into a PDE3B-PKA signaling complex to allow for spatial and temporal 

regulation by PKA during EC sprouting. Given that PKA is capable of activating or inhibiting 

cdc42 through its effects on distinct regulatory proteins that modulate the GDP/GTP-bound state 

of the small RhoGTPase, including RhoGDIα and β-p21-activated kinase-interacting exchange 

factor (Chahdi, Miller, & Sorokin, 2005; Feoktistov, Goldstein, & Biaggioni, 2000; Oishi et al., 

2012; Qiao et al., 2008), it is likely that compartmentalized cAMP signaling mediates the diverse 

effects of PKA on cdc42 activation status.  

 The ability of distinct PDE isoforms to regulate diverse biological functions is largely a 

reflection of their hydrolysis of cAMP, thereby regulating cAMP effector activation. In addition 

to this catalytic function, PDEs may also function as molecular scaffolds that integrate multiple 

proteins into larger macromolecular signaling complexes (Maurice, 2011). For example, in 

HAECs, PDE4D has a critical role in tethering EPAC into VE-Cadherin based complexes to 

regulate barrier function and vascular permeability (Rampersad et al., 2010); in the absence of 

PDE4D, EPAC fails to incorporate into VE-cadherin-based complexes, thus compromising the 

integrity of intercellular junctions. Given that activated tip cells must dissociate from an EC 

monolayer in the early stages of angiogenic sprouting (Herbert & Stainier, 2011), the ability of 

PDE4D to regulate EC-EC junctions may have substantial implications on EC sprouting. 
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Consistent with this notion, in our unpublished works, we found that loss of PDE4D induced a 

hyper-sprouting phenotype in HAECs (Appendix D). Furthermore, the effects of PDE4D-

knockdown were mediated by a hyper-migratory, rather than a hyper-invasive phenotype 

(Appendix D). Indeed, our cell-based studies confirmed that reduced expression of PDE4D had no 

impact on podosome rosette biogenesis, matrix degradation, or the invasive capacity of ECs. 

Although reduced barrier function corresponds with the observed increase in EC migration and 

angiogenic sprouting, further studies are required to elucidate the precise cellular and molecular 

mechanisms that impart PDE4D-knockdown HAECs with a distinct advantage in EC sprouting.  

 

5.4 cAMP signaling during angiogenic sprouting: where to next? 

Given that angiogenic therapies have adopted a multitarget, synergistic approach to control 

vessel growth, components of the cAMP second messenger signaling system may serve as viable 

therapeutic targets for the pharmacologic manipulation of angiogenesis. While a growing body of 

literature, including the works presented in this thesis, support an intrinsic regulatory role for PKA 

during angiogenic sprouting (Bir et al., 2012; Jin et al., 2010; Nedvetsky et al., 2016; Szkudlarek 

et al., 2009; Wang et al., 2018), its widespread tissue distribution and diverse physiological 

functions limit its usefulness as a pharmacologic target (Kleppe, Krakstad, Selheim, Kopperud, & 

Ove Doskeland, 2011). Rather, strategies to manipulate distinct pools of PKA by targeting 

upstream pathways or intermediary intracellular signaling components likely will achieve greater 

therapeutic specificity and efficacy. In addition to GPCR-AC signaling, regulation of PDE 

activities, both as enzymes and as scaffolds, represent an underexploited approach for controlling 

EC sprouting and vascular development.  
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An enhanced understanding of the role for individual PDE isoenzymes in mediating distinct 

biological responses has led to the development of PDE inhibitors as therapeutic agents for a 

myriad of cardiovascular, respiratory and neurological conditions (Maurice et al., 2014). For 

example, the relatively high expression of PDE4 isoforms in cells that regulate 

immunoinflammatory responses led to the development of a PDE4 family inhibitor, roflumilast, 

for use in treatment of inflammatory-pulmonary diseases (Li, Zuo, & Tang, 2018); following its 

success in clinical trials, roflumilast has been approved for clinical use to help prevent 

exacerbations in patients with chronic obstructive pulmonary disease (Calverley et al., 2009; 

Pinner, Hamilton, & Hughes, 2012; Tenor et al., 2011). Similarly, a PDE3 family inhibitor, 

milrinone, has been approved for short-term use in patients with acute decompensated heart failure, 

given its ability to induce acute inotropic, lusitropic and vasodilatory hemodynamic responses 

(Chong, Satya, Kim, & Berkowitz, 2018). Historically, PDE family inhibitors have had limited 

clinical efficacy due to off-target effects (Maurice et al., 2014); while roflumilast exhibits a number 

of gastrointestinal side effects, including nausea, diarrhea, and emesis, chronic administration of 

milrinone increases the risk of arrythmia and mortality. In spite of these issues, structural insights 

from modern proteomics and X-ray crystallography have provided critical information regarding 

the unique structure and allosteric interactions of individual PDE isoenzymes (Deninno, 2012; Ke 

& Wang, 2007; Manallack, Hughes, & Thompson, 2005), which may aid in the design of novel 

isoform-selective inhibitors. Given that individual PDE isoenzymes exhibit distinct tissue, cellular 

and subcellular distributions, the ability to target a single PDE variant could yield greater 

therapeutic success with fewer off-target effects. In the case of angiogenesis, these pharmacologic 

agents could be used to selectively target distinct isoenzymes that have been implicated in the 

regulation of physiological and/or pathological vascular growth.  
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  The unique N-terminal regulatory domain of select PDE families and subfamilies allows 

for diverse regulation of their catalytic function. Traditionally, the pharmacologic manipulation of 

PDE activity has been designed to inhibit enzyme function and prevent the hydrolysis of cyclic 

nucleotides; however, recent advances in targeting PDE enzyme activity have shifted toward the 

activation of PDE families and/or isoenzymes to promote cAMP degradation, particularly in 

disease states where chronic elevations in cAMP drive the molecular pathology (Omar et al., 

2019). For example, a newly developed small-molecule compound, MR-L2, allosterically 

activates PDE4 isoforms that contain both the UCR1 and UCR2 domains (i.e. PDE4 long 

isoforms), which has been shown to reduce intracellular cAMP, hinder the chronic activation PKA, 

and reduce cyst formation in patient-derived autosomal dominant polycystic kidney disease 

samples (Omar et al., 2019). This pioneering work represents an innovative approach to 

pharmacologically regulate PDE enzyme activity, manipulate distinct cAMP-mediated signaling 

pathways, and gain therapeutic control over a diverse range of biological processes. The potential 

to selectively activate individual PDE isoenzymes holds great promise for the treatment of a 

myriad of disease states, including disorders resulting from dysregulated vascular growth. 

 

5.5 Closing remarks  

 The cAMP second messenger signaling system has an irrefutable role in regulating EC 

function during angiogenesis; however, we have only just begun to elucidate the intricacies of 

cAMP signaling in sprouting ECs. Our findings identify a novel PDE3B-PKA signaling axis that 

regulates the sprouting capacity of ECs, both in vitro and ex vivo. Although we have yet to 

determine whether these findings translate to an in vivo system, studies in diabetic animals have 

demonstrated that EC dysfunction and impaired angiogenesis are associated with reduced levels 
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of PDE3 and enhanced PKA activity (Bitar & Al-Mulla, 2014), suggesting that PDE3B-PKA 

signaling is essential for normal EC function and angiogenic sprouting. Given that our unpublished 

works have also implicated PDE4D in the regulation of EC sprouting, while multiple preclinical 

trials have shown that altered PDE expression is associated with pathological angiogenesis and/or 

vascular insufficiency (Pullamsetti et al., 2013; Suhasini et al., 2016), future studies are required 

to fully characterize the involvement of other PDE isoenzymes expressed by vascular ECs during 

physiologic and/or pathologic angiogenesis. Indeed, by studying the roles of individual PDEs, we 

can better understand how signals are integrated in response to pro-angiogenic stimuli to 

coordinate EC functions during angiogenesis.  
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Appendix A 

Antibodies 

 

Table 1: Primary antibodies used for immunoprecipitation, immunoblotting, 

immunostaining, and flow cytometry.  

Target antigen Vendor or Source Catalog # 
Working 

concentration 

PKAC BD Biosciences 610980 1µg/ml 

EPAC1 Cell Signaling  4155 0.9µg/ml 

β-actin Sigma-Aldrich A5441 0.3µg/ml 

β-tubulin Sigma-Aldrich T5293  

VEGFR2 Cell Signaling  2479 26ng/ml 

phospho-VASP (S157) Calbiochem 676604 1µg/mL 

VASP Cell Signaling 3120 0.32ug/ml 

MMP14 Abcam ab78738 1µg/mL 

MMP14 R&D Systems FAB9181G - 

phospho-p44/42 MAP 

Kinase (Y202/204) 
Cell Signaling 9101 0.22ug/ml 

p44/42 MAP Kinase Cell Signaling 9102 11ng/ml 

phospho-Akt (S473) Cell Signaling 9271 77ng/ml 

AKT Cell Signaling 9272 80ng/ml 

phospho-Src (Y416) Cell Signaling 2101 70ng/ml 

phospho-Src (Y530) Santa Cruz sc-166860 1µg/ml 

cSrc Santa Cruz sc-8056 1µg/ml 

Cdc42 

Generous gift from Dr. 

R. Bhullar, University 

of Winnipeg 

N/A - 

Cdc42 Cytoskeleton ACD03 0.25 µg/mL 

phospho-RhoGDIα (S174) My Biosource MBS859500 1µg/mL 

RhoGDI Abcam AB108977 0.23 µg/mL 

PDE3B iCos Corporation 281K 1µg/mL 
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Appendix B 

qRT-PCR primers 

 

Table 2: qRT-PCR primers for amplifying reference genes and genes of interest.  

Target Primer sequence 

Dll4 
sense 5′-CTTAGGAGAGAAGGCGCCAC-3′ 

antisense 5′-GCCTTATACCTCCGTGGCAA-3' 

EPAC1 
sense 5′-CGACTGGAGCCTCTTCAACA-3′ 

antisense 5′-CACCCAGTACTGCAGCTCAT-3′ 

PDE3A 
sense 5′-TTGGAGTTGATGGCGCTGTA-3′ 

antisense 5′-CTGGCCGGGACDTGAAAAGA-3′ 

PDE3B 
sense 5′-TGATCACCCAGGGAGGACAA-3′ 

antisense 5′-CGAAAGCGCTTGAATTCCACA-3′ 

PDE4D 
sense 5′-ACGTGGCATGGAGATAAGCC-3′ 

antisense 5′-GTGCTCTGGTACCATTCACGA-3′ 

PGK 
sense 5′-CTGTGGGGGTATTTGAATGG-3′ 

antisense 5′-CTTCCAGGAGCTCCAAACTG-3′ 

PRKACα 
sense 5′-ATGTTCTCACACCTACGGCG-3′ 

antisense 5′-CCAGCGAGTGCAGATACTCA-3 

PRKACβ 
sense 5′-GCAGAACTTGGACATTATGTGG-3′ 

antisense 5′-CCACCAATCCACTG CTTAT-3′ 

TBP 
sense 5′-TATAATCCCAAGCGGTTTGC-3′ 

 antisense 5′-GCTGGAAAACCCAACTTCTG-3 

VEGFR2 
sense 5′-CGGTCAACAAAGTCGGGAGA-3′ 

antisense 5′-CAGTGCACCACAAAGACACG-3′ 
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Appendix C 

Effects of PDE3B silencing on EC sprouting 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1: silencing PDE3B impairs EC sprouting.  

 

(a) Quantification of tip cell occupancy by siPDE3B (CellTracker™ Green) or siCtrl 

(CellTracker™ Red-labelled) HAECs  in the competitive sprouting spheroid assay. Values are 

expressed as a percentage of the total number of sprouts formed in each spheroid (n=3; *p<0.05 

in Student’s unpaired t-test). (b) Immunoblot analysis measuring total PDE3B levels following 

PDE3B-knockdown; n=3, ***p<0.001.  
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Appendix D 

Effects of PDE4D silencing on the sprouting, migratory and invasive function of ECs 
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Figure A.2: Silencing HAEC PDE4D promotes EC sprouting and migration 

 

(a) Representative images of the competitive sprouting angiogenesis assay. Mosaic spheroids were 

generated from a 1:1 mixture of siCtrl:siPDE3B HAECs. EC identity in sprouting spheroids was 

determined by differentially labelling ECs with CellTracker™ Green, or CellTracker™. Scale 

bars, 50μm. (b) The competitive sprouting was assessed by quantifying tip cell occupancy of siCtrl 

or siPDE3B HAECs in individual spheroids. Values are expressed as a percentage of the total 

number of sprouts formed in each spheroid (n=3; ****p<0.0001 in Student’s unpaired t-test). (c) 

Representative images of the chemotaxis and chemoinvasion assays. F-actin and nuclei from 

migrating and/or invading cells were visualized with TRITC-conjugated phalloidin and with 

DAPI, respectively; scale bars, 50μm. (d-f) Quantification of whole cell (d) chemotaxis, (e) 

chemoinvasion, (f) and the invasive index of siCtrl, siPKA(Cα), and siPDE3B HAECs. The 

invasive index was calculated as the ratio of invaded:migrated endothelial cells (n=3, ***p<0.001, 

****p<0.0001 in Student’s unpaired t-test). (g, h) Quantitation of the percent of ECs expressing 

(g) individual podosomes and/or (h) podosome rosettes following 24hr treatment with VEGF 

(25ng/ml) for n=2 experiments. (h) Quantitation of DQ-collagen degradation, measured as the 

average FITC fluorescence intensity per cell (n=2). (i) Relative mRNA expression demonstrating 

PDE3B knockdown efficiency (n=3; ***p<0.001 in Student’s unpaired t-test). 

 


