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Abstract 

Phosphoinositide signaling regulates numerous downstream effectors that mediate cellular 

processes which influence cell cycle progression, migration, proliferation, growth, survival, 

metabolism and vesicular trafficking. A prominent role for phosphoinositide 3-kinase, which 

generates phosphatidylinositol 3,4,5-trisphosphate, a phospholipid that activates a plethora of 

effectors including AKT and FOXO during embryonic and postnatal angiogenesis, has been 

described. In addition, phosphatidylinositol 3-phosphate signaling is required for endosomal 

trafficking, which contributes to vascular remodeling. This review will examine the role 

phosphoinositide signaling plays in the endothelium and its contribution to sprouting 

angiogenesis. 
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1. Introduction 

Establishment of a functional vasculature is essential for embryonic development, and also 

for the maintenance of tissue regeneration, inflammatory responses and wound healing in the 

adult. Vascular development is characterized by two distinct physiological processes, 

vasculogenesis and angiogenesis. Vasculogenesis is predominantly limited to embryonic 

development, whereby differentiation of mesoderm-derived angioblasts leads to formation of 

a primitive vascular plexus (Risau and Flamme, 1995). Remodeling of the primitive vascular 

plexus largely occurs through the process of sprouting angiogenesis, whereby nascent vessels 
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sprout from the existing vascular network (Risau, 1997). Angiogenesis is also the principal 

mechanism governing generation of neovasculature in the adult. In response to hypoxic 

conditions, hypoxia-inducible factor (HIF) accumulates following inhibition of HIF prolyl-

hydroxylase, which in normoxic conditions, hydroxylates the alpha subunits of HIF at 

conserved proline residues, and promotes HIF ubiquitination by the von Hippel-Lindau E3 

ubiquitin ligase, which targets the protein for proteosomal degradation (Maxwell et al., 1999). 

Accumulation of HIF drives transcription of pro-angiogenic factors including vascular 

endothelial growth factor (VEGF) and endothelial nitric oxide synthase (eNOS) within 

endothelial cells (ECs) to promote vasopermeability, vessel destabilization, EC proliferation 

and migration, resulting in capillary sprouting (Krock et al., 2011). Nascent EC sprout 

formation is initiated by selection of specialized non-proliferative “tip cells” at the vascular 

front, which extend filopodia to guide migration of the developing sprout toward a pro-

angiogenic gradient (Gerhardt et al., 2003). “Stalk cells” at the base of the newly-formed 

sprout proliferate to form the vascular lumen. Tip cells on adjacent vessels anastomose to 

form the new vascular circuitry. Stability of the nascent vessel is enhanced following 

establishment of adherens junctions, recruitment of smooth muscle cells, and secretion of 

extracellular matrix components, to form a stable vascular network capable of arterio-venous 

differentiation (Adams and Alitalo, 2007). Pathological angiogenesis exploits angiogenic 

signaling pathways to promote neovascularization, such as occurs in many cancers, 

inflammatory diseases, and retinopathies (Chung and Ferrara, 2011). Therefore, inhibitors of 

angiogenesis represent potential therapeutic targets. US Food and Drug Administration 

(FDA) approved anti-angiogenic treatments for cancer and diabetic retinopathy currently 

target VEGF isoforms, their receptors, or downstream signaling pathways; however, these 

drugs have serious adverse side effects, including cardiovascular and thromboembolic events 

(Musumeci et al., 2012), warranting the identification of novel regulators of angiogenesis. 

 Angiogenesis is a tightly controlled process that is facilitated by the release of pro-

angiogenic or anti-angiogenic factors, which can combine to regulate the activity of 

phosphoinositide signaling in ECs. Notably, phosphoinositide 3-kinase (PI3K) is activated by 

two of the most highly characterized pro-angiogenic systems, VEGF/VEGFR and ANG/TIE 

(angiopoietin/tunica intima endothelial kinase) signaling pathways. Activation of receptor 

tyrosine kinase vascular endothelial growth factor receptors (VEGFRs) by vascular 

endothelial growth factors (VEGFs) leads to initiation of crucial pro-angiogenic signaling 

cascades in ECs that promote EC sprouting (Cross and Claesson-Welsh, 2001). The VEGF 

family comprises five ligands, VEGF-A, VEGF-B, VEGF-C, VEGF-D, and Placenta growth 
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factor (PlGF); and three receptors, VEGFR1/FLT1, VEGFR2/FLK1 and VEGFR3/FLT4, which 

are selectively expressed in ECs. Activation of VEGFR2 by VEGF-A, and VEGFR3 by 

VEGF-C, initiates PI3K signaling, which leads to activation of one of its major effectors, the 

serine/threonine kinase AKT (Graupera and Potente, 2013; Jiang and Liu, 2009). Ligation of 

PlGF with VEGFR1 was also shown recently to enhance PI3K/AKT activation in ECs (Zhou 

et al., 2016). Conversely, signaling through the G-protein coupled receptor sphingosine 1-

phosphate receptor 1 (S1PR1) suppresses angiogenic sprouting by inhibiting VEGF-A-

mediated PI3K/AKT activation (Gaengel et al., 2012). The ANG/TIE system is an alternative 

vascular-specific receptor tyrosine kinase pathway that regulates EC survival and vascular 

maturation (Augustin et al., 2009). The ANG/TIE family contains two EC-specific TIE 

receptors, TIE1 and TIE2; and three ligands, ANG1, ANG2 and ANG3. ANG1 is 

predominantly expressed in perivascular cells, and can activate both TIE1 and TIE2 receptors 

to promote vascular maturation (Augustin et al., 2009). ANG2 is primarily expressed in ECs 

and some smooth muscle cells and may act as an antagonist of ANG1 in some settings to 

promote vessel destabilization (Augustin et al., 2009). ANG1 and ANG2 may play 

compensatory roles in PI3K/AKT pathway regulation, with ANG2 acting both upstream and 

downstream of PI3K activation. ANG1 activation of the TIE2 receptor promotes PI3K/AKT 

signaling in quiescent vessels, leading to inhibition of the FOXO1 transcription factor, and 

suppression of ANG2 expression (Augustin et al., 2009). Conversely, upon weak AKT 

signaling in ECs, FOXO1 transcriptional activity is increased and ANG2 expression is 

amplified, allowing activation of the TIE2 receptor, compensating for low ANG1/TIE2 

signaling in ECs. Thus, PI3K signaling in ECs can be exquisitely regulated through 

modulation of ANG2 expression levels. 

Here, this review will summarize the collective research contributing to our 

understanding of phosphoinositide signaling in the endothelium and its influence on 

angiogenesis during embryonic development and postnatally in adult life during disease 

processes. 

 

2. Phosphoinositides 

Phosphoinositides are constituents of eukaryotic cellular membranes that regulate numerous 

physiological processes, including signal transduction, cell proliferation and survival, 

cytoskeletal reorganization and vesicular trafficking (Di Paolo and De Camilli, 2006). Seven 
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phosphoinositides have been identified, derived from the precursor phosphatidylinositol 

(PtdIns), which can be transiently phosphorylated and dephosphorylated at the D3, D4 or D5 

position of the inositol head group through the sequential and opposing actions of 

phosphoinositide kinases and phosphatases respectively. Each phosphoinositide has unique 

subcellular localizations and distinct roles in cellular signaling pathways. The downstream 

cellular effects of phosphoinositides are transmitted via recruitment of a diverse group of 

phosphoinositide-binding proteins. 

 

3. PI3K family of phosphoinositide kinases 

Phosphatidylinositol 3-kinases (PI3Ks) are an evolutionary conserved family of 

phosphoinositide kinases that generate phosphoinositide second messengers by 

phosphorylating the 3’-hydroxyl position of the inositol head group of phosphatidylinositol 

(PtdIns), phosphatidylinositol 4-phosphate (PtdIns(4)P) or phosphatidylinositol 4,5-

bisphosphate (PtdIns(4,5)P2), to generate PtdIns(3)P, PtdIns(3,4)P2 or PtdIns(3,4,5)P3 

respectively (Vanhaesebroeck et al., 2012). Generation of 3’-phosphoinositides results in the 

recruitment of proteins containing a range of phosphoinositide binding domains, including 

phox homology (PX), FYVE and pleckstrin homology (PH) domains, leading to the 

activation of multiple downstream signaling effectors that mediate numerous biological 

processes to influence cell growth, survival, proliferation, endosomal trafficking and 

metabolism. PI3Ks have been classified by sequence homology and substrate specificity into 

3 classes, class I, class II and class III (Table 1). Class I PI3Ks are heterodimeric enzymes 

that principally phosphorylate PtdIns(4,5)P2 to generate PtdIns(3,4,5)P3, and have been 

further categorized into class IA and class IB subgroups. Class IA PI3Ks comprise a catalytic 

and a regulatory subunit. Three mammalian class IA catalytic subunit isoforms have been 

identified, p110α, p110β and p110δ, encoded by PIK3CA, PIK3CB and PIK3CD respectively 

(Vanhaesebroeck et al., 2012). Each catalytic subunit can associate with one of five SH2 

domain-containing regulatory subunits to form active heterodimers. The regulatory subunits 

p85α, p55α and p50α are encoded by the PIK3R1 gene; however, each variant is under the 

control of a distinct promoter and is independently regulated (Inukai et al., 1997). p85β is 

encoded by PIK3R2 (Otsu et al., 1991); and p55γ by PIK3R3 (Pons et al., 1995). Class IA 

PI3Ks can be activated in response to tyrosine kinase stimulation; or through G protein-

coupled receptor (GPCR) activation, which can either occur directly through Gβγ, or 
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indirectly through Ras (Vanhaesebroeck et al., 2012). The sole p110γ catalytic subunit of 

class IB PI3K, encoded by PIK3CG, associates with p101 or p84/p87
PIKAP

 regulatory 

subunits, which do not contain SH2 domains, and are coupled to Gβγ activation 

(Vanhaesebroeck et al., 2012). Three isoforms of class II PI3Ks have been identified to date, 

PI3K-C2α, PI3K-C2β and PI3K-C2γ (Falasca and Maffucci, 2012). Class II PI3Ks are 

monomeric enzymes constitutively associated with intracellular membranes that 

preferentially generate PtdIns(3)P from the phosphorylation of PtdIns (Falasca and Maffucci, 

2012; Virbasius et al., 1996). However, recent studies indicate that PI3K-C2α can also 

generate PtdIns(3,4)P2 by direct phosphorylation of PtdIns(4)P during clathrin-mediated 

endocytosis (Posor et al., 2013). VPS34, the mammalian homologue of Saccharomyces 

cerevisiae Vps34p, requires constitutive binding to the VPS15 regulatory subunit for its 

kinase activity toward PtdIns, and is currently the only identified mammalian class III PI3K 

(Schu et al., 1993). Isoform-specific genetic manipulation of class I and class II PI3Ks in 

mice and zebrafish has revealed distinct roles for PI3K isoforms in angiogenesis. No studies 

to date have reported a possible role for class III PI3K signaling in angiogenesis. 

 

4. Class IA PI3Ks are essential for developmental angiogenesis 

Class I PI3Ks are activated in ECs downstream of pro-angiogenic factors that include 

VEGF/VEGFR and ANG/TIE (Graupera and Potente, 2013; Jiang and Liu, 2009). EC-

specific deletion of class IA regulatory subunits (p85α, p55α, p50α, and p85β) in mice results 

in embryonic lethality at E11.5 due to hemorrhage resulting from impaired vascular integrity 

(Yuan et al., 2008); however, preservation of a single p85α allele produces viable mice with 

an absence of vascular defects, indicating the importance of this regulatory subunit in Class 

IA PI3K signaling in ECs. Genetic inactivation studies have also revealed isoform selectivity 

in the catalytic subunit of class I PI3Ks in ECs during angiogenesis. Homozygous 

constitutive deletion of Pik3ca in mice is embryonic lethal at E10.5 (Bi et al., 1999); and 

Pik3ca
-/-

 mice exhibit multiple vascular defects (Lelievre et al., 2005). EC-specific 

inactivation of Pik3ca results in mid-gestation embryonic lethality with impaired vascular 

remodeling resulting from failed EC migration due to impaired activation of the small 

GTPase RhoA (Graupera et al., 2008). Conversely, EC-restricted inactivation of p110β, or 

constitutive inactivation of p110δ, does not affect vascular development or embryonic 
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viability, indicating that only the p110α isoform of class I PI3K is indispensable for EC-

autonomous embryonic vascular remodeling and viability. 

It is noteworthy that EC expression of activating Pik3ca mutants in mice is also 

embryonic lethal at E10.5 resulting from a failure of vascular remodeling (Castel et al., 

2016), indicating hyperactivation of p110α also leads to impaired embryonic angiogenesis. 

Activation of p110α signaling is also causative of postnatal developmental angiogenic 

defects. The retinal vasculature of EC-specific Pik3ca gain-of-function mutant mice displays 

suppressed radial vascular expansion, associated with EC hyperplasia, defective pericyte 

recruitment, and compromised arteriovenous specification (Castillo et al., 2016). Thus, either 

increased or decreased endothelial p110α signaling results in impaired vascular remodeling, 

emphasizing the importance of maintaining tight regulatory control of class IA PI3K 

signaling in ECs. Further evidence to support a selective role for p110α in angiogenesis 

regulation has been reported in a study of the PtdIns(3,4,5)P3-activated GTPase activating 

protein ARAP3, which regulates the activity of RhoA. Constitutive or EC-specific deletion of 

Arap3 in mice results in mid-gestation embryonic lethality resulting from defective sprouting 

angiogenesis, a phenotype recapitulated in an ARAP3 knockin mutant that is unable to bind 

PtdIns(3,4,5)P3 (Gambardella et al., 2010). Treatment of ex vivo allantois explants with the 

p110α-specific inhibitor PI-103 significantly suppressed vessel sprouting and complexity; 

however, inhibition of the p110β subunit with TGX-221 had no effect. Interestingly, 

inactivation of stromal Pik3ca in syngeneic tumor models results in the formation of a non-

functional tumor vasculature that contributes to increased tumor hypoxia and necrosis, 

leading to suppressed tumor growth (Soler et al., 2013). It is interesting to speculate this may 

represent an alternative therapeutic target to current anti-angiogenesis strategies. 

 Recent reports reveal that gain-of-function mutations in PIK3CA are causative of 

congenital venous and lymphatic malformations in humans (Boscolo et al., 2015; Castel et 

al., 2016; Castillo et al., 2016; Limaye et al., 2015), indicating a role for p110α signaling in 

vascular disease. Activating mutations of Pik3ca in murine models of vascular malformation 

resulted in development of congenital subcutaneous vascular malformations that resemble the 

human pathology (Castel et al., 2016; Castillo et al., 2016) and were associated with EC 

hyperproliferation (Castel et al., 2016). Thus, it is speculated that vascular malformations 

associated with increased PI3K activation may result from enhanced EC proliferation that 

inhibits vascular maturation. 
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5. AKT1: A Class I PI3K effector that regulates physiological and pathological 

angiogenesis 

AKT, also known as protein kinase B (PKB), is a serine/threonine kinase that phosphorylates 

numerous cytosolic and nuclear target proteins to regulate cell metabolism, cell cycle 

progression, growth and survival (Franke, 2008). AKT is the most highly characterized class 

I PI3K effector. Three independently encoded isoforms of AKT (AKT1, AKT2 and AKT3) 

are expressed in mammalian cells. Isoform-specific disruption of AKT isoforms reveals 

compensatory involvement within the family. Akt1
-/-

 mice demonstrate impaired placental 

development leading to retarded embryonic growth and increased neonatal mortality (Chen et 

al., 2001; Cho et al., 2001b; Yang et al., 2003). Akt2
-/-

 mice are born without obvious defects 

at the expected Mendelian ratio, but develop peripheral insulin resistance, hepatic 

hyperglycemia, hyperinsulinemia, and a compensatory increase in pancreatic islet mass (Cho 

et al., 2001a; Garofalo et al., 2003). Akt3
-/-

 mice are born at the expected Mendelian 

frequency and exhibit a specific reduction in brain size (Easton et al., 2005; Tschopp et al., 

2005). However, combined disruption of Akt1 and Akt3 is embryonic lethal at E11-12 with 

severe cardiovascular developmental defects and vascular reduction in the placenta (Yang et 

al., 2005), indicating overlapping and compensatory effects between AKT isoforms during 

embryogenesis. 

Endothelial-specific deletion of AKT isoforms reveals that AKT1 plays a prominent 

role in regulating physiological angiogenesis. Inducible deletion of Akt1 in ECs suppressed 

postnatal retinal angiogenesis irrespective of Akt2 expression levels (Lee et al., 2014). Loss of 

AKT1 expression reduced retinal vascular expansion and branching, with no effect on 

tip/stalk cell identity, but with increased vessel regression. Phosphoproteomic pathway 

analysis has revealed that AKT1, but not AKT2, phosphorylates several effector proteins that 

regulate cardiovascular development and developmental angiogenesis. Notably, eNOS was a 

preferential AKT1 phosphorylation target, resulting in activation of eNOS to promote NO 

release. Thus, AKT1 is the predominant AKT isoform required for developmental 

angiogenesis in ECs. 

Interestingly, either loss or gain of function of AKT1 influences vascular formation 

during pathological neovascularization. Loss of AKT1 in a syngeneic tumor model leads to 

enhanced angiogenesis specifically in tumor vasculature, associated with impaired vessel 

maturation and increased vascular permeability (Chen et al., 2005). Conversely, expression of 
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a constitutively active Akt1 transgene in murine ECs leads to the formation of an enlarged, 

tortuous and hyperpermeable vasculature reminiscent of tumor vessels (Phung et al., 2006). 

 

6. FOXO1: Coupling PI3K plasma membrane signaling to the nucleus in 

endothelial cells 

Strong evidence supports a prominent role for the AKT target FOXO1 in embryonic vascular 

remodeling. Forkhead boxO (FOXO) transcription factors are regulated downstream of PI3K 

through direct phosphorylation by AKT (Manning and Cantley, 2007). In the absence of 

PI3K/AKT signaling, FOXOs localize to the nucleus where they increase transcription of 

genes that promote programmed cell death, cell cycle arrest and DNA repair (Manning and 

Cantley, 2007). Upon activation of PI3K, FOXOs are phosphorylated by AKT, resulting in 

nuclear exclusion and proteosomal degradation, leading to a pro-survival cellular 

environment. FOXO1 is the predominant regulator of vascular remodeling within the FOXO 

family. ECs show high sensitivity toward altered FOXO1 levels, as loss (Furuyama et al., 

2004; Hosaka et al., 2004; Wilhelm et al., 2016) or activation (Wilhelm et al., 2016) of 

FOXO1 is embryonic lethal mid-gestation due to dysfunctional vascular remodeling. 

Mechanistic analysis has revealed FOXO1 expression is vital for the suppression of EC 

proliferation that may otherwise impede coordinated angiogenic sprouting (Wilhelm et al., 

2016). FOXO1 achieves this through antagonism of MYC, which limits EC metabolic 

activity, by reducing glycolysis and mitochondrial oxidative phosphorylation. Thus FOXO1 

couples metabolism with EC proliferation to regulate sprouting angiogenesis. 

 FOXO1 inhibition also enhances angiogenesis and microvascular regeneration as 

shown in murine models of injury, via mediation of VEGF-dependent endothelial tip cell 

selection through both direct and indirect regulation of the NOTCH ligand Delta-like 4 

(DLL4), an effector of tip cell fate (Dang et al., 2017). FOXO1 is required to suppress 

transient VEGF-A mediated induction of DLL4, but is also necessary to maintain baseline 

DLL4 levels. It is proposed that regulation of DLL4 expression is accomplished through 

binding of FOXO1 to the transcriptional cofactor RBPJk, which desensitizes DLL4 to 

stimulation by VEGF-A signaling, by preventing recruitment of ERK-dependent 

transcriptional activators E26 transformation-specific (ETS) and EP300 to Intron 3 of DLL4, 

suppressing DLL4 expression and diminishing tip cell fate. Thus, FOXO1 may provide a 
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direct link between MAPK/ERK and PI3K/AKT signaling in ECs to connect VEGF and 

NOTCH signaling in angiogenesis. 

 

7. GSK3: An emerging modulator of angiogenesis 

Glycogen Synthase Kinase-3 (GSK3) is a well-characterized substrate of the serine/threonine 

kinase AKT. GSK3 occurs as two isoforms in mammals, GSK3α and GSK3β, which share a 

conserved catalytic domain, and are encoded by independent genes. Phosphorylation of 

GSK3 by AKT at auto-inhibitory N-terminal serine residues (Ser9/Ser21) inhibits GSK3 

activity. Active GSK3 phosphorylates several effectors both upstream and downstream of 

PI3K signaling, indicating the potential for GSK3 to exert exquisite feedback regulation 

within PI3K/AKT signaling pathways. The complexity of GSK3 signaling, including its 

interactions within the PI3K/AKT/mTOR nexus has been reviewed comprehensively 

(Hermida et al., 2017). 

 GSK3α knockout mice are viable, but show enhanced glucose tolerance and insulin 

sensitivity (MacAulay et al., 2007); while global ablation of GSK3β is embryonic lethal 

associated with defective cardiac development (Kerkela et al., 2008), and hemorrhagic liver 

degeneration (Hoeflich et al., 2000). A specific role for GSK in angiogenesis remains largely 

unexplored and no endothelial cell-specific knockout models of GSK3α or GSK3β have been 

reported; however, collective evidence suggests an emerging role for GSK, particularly 

GSK3β, in angiogenesis, and warrants further examination. GSK regulates angiogenesis in 

models of in vitro angiogenesis via the F-box protein Fbw7, and ubiquitin-specific protease 

28 (USP28)-dependent degradation of HIF-1 (Flügel et al., 2012). Additionally, GSK3β 

specifically suppresses endothelial cell survival and migration in vitro, and inhibits capillary 

formation in an in vivo Matrigel plug assay (Kim et al., 2002). Notably, a recent report has 

revealed an association between GSK3β and angiogenesis in glioma. Previous studies have 

confirmed a prominent role for angiogenesis in regulating malignant glioma growth 

(Vartanian et al., 2014). Levels of phosphorylated GSK3β at the inhibitory Ser9 residue, but 

not total GSK3β, were upregulated in glioma relative to normal tissue and showed significant 

correlation with high-grade gliomas and metastatic tumors (Zhao et al., 2015). Ectopic 

expression of GSK3β in glioma cells suppressed tumor growth and angiogenesis in nude 

mice, which was associated with inhibition of HIF-1α and VEGF expression. Generation of 

endothelial cell-specific GSK3β murine models should provide for further detailed 

characterization of GSK3β signaling in angiogenesis and its relevance to human disease. 
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8. PI3K regulation is essential for angiogenesis 

PI3K signaling is regulated by the 3-phosphatase PTEN (phosphatase and tensin homolog 

deleted on chromosome ten), which hydrolyzes the 3’-postion phosphate from the inositol 

ring of PtdIns(3,4,5)P3 to generate PtdIns(4,5)P2, to directly oppose PI3K activity (Song et 

al., 2012). PTEN is also reported to have dual-specificity protein phosphatase activity toward 

peptide substrates phosphorylated on serine, threonine and tyrosine residues. PtdIns(3,4,5)P3 

signals can also be hydrolyzed at the 5’-postion phosphate of the inositol head group by many 

members of the inositol polyphosphate 5-phosphatase family to generate PtdIns(3,4)P2 

(Eramo and Mitchell, 2016). No 5-phosphatase has been implicated in regulating EC function 

or angiogenesis; however, multiple reports reveal the importance of suppression of PI3K 

signaling by PTEN in ECs to restrict angiogenesis. PTEN attenuates vascular sprouting, EC 

migration and proliferation in vitro (Huang and Kontos, 2002). Mutant zebrafish embryos, 

which lack functional Pten, exhibit hypervascularization and enhanced angiogenesis 

(Choorapoikayil et al., 2013). EC-restricted deletion of Pten in mice results in embryonic 

lethality prior to E11.5 as a result of cardiac failure and severe vascular hemorrhage, due to 

impaired vascular mural cell recruitment and defective vascular remodeling, associated with 

an altered pro-angiogenic cytokine profile (Hamada et al., 2005). Additionally, heterozygous 

loss of Pten in ECs enhances tumor growth in syngeneic murine models through increased 

tumor angiogenesis (Hamada et al., 2005). Interestingly, partial rescue of the PTEN-deficient 

vascular and cardiac phenotype was observed upon co-deletion of Pten with p85α; however, 

co-deletion of Pten with Pik3cg, encoding p110γ, also partially rescued the vascular 

phenotype, with a significant improvement in cardiovascular defects. These data suggest that 

PTEN regulates PtdIns(3,4,5)P3 levels in ECs downstream of both class IA and class IB PI3K 

signaling. 

Recent studies have explored both the catalytic and non-catalytic functions of PTEN, as 

well as the protein and lipid phosphatase roles of PTEN in angiogenesis. A recent report 

revealed that both the protein and lipid phosphatase activities of PTEN are required for 

embryonic zebrafish development, but only the lipid phosphatase activity is necessary for 

functional angiogenesis (Stumpf and Den Hertog, 2016). Notably, a comprehensive 

examination of the role PTEN plays in EC function and vascular patterning has indicated that 

PTEN is not required for tip/stalk cell specification, but rather modulates vascular density and 

patterning by specifically restricting EC proliferation in stalk cells at the NOTCH-dependent 
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vascular front (Serra et al., 2015). These effects are mediated by both PTEN catalytic and 

non-catalytic functions. PTEN can localize to the nucleus during the G0-G1 phase to suppress 

cell cycle progression, where it acts in a non-catalytic manner to mediate association of 

APC/C with the activator Fzr1/Cdh1, enhancing the E3 ligase activity of APC/C (Song et al., 

2012). The APC/C-Fzr1/Cdh1 complex subsequently targets multiple proteins that regulate 

DNA replication for degradation to facilitate G1 progression. Loss of PTEN in ECs resulted 

in accumulation of the E3 ubiquitin ligase APC/C-Fzr1/Cdh1 complex substrates Aurora A, 

Plk1 and Geminin, independent of its phosphoinositide phosphatase activity (Serra et al., 

2015). Inhibition of either PI3K or Aurora kinase partially rescued aberrant proliferation in 

PTEN-null ECs; however, concurrent inhibition of both kinases provided a synergistic effect 

on EC proliferation. Additionally, complementation of PTEN-null ECs with lipid 

phosphatase-dead, or nuclear excluded PTEN, partially rescued proliferative defects, with 

increased rescue achieved with expression of wildtype PTEN. Collectively, these data 

suggest that both the lipid phosphatase activity and nuclear phosphatase-independent 

functions of PTEN may be required to maintain stalk cell proliferation during vascular 

remodeling. 

 

9. PtdIns(3)P signals regulate angiogenesis 

An essential role for regulation of PtdIns(3)P signals and the importance of endosomal 

trafficking in developmental, postnatal, and pathological angiogenesis has been proposed. 

Class II PI3Ks are monomeric enzymes that predominantly generate PtdIns(3)P by 

phosphorylation of PtdIns at the 3’-hydroxyl position of the inositol head group (Falasca and 

Maffucci, 2012; Virbasius et al., 1996). PI3K-C2α has been recently implicated in 

PtdIns(3,4)P2 generation during clathrin-mediated endocytosis (Posor et al., 2013). Three 

isoforms of class II PI3Ks have been identified (PI3K-C2α, PI3K-C2β and PI3K-C2γ); 

however, only the role PI3K-C2α plays in angiogenesis has been examined extensively to 

date. PI3K-C2α localizes to endosomes, the trans-Golgi network and clathrin-coated vesicles, 

and is proposed to regulate intracellular vesicle trafficking (Domin et al., 2000; Gaidarov et 

al., 2005). Expression of PI3K-C2α has been detected in vascular endothelium and smooth 

muscle (El Sheikh et al., 2003). EC-specific deletion of Pik3c2a is embryonic lethal at E12.5, 

caused by impaired angiogenesis and defects in vascular maturation (Yoshioka et al., 2012). 

In a postnatal model of angiogenesis, inducible deletion of Pik3c2a inhibited retinal vascular 
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expansion, and decreased tip cell filopodia and tip cell numbers. Additionally, pathological 

angiogenesis models showed that EC PI3K-C2α loss suppressed post-ischemic and tumor 

angiogenesis, and prevented pericyte recruitment, weakening vascular barrier function. Thus, 

PI3K-C2α plays a crucial role in developmental and pathological angiogenesis in an EC–

autonomous manner. 

Mechanistically, endosomal trafficking defects of intracellular vesicles are likely 

causative of defective angiogenesis and barrier integrity resulting from PI3K-C2α loss in ECs 

(Yoshioka et al., 2012). EC-specific deletion of Pik3c2a decreased the number of PtdIns(3)P-

enriched endosomes, indicating PI3K-C2α is required for normal endosomal PtdIns(3)P 

accumulation in ECs. This was associated with defective endosomal trafficking, which 

resulted in impaired delivery of VE-cadherin from the trans-Golgi network to EC junctions, 

and reduced association of VE-cadherin with β-catenin, leading to disordered intercellular EC 

junction assembly. Aberrant endosomal trafficking also inhibited internalization of activated 

VEGF receptors, disrupting VEGFR signaling. PI3K-C2α expression was also required for 

the endosomal activation of RhoA, and RhoA-dependent trafficking. Thus, PI3K-C2α plays a 

role in angiogenesis and vascular integrity through its regulation of vesicular trafficking. 

PI3K-C2α also contains a PX domain that can bind PtdIns(4,5)P2 (Song et al., 2001; Stahelin 

et al., 2006); however, the consequence of this interaction in angiogenesis regulation has not 

been characterized. 

 

10. A potential role for PtdIns(4,5)P2 signals in angiogenesis 

Phospholipase C (PLC) isozymes catalyze the hydrolysis of PtdIns(4,5)P2 to generate the 

second messengers inositol trisphosphate and diacylglycerol, resulting in calcium release and 

the activation of protein kinase C (PKC) respectively (Suh and Hille, 2005). The PLC family 

is divided into subclasses, based on structure and sequence similarities, and include four 

PLC-β isoforms, two PLC-γ isoforms, four PLC-δ isoforms, and one PLC-ε isoform (Rhee, 

2001). Targeted disruption of PLC isoforms in mice reveals that only PLC-γ1 or PLC-β3 is 

necessary for embryonic viability. Disruption of Plcb3 in mice results in early embryonic 

death prior to implantation at E2.5 (Wang et al., 1998). Targeted deletion of Plcg1 in mice 

results in embryonic death at E10.5 (Ji et al., 1997; Liao et al., 2002), caused by defects in 

erythropoiesis and vasculogenesis (Liao et al., 2002). Inactivation of Plcg1 in zebrafish does 

not affect angiogenesis, but leads to defective arterial differentiation, resulting in severe 

pericardial edema 2 days post fertilization (Lawson et al., 2003). PLCγ also promotes tubule 
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regression of cultured endothelial cells through hydrolysis of PtdIns(4,5)P2 (Im et al., 2010). 

Although PLC appears to affect vasculogenesis rather than angiogenesis, collectively, these 

data indicate that a more comprehensive examination of PtdIns(4,5)P2 regulation in the 

context of angiogenesis may be warranted. 

 

11. Phosphoinositide signaling in platelet activation: Implications for angiogenesis 

Activation of blood platelets and regulation of hemostasis is a first line of defense in response 

to vascular or tissue injury. However, collective evidence proposes a role for platelets in 

regulating angiogenesis, which occurs through the secretion of microparticles from platelets; 

degranulation and secretion of α-granule modulators from platelets; or through direct platelet-

endothelial cell interactions (Patzelt and Langer, 2012). Platelet α-granules contain pro-

angiogenic factors that include Angiopoietin, VEGF, PDGF, FGF, Hepatocyte growth factor 

(HGF), and Insulin-like growth factor (IGF) (Patzelt and Langer, 2012), and platelet adhesion 

has been shown to promote angiogenesis in vivo (Kisucka et al., 2006). Conversely, platelet 

α-granules also contain anti-angiogenic factors including Thrombospondin-1, Angiostatin, 

Endostatin, Tissue Inhibitors of Metalloproteinases (TIMPs), CXCL4, and TGF-β1. It is 

proposed that pro- and anti-angiogenic effectors are contained separately within discrete α-

granules, and are secreted upon exposure to specific agonists, suggesting platelets can either 

promote or suppress angiogenesis in response to precise localized signals (Chatterjee et al., 

2011; Italiano Jr et al., 2008). Platelets may also influence angiogenesis through direct 

interaction with progenitor cells to induce endothelial cell differentiation (Daub et al., 2006). 

 Regulation of lipid metabolism plays a crucial role in platelet activation. Several 

lipids regulate intracellular platelet signaling directly; while other lipids are secreted by 

stimulated platelets to influence neighboring cells, including endothelial cells. The 

importance of blood platelet lipid signaling has been reviewed extensively (Vardon Bounes et 

al., 2018). Of importance to this review, regulation of phosphoinositide signaling plays a 

prominent role in platelet function, including activation of PLC and PI3K signaling pathways. 

Several platelet activators are coupled to PLC through their receptors. Activation of 

PLCβ through GPCR, or activation of PLCγ by immunoreceptor tyrosine-based activation 

motif (ITAM)-coupled receptors, leads to platelet activation and thrombus formation (Vardon 

Bounes et al., 2018). 

Class I, II and III PI3K family members are all expressed in platelets and 

megakaryocytes, and play selective roles in platelet activation (Vardon Bounes et al., 2018). 
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The class I PI3K p110α plays a role in potentiating platelet activation. p110β promotes both 

the formation and stability of integrin αIIbβ3 adhesion bonds, essential for shear activation of 

platelets and thrombus development. Targeted deletion of p110γ prevents adenosine 

diphosphate (ADP)-induced platelet-dependent thromboembolic vascular occlusion. p110δ 

activates platelets specifically through collagen receptor GPVI and integrin αIIbβ3 adhesion. 

Interestingly, platelet-derived microparticles are also reported to induce angiogenesis and 

stimulate post-ischemic re-vascularization through regulation of class I PI3K signaling (Brill 

et al., 2005). PI3KC2α regulates platelet and megakaryocyte membrane integrity through 

constitutive synthesis of PtdIns(3)P. Deletion of the class III PI3K (Vps34) in 

megakaryocytes and platelets, results in microthrombopenia and platelet granule 

abnormalities. Collectively, these findings suggest that targeting platelet-derived modulators 

and phosphoinositide platelet signaling may be a potential approach for the development of 

antiangiogenic therapeutic applications. 

 

12. Conclusions 

It remains interesting that either increased or decreased phosphoinositide 3-kinase signaling 

contributes to angiogenesis defects and embryonic lethality (Figure 1). Remodeling of the 

vascular network requires the controlled regulation of phosphoinositide signaling to maintain 

organized coordination of both pro-angiogenic and anti-angiogenic signaling responses in 

ECs. Targeted regulation of phosphoinositide signaling in vascular-mediated pathologies is 

an exciting prospect for future development of new therapies to treat dysregulated 

angiogenesis in microangiopathies such as diabetic retinopathy. 
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Legends 

Figure 1:  Consequences of altered PI3K pathway components in murine angiogenesis 

Murine models of angiogenesis reveal the importance of maintaining controlled regulation of 

phosphoinositide signals in endothelial cells to effectively regulate vascular remodeling. 

Genetically-targeted mutation of several PI3K signaling pathway effectors in endothelial 

cells, which results in increased or decreased PI3K signaling, leads to impaired angiogenesis 

and in many settings, embryonic lethality. Loss or gain-of-function of Pik3ca in endothelial 

cells results in embryonic lethality due to a failure of vascular remodeling. Inactivation of 

stromal Pik3ca inhibits formation of a functional tumor vasculature in syngeneic tumor 

models. Loss of the major PI3K effector Akt1 in the endothelium suppresses development of 

the postnatal vasculature; and either loss or gain-of-function Akt1 mutants show increased 

vessel permeability in tumor models. Endothelial deletion or activation of the AKT target 

Foxo1 is embryonic lethal due to defective angiogenesis. Loss of Pten, the major regulator of 

PI3K signaling in endothelial cells, is embryonic lethal resulting from cardiac failure and 

defective vascular remodeling, and enhances tumor angiogenesis in syngeneic tumor models. 

Postnatal deletion of Pten modulates vascular density and patterning in the retinal 

vasculature. Deletion of the class II PI3K, Pik3c2a in endothelial cells impairs both 

embryonic and postnatal vascular development, and suppresses pathological angiogenesis. 

 

Table 1:  Classification of the phosphoinositide-3 kinase family 
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Table 1:  Classification of the phosphoinositide-3 kinase family 

 

 

Figure 1:  Consequences of altered PI3K pathway components in murine angiogenesis 

 


