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Abstract 
The vascular endothelium is an important tissue often underestimated for its role in health 

and disease. Endothelial cells dysfunction is at the base of many if not all diseases. The 

inaccessibility of this tissue made difficult its assessment for many years.  

Vascular dysfunction can occur at different levels of vascular development and 

maintenance: during initial vasculogenesis, angiogenesis and late vascular remodelling. 

Vasculogenesis denotes the early developmental process of artery-veins specification. 

Angiogenesis refers to the formation of new blood vessels from pre-existing quiescent 

vessels. The angiogenic process is initiated by pro-angiogenic factors that induce 

endothelial cell sprouting, migration and vascular anastomosis. Newly formed vascular 

networks undergo extensive vascular remodelling, that includes distinct processes of 

vascular pruning and regression of selected vascular branches, to form a functional and 

mature quiescent vasculature. 

Vascular endothelial growth factors (VEGFs) are critical players in artery specification 

during development, in angiogenesis and in vascular maintenance. VEGFs bind to 

transmembrane VEGFRs receptors to initiate the intracellular response. The VEGF-

VEGFR signalling pathway activation and regulation are very complex. In fact, the 

binding of the ligand VEGF to the VEGFRs receptor is not the only event involved in the 

activation and regulation of the signalling cascade. Co-receptors, kinases, phosphatases, 

and other proteins involved in the intracellular trafficking of the VEGF-VEGFR complex 

modulate the signal specificity, amplitude and duration.  

Angiogenesis and vessels stability are tightly regulated physiological processes. Indeed, 

excessive angiogenesis and increased permeability lead to vascular dysfunction and the 

progression of several diseases. In the recent years, neurodegenerative diseases such as 

Alzheimer’s disease have been strongly associated to vascular dysfunction (Review I) and 

to VEGF/VEGFR2 aberrant signalling. Recent studies suggest an important role of the 

AD-related β-amyloid precursor protein (APP) in maintaining cellular homeostasis in the 

brain, however the role of this protein in endothelial cells and its interactions with the 

VEGF signalling is still unknown (Review II).  

In this thesis work, I have examined the role of APP in regulating VEGF/VEGFR2 

signalling and endothelial cells stability (Paper I). 

Furthermore, I have investigated the in vivo role of VEGF mediated signalling in artery 

specification during zebrafish vascular development (Paper II).  
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In conclusion, VEGF mediated signalling is regulated by a multifactor system and each 

individual regulatory mechanism leads to a specific outcome in angiogenesis and vessel 

stability. 



ABSTRACT 

 3 

Riassunto  
L'endotelio vascolare è un importante tessuto il cui ruolo sia in fisiologia, che in patologia 

è stato a lungo sottovalutato. Per molti anni, l'inaccessibilità di questo tessuto ha reso 

difficoltoso valutarne il ruolo fisio-patologico. 

La disfunzione delle cellule endoteliali è alla base di molti se non tutti gli stati patologici e 

può manifestarsi a diversi livelli dello sviluppo vascolare: durante la vasculogenesi, 

durante il processo di angiogenesi oppure durante il rimodellamento vascolare. Il processo 

di vasculogenesi consiste nella specializzazione di precursori vascolari in arterie e vene. Il 

termine angiogenesi si riferisce invece alla formazione di nuovi vasi sanguigni a partire da 

vasi preesistenti. Il processo è attivato da fattori pro-angiogenici che promuovono la 

migrazione e proliferazione delle cellule endoteliali e l'anastomosi dei vasi neoformati. In 

seguito, i nuovi vasi subiranno rimodellamenti secondari, come la regressione di particolari 

capillari, per formare un network vascolare maturo e funzionale.  

I fattori di crescita endoteliali vascolari (VEGFs) svolgono un ruolo cruciale, sia durante il 

processo di vasculogenesi e angiogenesi, che nel mantenimento della funzionalità 

vascolare. La trasduzione del segnale attivata dai VEGFs è complessa. La risposta 

intracellulare è attivata dal legame dei VEGFs con specifici recettori di membrana 

(VEGFRs). L'intensità e la durata del segnale sono invece modulate dal legame dei VEGFs 

con co-recettori e dall'interazione del complesso VEGF/recettore con chinasi, fosfatasi e 

altre proteine coinvolte nel trasporto del complesso all'interno della cellula.  

L'angiogenesi e l’integrità dei vasi sono processi fisiologici strettamente controllati. Infatti, 

un'angiogenesi non controllata e la perdita d’integrità di membrana con l’aumento di 

permeabilità portano a disfunzione vascolare e conseguenze patologiche. 

Negli ultimi anni, la disfunzione vascolare e l'alterazione del signalling del VEGF nel 

tessuto vascolare sono state associate all'insorgenza di numerose malattie 

neurodegenerative, incluso l'Alzheimer (Review I).  

Recenti studi suggeriscono un importante ruolo della β-amyloid precursor protein (APP), 

proteina chiave nello sviluppo della malattia di Alzheimer, nel mantenimento 

dell'omeostasi cellulare nel cervello, tuttavia la funzione di questa proteina a livello 

vascolare e la sua interazione con il signalling del VEGF sono tuttora ignote (Review II).  

In questo lavoro di tesi ho esaminato il ruolo di APP nella regolazione e modulazione del 

signalling VEGFA/VEGFR2 e nel mantenimento della funzionalità vascolare (Paper I).  

Ho inoltre studiato il ruolo del signalling di VEGF nel differenziamento di arterie e vene 

durante lo sviluppo vascolare embrionale utilizzando il modello in vivo di zebrafish (Paper 

II).  
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Il mio lavoro di ricerca ha contribuito ad ampliare la conoscenza sulla complessa 

modulazione del signalling di VEGF nel tessuto vascolare, sia durante lo sviluppo 

embrionale, che durante l'omeostasi vascolare. 
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PREFACE 

 
During my Ph.D. (XXXIII cycle) I deeply investigated different aspects of vascular 

biology. 

I spent part of the first year of my PhD at the Yale University (USA) in the 

laboratory of Stefania Nicoli. Under her supervision I became familiar with the zebrafish 

model and with the study of vascular development. During this period I deepened my 

knowledge in microscopy imaging techniques and I learned how to experimentally 

approach developmental biology questions using an in vivo model. 

In the second part of my PhD I focused on the study of the β-Amyloid Precursor 

Protein in the endothelial cells under the supervision of Prof. Marina Ziche and Prof. 

Sandra Donnini. Still focusing on the vascular tissue, I became familiar with several in 

vitro cell biology techniques.  

I spent the last part of my PhD back to Yale University (USA), this time in the 

laboratory of Prof. Michael Simons, where I deepened my knowledge in angiogenic 

growth factors signalling and trafficking. 

This thesis focuses on one of the most important regulators of endothelial cells 

behaviour, the vascular endothelial growth factors (VEGFs). 

VEGFs have a central role in all aspects of vascular biology and therefore represent 

the link between all my projects. 
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1. LIST OF ABBREVIATIONS  
 
AD  Alzheimer's Disease  
ADAM10 Disintegrin and metalloproteinase domain-containing protein 10  
AICD  APP Intracellular Domain 
Akt  RAC-alpha serine/threonine-protein Kinase 
Alk  Activin-receptor-Like Kinase  
APLP1  APP-like Proteins 1 
APLP2  APP-like Proteins 2 
APP  Amyloid-β Precursor Protein 
Aβ  Amyloid-β peptide 
BACE1 β-secretase 1 
BBB  Blood Brain Barrier 
BM  Basement Membrane 
BMP  Bone Morphogenetic Protein 
C-terminal Carboxy-terminal 
C83 (βCTF) APP C-terminal fragment beta 
C89 (αCTF) APP C-terminal fragment alpha  
CA  Caudal Aorta 
CAA  Cerebral Amyloid Angiopathy 
CAMs  Cell Adhesion Molecules 
CCV  Common Cardinal Vein 
COUP-TFII   COUP Transcription Factor 2 
CV  Caudal Vein  
DA  Dorsal Aorta 
Dab2  Disabled 2  
DEP1  Density Enhanced Phosphatase 1  
Depp  Decidual protein induced by progesterone 
DLAV  Dorsal Longitudinal Anastomotic Vessel 
Dll4  Delta-like 4 
EC  Endothelial Cell 
ECM  Extracellular Matrix 
eNOS  endothelial Nitric Oxide Synthase 
EPAS1  Endothelial PAS domain protein 1 
ERK1/2 Extracellular Regulated Kinase 1/2 
FAK  Focal Adhesion Kinase 
Flk1  Fetal liver kinase 1 (VEGFR2) 
Flt1  Fms-like tyrosine kinase 1 (VEGFR1) 
Flt4  Fms-related tyrosine kinase 4 (VEGFR3) 
FOXO  Forkhead box O  
GSK3b Glycogen Synthase Kinase 3b 
HEY  HES-related with YRPW motif protein 
HIF  hypoxia inducible factor 
hpf  hours post fertilization 
HS  Heparan Sulfate  
HSPG  Heparan Sulfate Proteoglycan 
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HUVECs human umbilical vein endothelial cells 
KDR  Kinase insert Domain Receptor (VEGFR2) 
LDLs  Low-Density Lipoproteins 
MMP  Matrix metalloproteinase 
Nck  SH2 domain adaptor Nck 
NICD  Notch Intracellular Domain 
NO  Nitric Oxide  
NRP  Neuropilin  
NRP1  Neuropilin 1 
NRP2  Neuropilin 2 
p3  APP non-amyloidogenic extracellular fragment  
p38MAPK p38 Mitogen-Activated Protein Kinase  
PAR-3  Proteinase-Activated Receptor 3 
PAK  p21-Activated protein Kinase 
PCV  Posterior Cardinal Vein 
PDGF  Platelet-Derived Growth Factor 
PDK  Phosphoinositide– Dependent protein Kinase 1 
PECAM-1 Platelet endothelial cell adhesion molecule-1 
PI3K  Phosphatidylinositol-3 Kinase  
PKB  Protein Kinase B (Akt) 
PKC  Ca2+-dependent protein kinase C 
PLCγ  Phospholipase Cγ 
PlGF  Placenta Growth Factor  
PTP  Phosphotyrosine Phosphatase 
RTK  Receptor Tyrosin Kinase 
sAPPα  soluble Amyloid Precursor Protein cleaved by α-secretase 
sAPPβ  soluble Amyloid Precursor Protein cleaved by β-secretase 
SCK  SHC-related adaptor protein 
Se/ISV  Intersegmental Vessels 
SeA  Intersegmental Arteries 
SeV  Intersegmental Veins 
SH2  Src Homology 2 
SHB  Src homology 2 domain containing adaptor protein B 
SHP2  Src Homology 2 domain PTP 
SMC  Smooth Muscle Cell 
Src  proto-oncogene tyrosine-protein kinase Sr 
sVEGFR soluble Vascular Endothelial Growth Factor Receptor 
TSAd  T-cell-Specific Adapter protein 
Y  Tyrosine 
VEGF  Vascular Endothelial Growth Factor 
VEGFR Vascular Endothelial Growth Factor Receptor 
VEPTP Vascular Endothelial PTP 
VPF  Vascular Permeability Factor (VEGF) 
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2. INTRODUCTION 

 
2.1 THE VASCULAR ENDOTHELIUM 

Blood vessels form the largest surface of the human body and their main function is 

to deliver oxygen and nutrients to tissues and organs. A single layer of endothelial cells 

(ECs) lines the inner bed of arteries, capillaries and veins to form the vascular 

endothelium, a semi-permeable barrier separating blood cells from the surrounding tissues. 

For many years, this monolayer was regarded as a mere inert barrier, however, it is 

now well established that ECs are highly metabolically active and play critical role in 

many physiological processes including, the trafficking of blood cells between blood and 

underlying tissues, the control of vascular tone, the maintenance of blood fluidity, 

permeability, angiogenesis and both innate and adaptive immunity.  

It is also well established that the endothelium is involved in most if not all disease 

states.  

The vascular endothelium is a very heterogeneous tissue that changes in space and 

time, in structure and function, and in health and disease (Aird, 2007a; Aird, 2007b). In 

fact, ECs phenotypes vary between different organs, between different segments of the 

vascular loop within the same organ, and between neighbouring endothelial cells of the 

same organ and blood vessel type (Potente & Mäkinen, 2017).  

Arteries and veins represent the first level of heterogeneity. Although both function 

as conduits and are characterized by a continuous non-fenestrated lining of ECs, basement 

membrane (BM) and layers of smooth muscle cells (SMCs), they differ in fundamental 

ways. First, arteries carry oxygenated blood, whereas veins contain deoxygenated blood 

(except for pulmonary circulation, where the oxygenation status is reversed). Compared 

with arteries, large veins have a greater capacity to mediate an inflammatory response 

(Eriksson et al., 2005). At a morphological level, arteries show thicker walls and tighter 

cell-junctions compared to veins. Furthermore arteries pulsate, whereas vein do not. At a 

molecular level, arteries and veins express unique markers (Torres-Vázquez et al., 2003). 

Arterial ECs preferentially express ephrinB2, Delta-like 4 (Dll4), Hey1 and Hey2, 

neuropilin 1 (NRP1), endothelial PAS domain protein 1 (EPAS1), activin-receptor-like 

kinase 1 (Alk1), and decidual protein induced by progesterone (Depp). Venous ECs 

preferentially express EphB4, neuropilin 2 (NRP2) and COUP-TFII (Torres-Vázquez et 

al., 2003). 
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From the main arteries and veins a network of arteriole and post-capillary venules 

depart to meet in the capillaries, the major exchange vessels in the circulation. Differently 

from the continuous monolayer of arteries and veins, the endothelium of capillaries may be 

continuous, fenestrated, or discontinuous, according to the needs of the underlying tissue, 

and they have a varying extent of BM and pericyte coverage (Figure 1). 

 

 

 

 

Figure 1: Hierarchical organization of the vasculature. In red, arteries and in blue the 
veins interconnect through a network of capillaries. In green blind-ended lymphatic 
capillaries and collecting vessels drain fluid into the venous circulation. At the top of the 
figure is shown the anatomy of capillary vessels and at the bottom the anatomy of larger 
vessels (modified from Potente & Mäkinen, 2017).  

 

 

In general, vascular ECs are polarized cells, with a luminal membrane that is 

directly exposed to blood constituents and circulating cells, and a basolateral surface that is 
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separated from surrounding tissues by a glycoprotein basement membrane, which is 

secreted and anchored to their cell membrane by ECs themselves.  

In healthy adults ECs are quiescent and their main function is to deliver oxygen and 

nutrients to tissues and organs. However, ECs can sense and respond to space- and time-

dependent changes of the surrounding microenvironment and can be rapidly activated in 

response to signals from tissues in need of vascularization. When activated, ECs undergo 

dynamic and complex morphological and biochemical changes and assume a permeable, 

pro-thrombotic, and pro-inflammatory phenotype that allow them to invade and expand in 

avascularised tissues.  

This unique plasticity of endothelium to respond, adapt and rearrange requires 

rigorous regulatory mechanisms, which prevent from a detrimental uncontrolled and 

persistent vascular growth. Alteration of these regulatory mechanisms is often the cause of 

pathological situation frequently occurring in diseases (e.g. tumour growth, vascular eye 

disease or overgrowth syndromes) (Adams & Alitalo, 2007; Potente et al., 2011).  

Among the different signalling processes, the Vascular Endothelial Growth Factors 

(VEGFs) act as critical players in endothelial development and plasticity. 

 

2.2 VASCULAR ENDOTHELIAL GROWTH FACTORS (VEGFS)  
Vascular endothelial growth factors (VEGFs) are the strongest pro-angiogenic 

factors and master regulators of vascular development and of blood and lymphatic vessels 

function in adult vasculature during both health and disease.  

In mammals, the VEGF family is composed of 5 related factors, VEGF-A 

(originally named vascular permeability factor, VPF) (Senger et al., 1983), VEGF-B, 

VEGF-C, VEGF-D and the placenta growth factor (PlGF). In addition, a number of 

nonvertebrate polypeptides show structural and functional similarities with the mammalian 

VEGFs, including the snake venom-derived polypeptides VEGFF (Yamazaki et al., 2005) 

and the parapox virus open reading frame VEGFE (Ogawa et al., 1998).  

VEGFs are homodimeric polypeptides and their ability to bind to receptors and co-

receptors is regulated by alternative splicing (Grunewald et al., 2010). VEGFA alternative 

splicing generates several splice variants. These include VEGF121, VEGF165, VEGF189, 

and VEGF206, and the less common isoforms VEGF145 and VEGF183. VEGF165 

(VEGF164 in mice) is the most frequently expressed isoform in tissues, and is also the 

most physiologically relevant isoform (Ferrara, 2010).  
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In addition to the “conventional” VEGFA variants, a series of VEGFA splice 

variants denoted VEGFA(121,145,165,183,189)b have been described as anti-angiogenic, 

since their bind to VEGF receptors fails to promote an efficient activation of the receptors 

(Harper & Bates 2008; Grunewald et al., 2010). 

Different VEGFs specifically bind to different receptors, and different properties of 

the VEGF family members modulate their biological impact. For instance, the different 

heparan sulfate (HS) binding affinities result in specific spatial distribution of the different 

VEGFA isoforms. The lack of binding sites for HS allows the VEGFA121 isoform to 

freely diffuse in the extracellular space, while the high affinity for HS of VEGFA165 and 

VEGFA189 causes the retention of these isoforms on the cell surface or in the extracellular 

matrix.  

 

2.2.1 VEGFS RECEPTORS AND CO-RECEPTORS 
Mammalian VEGFs bind with high affinity to homodimers or heterodimers of three 

receptor tyrosine kinases (RTKs): VEGFR1 (Flt1), VEGFR2 (Flk1; KDR) and VEGFR3 

(Flt4). The three cell surface receptors show an overall similar structure, characterized by 

an extracellular domain containing immunoglobulin-like loops, a transmembrane domain, 

a juxtamembrane domain, and a cytoplasmatic domain composed by a tyrosine kinase 

domain and a C-terminal tail (Koch et al., 2011). However, VEGFRs strongly differ in 

mode of activation, signalling and biological effects.  

The VEGFR1 (Flt1 (Fms-like tyrosine kinase 1) in mouse) is expressed in vascular 

ECs, macrophages, and monocytes and in a wide range of other cell types including 

neuronal cells (Selvaraj et al., 2015). VEGFR1 behaves as a negative regulator in 

endothelial biology, and its signalling and biology appears more elusive than that of other 

VEGFRs. The binding of VEGFR1 to its ligands, VEGFA, VEGFB or PlGF, activates only 

a weak tyrosine kinase activity. VEGFR1 can exist as a homodimer or a heterodimer with 

VEGFR2 (VEGFR1/VEGFR2), depending on the ligand (Mac Gabhann & Popel, 2007). 

Alternative splicing of VEGFR1 results in the production of a soluble form, sVEGFR1. 

VEGFA binding to sVEGFR1, to full length VEGFR1 homodimers and 

VEGFR1/VEGFR2 heterodimers decreases the amount of VEGFA available to bind to 

VEGFR2, implicating VEGFR1 in negative regulation of VEGFR2 signalling and function 

(Cudmore et al., 2012; Kappas et al., 2008). Thus, both VEGFR1 and sVEGFR1 are 

largely viewed as decoys that control the VEGFA available to bind to and activate 

VEGFR2. Supporting this hypothesis, Flt1-/- mice embryos die at E9 from excessive ECs 
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proliferation and subsequent disorganization and dysfunction of the vascular network. This 

is due to an increase of the amount of VEGFA available for VEGFR2 binding and the 

consequent excessive activation of VEGFA-VEGFR2 signalling (Fong et al., 1995). In 

addition, expression of VEGFR1 in non-ECs may also directly influence angiogenesis. For 

example, expression of VEGFR1 in retinal myeloid cells suppresses angiogenesis during 

mouse embryonic development (Stefater et al., 2011).  

The VEGFR2 (KDR (Kinase insert domain receptor) or Flk1 (Fetal liver kinase 1) 

in mouse) is expressed in ECs and their precursors, but it is also found in other cell types, 

such as neuronal cells and tumor cells. VEGFA, VEGFC and VEGFD binding induces 

VEGFR2 activation (McColl et al., 2003). Alternative splicing of this receptor results in 

the production of the soluble form, sVEGFR2 that is involved in modulation of lymphatic 

vessels growth by competing with VEGFR3 for the binding of VEGFC (Albuquerque et 

al., 2009). VEGFA is the major ligand of VEGFR2, and their interaction is necessary to 

maintain vascular network homeostasis (Ando & Yamamoto, 2009; Potente et al., 2011). 

Flk-/- mice die at E8.5 as a result of an early defect in ECs and hematopoietic cells 

development (Shalaby et al., 1995). A similar phenotype was observed in VEGFA-/- mice 

(Carmeliet et al., 1996; Ferrara et al., 1996). Furthermore, VEGFR2 serves a critical 

function in pathological processes associated with neovascularization such as tumor 

angiogenesis (Plate et al., 1993; Millauer et al., 1994). The VEGFA-VEGFR2 signalling 

and its regulation will be discussed in detail in the next paragraph. 

The VEGFR3 (Flt4 (Fms-related tyrosine kinase 4) in mouse) is known to be 

preferentially expressed in lymphatic endothelium, however several vascular endothelial 

cell types such as venous and capillary, and neuronal progenitors, macrophages and 

osteoblasts also express this receptor (Orlandini et al., 2006; Schmeisser et al., 2006; Han 

et al., 2015). During early development both blood and lymphatic endothelial cells express 

VEGFR3 (Alitalo, 2011), and its expression becomes restricted to the lymphatic system in 

the adult. However, VEGFR3 expression is reintroduced in ECs during specific processes 

of active angiogenesis such as during retinal development and tumor neovascularization 

(Benedito et al., 2012; Tammela et al., 2008). VEGFR3 binding to its ligands, VEGFC and 

VEGFD, promotes lymphendothelial cell migration (Mäkinen et al., 2001) and lumen 

formation during lymphangiogenesis (Goldman et al., 2007). VEGFR3 binding to 

proteolytically processed VEGFC and VEGFD, promotes VEGFR3/VEGFR2 

heterodimerization (Dixelius et al., 2003). VEGFR3/VEGFR2 heterodimers are involved 

in both pathological and physiological angiogenic sprouting of vascular endothelium 

(Nilsson et al., 2010; Tvorogov et al., 2010), implying an important role of VEGFR3 also 
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blood vessel formation. Indeed, VEGFR3 gene targeted inactivation results in mouse 

embryonic death at E10.5 due to cardiovascular failure and impaired vascular organization 

(Dumont et al., 1998). In vitro studies showed differential downstream signalling of 

VEGFR3 homodimers and heterodimers. In fact, while VEGFR3/VEGFR2 

heterodimerization mediates VEGFC-induced Akt signalling, VEGFR3 homodimers drive 

VEGFC-induced ERK1/2 activation in lymphatic endothelial cells (Deng et al., 2015). 

However, the in vivo role of VEGFR2/VEGFR3 still remains to be clarified.  

VEGFs also bind with high affinity to so-called "co-receptors", such as the 

neuropilin (NRP) family members NRP1 and NRP2 and to heparan sulfate proteoglycans 

(HSPGs) (Figure 2). Moreover, their ability to bind to various transmembrane proteins 

allows the formation of multiprotein complexes that include several VEGF-non binding 

proteins such as integrins and ephrinB2 (Shibuya, 2013). The interactions of VEGF ligands 

with and co-receptors and accessory molecules influence VEGF biology by stabilizing 

ligand–receptor complexes, leading to prolonged signalling duration. 

NRP family includes NRP-1 and NRP-2 and consists in transmembrane 

glycoproteins that bind to VEGFs and semaphorins, which are axon guidance proteins. 

VEGFs show specific affinity for NRP-1 and NRP-2: VEGFA165 binds both NRPs, while 

VEGFA145, VEGFC and VEGFD bind only to NRP2, and VEGFB and PlGF bind only to 

NRP1 (Soker et al., 1998). The simultaneous binding of VEGFs to NRPs and VEGFRs 

induces the formation of NRPs/VEGFRs complexes. The VEGFC-induced 

NRP2/VEGFR3 complex is important in lymphatic vessel sprouting (Xu et al., 2010). 

NRPs are involved in VEGFR2 trafficking. In fact, the binding of the protein synectin to 

their cytoplasmatic domains directs NRP1/VEGFR2 internalization and endosomal 

trafficking (Lanahan et al., 2010). Moreover, NRP1 is able to bind VEGF independently 

from VEGFR2, thus sequestering the ligand and affecting VEGFR2 signalling (Cackowski 

et al., 2004).  

HSPGs are cell-surface and secreted proteins that carry heparan sulfate (HS) 

chains. HSPGs can bind to various heparin-binding growth factors found on the 

extracellular matrix (ECM) or the cell membrane. HSPGs such as syndecans and glypicans 

bind all VEGF isoforms and family members except for VEGFA121, which lacks HS 

binding sites. Furthermore, HS chains can directly bind both VEGFR1 and VEGFR2 (Park 

& Lee, 1999; Xu et al., 2011; Corti et al., 2019); HS also binds to NRP1 but not to NRP2 

(Vander Kooi et al., 2007). Binding of VEGFR2 to HSPGs expressed in adjacent cells 

leads to increased and prolonged VEGF-induced signal, due to HS-dependent trapping of 

the active VEGF/VEGFR2 signalling complex (Jakobsson et al., 2006). Furthermore, HS 
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shapes the spatial distribution of VEGFA isoforms influencing blood vessel branching 

patterns (Ruhrberg et al., 2002). The simultaneous binding of VEGFA to VEGFR2, NRP1 

and HSPGs induces the formation of a complex that is crucial for ECs survival, sprouting 

and migration, and vascular permeability (Simons et al., 2016). 

 

 

 

 

Figure 2: Interactions between VEGF and VEGF receptors and co-receptors, 
and their biological function (from Matsumoto & Claesson-Welsh, 2001)  

 
 
Integrins are heterodimeric transmembrane receptors composed of one alpha (α) 

and one beta (β) subunit that link the intracellular actin cytoskeleton to ECM proteins and 

transmit bidirectional signals "outside-in" and "inside-out" across the membrane. Integrin 

β1 and integrin β3 binding to VEGFR2 is important for VEGF signalling. In particular, 

ECM-binding VEGFA induces integrin β3-VEGFR2 association, which is required for full 

VEGFR2 activation. The reciprocal activation of integrin αVβ3 and VEGFR2 regulates 

cellular activities involved in angiogenesis, including ECs migration, survival and 

anastomosis (Byzova, et al., 2000; West et al., 2012). Additional partners such as Src and 

syndecan-1 can activate both VEGFR2 and integrin αVβ3-VEGFR2 (Rapraeger et al., 
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2013). ECM-binding VEGFA also induce integrin β1-VEGFR2 association, shifting 

VEGFR2 localization at the focal adhesion, which is accompanied with increased 

activation of VEGFR2 (Chen et al., 2010). 

EphrinB2 is the transmembrane ligand for Eph receptors and is required for early 

angiogenesis remodelling (Adams et al., 2001). The early expression of ephrinB2 in 

arteries and of EphB4 in veins contributes to establish borders between these two 

compartments during vascular development. Most importantly, ephrinB2 is required for 

internalization and full signalling activity of VEGFR2 (Wang et al., 2010). At the 

molecular level, ephrinB2 interacts with the clathrin-associated sorting protein Dab-2 and 

the cell polarity regulator PAR-3. The ephrinB2/Dab2/PAR-3 complex promotes the 

movement of the activated VEGFR2 from the plasma membrane into the cell, and thereby 

activating the downstream signal transduction cascades that control ECs sprouting 

(Nakayama et al., 2013). Moreover, C-terminal ephrinB2 PDZ motif is required for 

VEGFR2 localization in tip filopodia (Sawamiphak et al., 2010). 

VEGFRs bind in cis to freely diffusible VEGFs or to VEGFs presented by co-

receptor on the same cells. VEGFRs bind in trans to VEGFs presented by co-receptors 

expressed on adjacent cells (Koch et al., 2011). 

In the canonical VEGFRs signalling, all RTKs are activated by VEGF ligand 

binding, to induce homodimerization or heterodimerization of the receptor, leading to 

conformational changes and consequent activation of the tyrosin kinase and 

autophosphorylation of the tyrosine residues in the receptor intracellular domains. Adaptor 

molecules bind to the intracellular phosphotyrosine residues and surrounding amino acids 

to initiate various intracellular signalling pathways. VEGFRs activation is strictly regulated 

by receptor trafficking, including internalization and degradation, and by the activity of 

phosphotyrosine phosphatases (PTPs), such as DEP1, VEPTP, SHP2, and PTP1B that 

dephosphorylate the activated phosphotyrosine sites (Kappert et al., 2005).  

On the contrary, non-canonical VEGFRs activation doesn't depend on VEGF 

ligand binding with the receptor and includes shear-stress-mediated VEGFR2 

phosphorylation and VEGFR2 binding to non-VEGF ligands (Shibuya, 2013; Simons et 

al., 2016). 

Canonical and non-canonical pathways can mediate immediate responses, such as 

vascular permeability, as well as longer-term responses that require gene regulation, such 

as EC survival, proliferation and migration.  
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2.2.2 VEGFA-VEGFR2 SIGNALLING  
The VEGFR2 is the main VEGF receptor on ECs, and the VEGFA-VEGFR2 

signalling is essential for ECs differentiation, proliferation, migration, and formation of the 

vascular tube during development and in the adult, in physiology and pathology. 

Ligand binding to VEGFR2 in cis or in trans induces conformational changes in 

the receptor that allows the intracellular protein kinase domain activation and the auto- or 

trans-phosphorylation of tyrosine residues on the receptor dimer itself as well as on 

downstream signal transducers. VEGFR2 has five major tyrosine (Y) phosphorylation 

sites: Y951 (Y949 in mouse), Y1054 (Y1152 in mouse), Y1059 (Y1157 in mouse), Y1175 

(1173 in mouse) and Y1214 (Y1212 in mouse), and each of these activates different 

signalling pathways with consequent induction of a specialized function of the receptor 

(Figure 3). 

The Y1054 and Y1059 sites are located within the kinase domain and their 

phosphorylation is critical for the receptor kinase activity (Kendall et al. 1999). 

Phosphorylation at Y951 site has an important role in VEGF-induced permeability. 

This phosphorylation site is not usually activated in quiescent ECs, but is phosphorylated 

during active angiogenesis in certain ECs during development as well as in tumor 

vasculature (Matsumoto et al. 2005). Y951 serves as a binding site for the SH2 domain of 

T-cell-specific adapter molecule (TSAd, also known as VRAP), which in turn binds and 

activates Src protein kinase. Src interacts with major cytoskeletal components, such as 

actin and cell–cell adhesion proteins. In response to VEGFA, Src regulates adherens 

junctions by phosphorylating VE-cadherin and β-catenin and inducing rearrangement of 

cell junctions and subsequent increased vascular permeability (Gordon et al., 2016; 

Matsumoto et al., 2005). Furthermore, Src phosphorylation can induce the PI3K/Akt 

pathway and the consequent activation of endothelial nitric oxide synthase (eNOS). 

Activation of eNOS can also occur through the direct association between eNOS and 

Ca2+/calmodulin in a phospholipase Cγ (PLCγ)-Ca2+ dependent manner (Dimmeler et al., 

1999; Fulton et al., 1999). eNOS-mediated generation of nitric oxide (NO) is involved in 

VEGF-induced vessel dilatation, increased vascular permeability, and angiogenesis 

(Fukumura et al., 2001). 

Activation of the Y1175 phosphorylation site regulates endothelial progenitor 

differentiation during embryonic development, as well as ECs survival during adulthood 

(Sakurai et al., 2005). Phosphorylated Y1175 (pY1175) binds several signalling mediators 

such as PLCγ, and several adapters such as SHB and SCK. How the interaction between 

pY1175 and each of its mediators contributes to the downstream signalling is still under 
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investigation. pY1175-PLCγ binding mediates the activation of the Ca2+-dependent 

protein kinase C (PKC), and the downstream activation of ERK1/2 pathway, which is 

crucial for many aspects of ECs biology including ECs proliferation, migration and cell 

fate specification (Takahashi et al., 2001; Simons et al., 2016). pY1175-SHB binding 

promotes VEGF-induced FAK activation and contributes to focal adhesion turnover and 

ECs migration (Holmqvist et al., 2003).  

Phosphorylation of Y1214 is implicated in ECs actin cytoskeleton remodelling and 

migration (Lamalice et al., 2004). Phosphorylated Y1214 (pY1214) binds to Nck. pY1214-

Nck interaction recruits and activates the tyrosine kinase Fyn, which initiates the cascade 

of phosphorylation events that lead to activation of the p38 mitogen-activated protein 

kinase (p38MAPK) pathway (Lamalice et al., 2006). 

 

 

 

Figure 3: VEGF-activated VEGFR2 phosphorylation sites and downstream signalling 
pathways in ECs (from Zhu & Zhou, 2015). 

 

 

VEGFR2 signalling can also be initiated in a non-VEGF-dependent manner 

through non-canonical pathways. For example mechanical forces, such as shear stress, are 

able to induce VEGFR2 activation independently from VEGF ligand binding. This non-

canonical VEGFR2 activation is mediated by sheer-stress-dependent activation of 

cytoplasmatic Src that in turn phosphorylates VEGFR2 and mediates the formation of a 

mechanosensory complex within VEGFR2, VEGFR3, VE-cadherin and PECAM-1 

initiating the downstream signalling (Jin et al., 2003; Tzima et al., 2005; Coon et al., 
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2015). Shear stress can also promote angiogenesis through p38MAPK signalling activation 

(Gee et al., 2010). In addition, sheer stress can induce matrix metalloproteinase-dependent 

(MMP) release of VEGFA ligands from ECM, enhancing VEGFR2 activation (dela Paz et 

al., 2013). Another example of non-canonical pathway is VEGFR2 activation mediated by 

non-VEGF ligands. In fact, VEGFR2 can bind to a number of ligands such as galectins, 

gremlin, lactate and LDLs and mediate ECs sprouting, migration and VEGFR2 trafficking 

and recycling (Mitola et al., 2010; Markowska et al., 2011; Jin et al., 2013; Ruan & 

Kazlauskas, 2013). 

VEGFR2 signalling is tightly controlled by several regulatory mechanisms acting 

at different levels. Receptor expression levels, VEGF ligands availability and their 

different binding affinity, the presence of non-VEGF ligands and VEGF-binding co-

receptors modulate the receptor/ligand interaction. The activity of inactivating tyrosine 

phosphatases plays a crucial role in modulating VEGFR2 downstream signalling. 

Moreover, VEGFR2 endocytosis and intracellular trafficking are key regulators of the 

specificity as well as the strength and duration of the signalling output (Lanahan et al., 

2010; Simons, 2012; Nakayama et al., 2013). Indeed, the activation of VEGFR2 

downstream signalling continues during internalization, and VEGFR2 internalization is 

required for Akt and ERK1/2 signalling activation. After exerting its function, internalized 

VEGFR2 is either sent to lysosome for degradation or recycled back to the cell membrane 

via slow or fast recycling pathways (Simons, 2012). In addition, VEGFR2 signalling 

output is directly or indirectly regulated by crosstalk between VEGFR2 and others 

VEGFRs or co-receptors, as well as the interplay with other receptors intracellular 

signalling pathways, thus creating complex positive and negative feedback loops (Simons 

et al., 2016).  

 

2.2.3 VEGF SIGNALLING IN VASCULOGENESIS, ANGIOGENESIS AND 
VASCULAR REMODELLING. 

The cardiovascular system is one of the first to develop during vertebrate 

embryogenesis. The first major vessels of the vertebrate embryo are generated via a 

process known as vasculogenesis. Vasculogenesis is the mechanism by which mesoderm-

derived cells called angioblasts coalesce to form vascular cords. Following the 

vasculogenic formation of primary vessels, the initial vascular network is expanded by the 

complex secondary process of angiogenesis, which remodels pre-existing vessels either by 

sprouting and elongation or by the division or fusion of existing vessels. Vessels 

subsequently recruit supportive smooth muscle cells and pericytes to protect the 
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endothelium and maintain vascular integrity. The majority of vessels develop by sprouting 

angiogenesis from pre-existing vessels (Potente et al 2011; Adams et al., 2007). In the 

adult, angiogenesis occurs physiologically during cyclic reproductive changes in women, 

in skeletal muscle remodelling during exercise, and during tissue repair and regeneration 

(Wietecha et al., 2012). Adult angiogenesis can also accompany pathologic processes such 

as tumor growth, diabetic retinopathy, and rheumatoid arthritis (Folkman, 1995; Bhadada 

et al. 2011). 

The VEGF signalling is one of the most important regulators of these processes, 

however, the precise genetic programming required to shape the cardiovascular system is 

still only partially understood due to the complexity of multiple cellular interactions. 

Vasculogenesis is divided into three stages: first, the induction of endothelial 

progenitors (angioblasts) and hematopoietic progenitors (hemangioblasts) and their 

commitment to vasculogenesis; second, the assembly of endothelial precursor cells into 

blood vessels; and third, the transition from vasculogenesis to angiogenesis. 

During this process, vessels become specified as arteries and veins. The mediators 

of arterial-venous identity are still under investigation. Experimental evidence indicates 

that signalling by Eph and ephrin genes between arteries and veins, and between blood 

vessels and adjacent tissues, is required for the demarcation of arterial-venous domains, 

vascular morphogenesis, and the guidance of angiogenic sprouts. Upstream to Eph/ephrin 

signalling, the VEGFs and Notch signalling promote arterial fate by positively controlling 

ephrin-B2 expression (Torres-Vázquez et al., 2003). In pre-arterial angioblasts, VEGFA 

promotes the activation of Notch signalling through the VEGFA/VEGFR2/NRP1 complex. 

Notch activity suppresses the venous and promotes the arterial fate in these ECs 

progenitors, orchestrating the arterial-venous specification program (Wythe et al., 2013). 

In pre-venous endothelial precursors, the nuclear orphan receptor transcription factor 

COUP-TFII and the PI3K-Akt signalling repress arterial differentiation by suppressing 

Notch and NRP1 signalling (Lin et al., 2007). Down-regulation of Notch promotes venous 

fate by reducing ephrin-B2 and upregulating EphB4 expression (You et al., 2005) 

Angiogenesis, which serves to expand the vascular network, also occurs in three 

major phases: first, the activation of a specific EC, called tip cell, in the pre-existing, 

quiescent blood vessel. This cell acquires migratory properties and specifies to lead the 

sprouting process; second, the induction of stalk cell phenotype in cells neighbouring the 

tip cells. Stack cells undergo proliferation, elongation and lumenization in order to shape 

the nascent vessel; third, fusion of the newly formed sprouts to the pre-existing vasculature 
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via anastomosis, allowing perfusion of blood and stabilization of the developing vascular 

network.  

The specification of tip and stalk cells is mainly controlled by crosstalk between 

VEGFs and Notch signalling (Geudens & Gerhardt, 2011).  

During initial tip cell activation, VEGF promotes Dll4 expression in tip cells, Dll4 

activates its Notch receptor in the neighbouring stalk cells, which further represses VEGF 

receptor expression in these cells and inhibit sprouting. The invasive and motile tip cells 

behaviour that drives angiogenesis is induced by VEGFA and VEGFC signalling via 

VEGFR2 and VEGFR3. Stalk cell behaviour suppression in tip cells is induced by NRP1-

mediated inhibition of BMP/ALK signalling (Figure 4). 

 

 
 

 
Figure 4: Molecular mechanisms of endothelial tip cell selection. Activation of 

VEGFRs in tip cells induces downstream Dll4 expression that activates receptor Notch in 
neighbouring cells that assume stalk cell behaviour (from Potente & Mäkinen, 2017).  
 

 

Tip cells inhibit adjacent cells to acquire the same fate by a process called lateral 

inhibition, mediated by Notch signalling. Inhibition of tip fate promotes stalk cell 

specification and acquisition of a proliferative phenotype.  
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Once formed, the nascent vessel are stabilized by recruitment of mural cells from 

the surrounding stroma, mediated by PDGF secretion from the nearby ECs. Mural cells 

provide support and guidance for vascular remodelling and are subdivided into pericytes in 

the microvasculature and vascular SMCs in larger vessels.  

Newly formed vascular networks undergo extensive vascular remodelling to form a 

functional and mature vasculature. Vascular pruning and vascular regression are triggered 

by the down-regulation of VEGF, and can occur in embryonic development, as well as in 

adult vasculature during luteolysis (Goede at al., 1998).  

The correct regulation VEGF signalling is critical for vascular development and 

remodelling. Alteration of this regulatory signalling can cause pathological angiogenesis 

and uncontrolled vascular permeability observed in many diseases such as cancer, 

retinopathies and neurovascular disorders.  

 

2.2.4 VEGF SIGNALLING AND VASCULAR DYSFUNCTION  
Endothelial dysfunction contributes to the pathogenesis of a variety of diseases and 

syndromes, including neurodegenerative diseases. ECs disease state is closely connected to 

the physiological state. During physiological remodelling, ECs of different beds are 

activated by local signals, and the initiating stimulus disappears once adaptation is 

completed and normalcy is restored. By contrast, in pathological remodelling, the initial 

triggers generally persist creating further instability, and even when initiating triggers are 

removed, the vasculature does not return to its normal state. In this feedforward loop, 

instability leads to detrimental ECs activation characterized by matrix remodelling, 

leukocyte recruitment, inflammation and ECs transformation (Figure 5). This implies that 

persistent instability is central to multiple vascular disorders (Schwartz et al., 2018).  

Ageing and cardiovascular risk factors such as hypertension, diabetes and 

vasculopathy are the main cause of vascular dysfunction. Persistent oxidative stress, 

abnormal protein deposition and hypoxia promote ECs permeable, prothrombotic, and pro-

inflammatory phenotype. 
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Figure 5: Persistent Instability and disease (From Schwartz et al., 2018). 
 

 

Evidence suggests that VEGF/VEGFR signalling has been implicated in 

pathogenesis of several diseases. VEGF primarily exerts its effect through the production 

of vasodilatatory mediators, and VEGF-mediated pathogenic effects are primarily due to 

its effects on vascular permeability and neo-angiogenesis. 

Aberrant VEGF signalling has been linked to a number of eye diseases, such as 

age-related macular degeneration, diabetic retinopathy, diabetic macular edema and 

retinopathy of prematurity (Ferrara & Adamis, 2016).  

Deregulation of VEGFR1 and soluble sVEGFR1 also participate in pathological 

processes, by acting as endogenous inhibitors of VEGFA/VEGFR2 signalling. sVEGFR1 

expression has been linked to corneal avascularity in the eye (Ambati et al., 2006), and to 

the pathogenesis of pre-eclampsia during pregnancy (Koga et al., 2003). 

VEGFs and VEGF receptors are also expressed in non-ECs, including cancer cells. 

Since hypoxia is a major regulator of VEGF expression via hypoxia inducible factor (HIF), 

VEGF is dramatically upregulated in cancer. VEGF secreted by tumor cells induces ECs 

activation and tumor angiogenesis, which promotes tumor progression and expansion 

(Ferrara & Adamis, 2016). The efficacy of anti-VEGF therapies confirms the key role of 

VEGF-mediate angiogenesis in tumor growth (Kim et al., 1993).  

Furthermore, VEGF is associated with the clinical manifestation of 
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neurodegenerative diseases. In particular, VEGFA appears to protect against cognitive 

impairment in Alzheimer's disease (AD) (Garcia et al., 2014). However, mixed evidences 

report both up- and down-regulation of VEGFA gene and protein expression in blood, 

brain and cerebrovascular fluid of AD patients, suggesting a complex role of this signalling 

in neurodegenerative diseases (Mahoney et al., 2019). AD is characterized by an excessive 

deposition of amyloid-β (Aβ) peptides that destabilizes vascular integrity, promoting 

vascular leakage. The vascular damage induced by Aβ includes alteration of vascular tone, 

impairment of vascular remodelling, and loss of barrier functions, as well as suppression of 

the intrinsic angiogenic properties of the endothelium and the promotion of a premature 

senescence phenotype in in vivo and in vitro models (Donnini et al., 2010; Nannelli et al., 

2018). The molecular mechanisms of these multiple Aβ-induced effects on ECs are 

complex and include direct and indirect interaction with angiogenic growth factors, 

including VEGF. Treatment with Aβ1-40 significantly decreases VEGFR2 expression levels 

both in ECs and in the brains of AD mouse models (Cho et al., 2017). Moreover, cell 

culture studies revealed that Aβ at pathological concentrations acts as a VEGF antagonist, 

inhibiting VEGF-induced tyrosine phosphorylation of VEGFR2, as well as VEGF-

stimulated phosphorylation of Akt and eNOS in ECs (Patel et al., 2010; Cifuentes et al., 

2015). On the contrary, overexpression of VEGF signalling driving hyper-vascularization 

was also observed in brains of AD patients and of murine AD models (Tarkowski et al., 

2002; Biron et al., 2011). Interestingly, physiological levels of Aβ are also required for the 

endothelial homeostasis, and increasing evidence highlights the importance of amyloid-β 

precursor protein (APP) in supporting the function of the vascular tissue (Cantara et al., 

2004; Müller et al 2017; Ristori et al., 2020). To date, the exact role of APP and its 

metabolites in the vascular endothelium still remains elusive. 
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3. VEGF SIGNALLING AND AMYLOID-β  PRECURSOR PROTEIN 

(APP): ROLE OF ENDOTHELIAL APP IN VEGFR2 ACTIVATION  
(PAPER I AND REVIEW I - II) 
 

3.1 THE AMYLOID-β  PRECURSOR PROTEIN (APP) 

The amyloid-β precursor protein (APP) is a ubiquitous type-1 integral membrane 

protein often associated to Alzheimer's disease (AD) and Cerebral amyloid angiopathy 

(CAA). Despite its role in the development of the pathogenesis, APP exerts several 

physiological roles that have been mainly investigated in neuronal tissue and, to date, the 

role of APP in vasculature and endothelial cells has not been fully elucidated. 

APP belongs to a conserved gene family that includes two mammalian 

homologues, the APP-like proteins (APLPs) APLP1 and APLP2. These proteins are type I 

integral membrane proteins that share similar structural organization and partially 

overlapping functions, and this may explain why single-gene-knockout animal models 

have failed to show any major phenotype (Shariati & De Strooper, 2013). Structurally, 

APP and APLPs share conserved regions, although APP is the only family member 

containing the sequence encoding Aβ peptides (d'Uscio et al., 2017). APP presents three 

major isoforms, generated by alternative splicing: APP695, APP751 and APP770. The 

APP695 isoform is mainly expressed in neurons, whereas APP751 and APP770 are the 

predominant forms expressed in non-neuronal cells, including endothelial cells and 

platelets (Van Nostrand et al., 1994). Under physiological conditions, APP is cleaved by 

different secretases through two main proteolytic pathways: the amyloidogenic and non-

amyloidogenic processing (Figure 6). The latter leads to the release in the extracellular 

space of the soluble form sAPP-α generated by α-secretase (ADAM10) cleavage, and the 

p3 peptide, through cleavage of α-secretase and the γ-secretase complex (composed of four 

subunits: presenilins, nicastrin, Aph-1 and Pen-2). By contrast, in the amyloidogenic 

processing, β-secretase (BACE1) cleavage releases sAPP-β (another soluble form with 

different structure and physiological properties), and subsequent cleavage of β-secretase 

and γ-secretase generates different Aβ isoforms of various lengths. Moreover, γ-secretase 

cleavage in the APP transmembrane region yields the biologically active APP intracellular 

domain (AICD) in both the proteolytic pathways. The main species of Aβ peptides 

involved in CAA and AD are Aβ1–40 and Aβ1–42. The Aβ1–42 peptides are the 

predominant form in AD neuronal plaques, whereas deposition of Aβ1–40 peptides on the 
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cerebral vasculature contributes to the onset of CAA (Stakos et al., 2020). While it is well 

established the neuronal origin of amyloid deposits observed in AD and CAA, evidences 

show that activated endothelial cells and platelets are also able to release Aβ1–40 peptides 

(Kitazume et al., 2012; Canobbio et al., 2015). Under normal physiological conditions, 

APP is predominantly processed through the non-amyloidogenic pathway and the Aβ 

peptide is constitutively generated at relatively low levels. In addition, several mechanisms 

of Aβ clearance involving the cerebrovasculature contribute to maintain the concentrations 

of these peptides to physiological levels in the brain. Some of these mechanisms include 

Aβ degradation by proteolytic enzymes, phagocytosis by macrophages, intramural 

periarterial drainage, and receptor mediated Aβ transport across the BBB in which the 

main transport proteins are: the P-glycoprotein (P-gp), the low-density lipoprotein receptor 

related protein-1 (LRP-1), and the receptor for advanced glycation end products (RAGE). 

Interestingly, APP processing is influenced by its cellular distribution: the cell-

surface accumulation of APP favours non-amyloidogenic processing (Jiang et al., 2014). 

On the contrary, the retention of APP in acidic compartments, such as early endosomes, 

promotes amyloidogenic processing (O'Brien and Wong, 2011). 

 

 
 

Figure 6: Proteolytic pathways of Amyloid Precursor Protein (APP). APP can be 
processed through a non-amyloidogenic proteolytic pathway (in blue), or an 
amyloidogenic proteolytic pathway (in orange). The amyloidogenic proteolytic pathway 
releases Aβ peptides and it is involved in AD pathogenesis (From Ristori et. al., 2020). 
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3.2 APP AND VASCULAR ENDOTHELIUM 

Several physiological roles have been attributed to APP and its processing 

products, some of which impact neurovascular development and function. Even if APP is 

notoriously known for its contribution to pathogenesis of neurodegenerative diseases, and 

many physiological roles have been identified in neural cells (Perez et al., 1997; Nicolas 

and Hassan, 2014; Nhan et al., 2015; Habib et al., 2017; Coronel et al., 2018), little is 

known on its function on endothelial cells and cerebral vasculature. 

APP is highly expressed in embryonic endothelium, suggesting an important role of 

this macromolecule and its metabolites in early angiogenesis (Ott & Bullock, 2001). A 

strong correlation between APP loss-of-function models and vascular dysfunction has been 

reported, supporting the importance of this protein and its metabolites on vascular 

homeostasis. In the zebrafish embryo, knockdown of APP by morpholino causes diffuse 

angiogenic defects especially in the brain. This phenotype can be rescued by reintroducing 

Aβ peptides supporting the hypothesis that these peptides have an essential role in 

angiogenesis during embryonic development (Luna et al., 2013). Indeed, blocking Aβ 

production by inhibition of β- or γ-secretase activity causes reduced angiogenesis both in 

vitro and in vivo (Paris et al., 2005). Several studies showed that APP exerts vascular 

protective properties under physiological conditions. In fact, APP regulates expression and 

function of endothelial nitric oxide synthase (eNOS) in cerebrovascular endothelium 

(d'Uscio et al., 2018).  

Moreover, evidences suggest that APP mediates endothelial cells’ response to 

angiogenic growth factors and modulates angiogenesis.  

Different APP metabolites have been shown to have different roles in angiogenesis 

and vascular maintenance. Aβ peptides, for example, show both anti-angiogenic and pro-

angiogenic effects in a dose-dependent manner in vitro. In fact, high micromolar 

concentrations of different Aβ variants impair angiogenesis, while low nanomolar 

concentrations of either Aβ1–40 or Aβ1–42 promote angiogenesis in cultured cerebral and 

peripheral endothelial cells by promoting cell proliferation, migration, and tube formation 

(Cantara et al., 2004; Cameron et al., 2012). However, the role of Aβ on angiogenesis in 

vivo is still controversial since cerebral hyper-vascularization was observed in human AD 

brains and transgenic animals overexpressing APP (Biron et al., 2011). To note, the 

majority of neo-formed vessels observed in AD are so called "string vessels", non-

functional capillaries composed by connecting tissue and lacking endothelial cells (Brown, 

2010; Forsberg et al., 2018). It has been proposed that the Aβ-induced aberrant 

angiogenesis may be the basis for BBB disruption in AD (Biron et al., 2011).  
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Aβ peptides can modulate angiogenesis by functionally interacting with important 

angiogenic signalling pathways, such as the FGF-2, the VEGF and the notch signalling 

(Cantara et al., 2004; Patel et al., 2010; Cameron et al., 2012), however in vivo and in vitro 

studies showed once again controversial results. While brains of patients with AD show 

up-regulation of the vascular endothelial growth factor (VEGF) suggesting an interaction 

of VEGF with APP processing (Burger et al., 2009), in vitro studies revealed that high 

concentrations of Aβ act as a VEGF antagonist, inhibiting VEGR receptor (VEGFR2) 

activation as well as VEGF-stimulated activation of eNOS in endothelium (Patel et al., 

2010; Lamoke et al., 2015; Cho et al., 2017).  

Another APP metabolite, the secreted APP-α ectodomain, sAPP-α, has been 

proposed to modulate angiogenesis by binding to the FGF-2 receptor (FGFR-1). In 

particular, sAPP-α may counterbalance Aβ anti-angiogenic effect by competing with Aβ 

and FGF-2 for binding to FGFR-1 (Reinhard et al., 2013). More studies are needed to 

unravel the dichotomy of Aβ roles on angiogenesis and to establish the exact role of each 

APP metabolite on angiogenesis. 

While the APP soluble metabolites act mostly as ligands, the APP full-length 

membrane protein function as a membrane receptor and interacts with cell-adhesion 

molecules and the extracellular matrix. APP extracellular domain binds a series of ECM 

molecules including collagen, spondin, laminin, reelin and heparan sulfate proteoglycans 

(glypican and syndecans), and to cell adhesion molecules (CAMs) expressed in neighbour 

cells, suggesting an important function of APP as an adhesion molecule (Sosa et al., 2017). 

Finally, the APP intracellular domain (AICD) plays an important role as a 

transcriptional regulator and shares many structural and functional similarities with the 

receptor Notch (Cao & Sudhof, 2001; Kopan & Ilagan, 2004; Hamid et al., 2007; Deyts et 

al., 2016), suggesting that APP may contribute to the stability of endothelial phenotype by 

modulating various APP physiological functions including trafficking and signal 

transduction. 
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3.3 AIM PAPER 1 

The amyloid-β precursor protein (APP) is ubiquitous transmembrane glycoprotein 

abundantly expressed in the cerebrovascular endothelium, mainly known for its cleavage 

product Aβ and its detrimental role in the pathogenesis of neurodegenerative disease such 

as Cerebral Amyloid Angiopathy (CAA) and Alzheimer's disease (AD). Increasing 

evidence supports the hypothesis that vascular dysfunction plays a major role in CAA and 

AD and several studies raise the possibility that vascular dysfunction could be an early step 

in these diseases and could even precede significant Aβ deposition (de la Torre, 2018). 

Accumulation of neuron-derived Aβ peptides is considered the primary influence driving 

AD and CAA pathogenesis, however recent studies highlighted the importance of the 

physiological role of its precursor APP in cell homeostasis, suggesting a potential role of 

this protein in maintaining tissue homeostasis (Ristori et al., 2020). APP is cleaved by 

different secretases through two main proteolytic pathways resulting in non-amyloidogenic 

and amyloidogenic processing, the latter being associated with the disease. Several 

research lines have focused on the amyloidogenic properties and toxicity of the Aβ 

peptide, with less regard for the normal cell biological roles of APP and its other cleavage 

products. In particular, the exact role of APP in cerebrovascular and cardiovascular 

homeostasis is still unknown. 

In this study, we investigated the physiological role of APP full-length in 

endothelial cells. We showed that loss of APP impairs endothelial cells functionality in 

vitro, by reducing Human Umbilical Vein Endothelial Cells (HUVECs) proliferation, 

migration and adhesion. We used molecular and proteomic approaches to investigate major 

cellular targets of APP down-regulation in endothelial cells and we observed that loss of 

APP alters focal adhesion stability and cell-cell junctions' expression. Moreover, APP is 

necessary to mediate endothelial response to the VEGF-A growth factor. The data suggest 

that intact expression and processing of APP are required for normal endothelial function. 

We propose that APP regulates endothelial cells function by modulating actin-cytoskeleton 

interacting proteins such as integrins and the Src/FAK signalling.  

Further research is needed to investigate the specific role of APP in different 

vascular beds. We believe that a deep understanding of APP function in maintaining 

vascular homeostasis might shed light on new therapeutic targets and provide a new 

perspective on treatment options of neurodegenerative diseases 
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Abstract:   The   amyloid-‐‑β   precursor   protein   (APP)   is   a   ubiquitous   membrane   protein   often  
associated  with  Alzheimer’s   disease   (AD)   and   cerebral   amyloid   angiopathy   (CAA).  Despite   its  
role   in   the   development   of   the   pathogenesis,   APP   exerts   several   physiological   roles   that   have  
been   mainly   investigated   in   neuronal   tissue.   To   date,   the   role   of   APP   in   vasculature   and  
endothelial   cells  has  not  been   fully  elucidated.   In   this   study,  we  used  molecular  and  proteomic  
approaches   to   identify   and   investigate   major   cellular   targets   of   APP   down-‐‑regulation   in  
endothelial   cells.  We   found   that   APP   is   necessary   for   endothelial   cells   proliferation,  migration  
and  adhesion.  The   loss  of  APP  alters   focal  adhesion  stability  and  cell–cell   junctions’  expression.  
Moreover,   APP   is   necessary   to   mediate   endothelial   response   to   the   VEGF-‐‑A   growth   factor.  
Finally,  we  document  that  APP  propagates  exogenous  stimuli  and  mediates  cellular  response  in  
endothelial  cells  by  modulating  the  Scr/FAK  signaling  pathway.  Thus,  the  intact  expression  and  
processing   of   APP   is   required   for   normal   endothelial   function.   The   identification   of  molecular  
mechanisms  responsible  for  vasoprotective  properties  of  endothelial  APP  may  have  an  impact  on  
clinical  efforts  to  preserve  and  protect  healthy  vasculature  in  patients  at  risk  of  the  development  
of  cerebrovascular  disease  and  dementia  including  AD  and  CAA.  

Keywords:   amyloid-‐‑β   precursor   protein;   APP;   vascular   APP;   endothelial   homeostasis;   actin  
cytoskeleton-‐‑interacting  proteins;  integrins;  Src/FAK;  VEGFR2/VEGF  

  

1.  Introduction  
The  amyloid-‐‑β  precursor  protein  (APP)  is  a  ubiquitous  type-‐‑1  integral  membrane  protein  that  

plays   an   important   role   in   neurovascular   degeneration   [1].   APP   is   proteolytically   cleaved   by  
secretases,   resulting   in   a   series  of  biologically   active   fragments,   including   the   amyloid-‐‑β  peptide  
characterizing   the   pathogenesis   of   Alzheimer’s   disease   (AD)   and   cerebral   amyloid   angiopathy  
(CAA).  Despite  its  major  role  in  AD  and  CAA,  APP  cleavage  products  play  diverse  physiological  
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roles   that   are   important   for   neuronal   development   and   function   [2].   APP   is   involved   in   tissue  
repair   after   traumatic   brain   injury   (TBI),   exerting   neuroprotective   functions   [3–5].   Furthermore,  
APP   expression   and   processing   are   strongly   increased   in   response   to   ischemic   injury   and   stress  
exposure  [6,7],  suggesting  a  role  in  mediating  tissue  response  to  external  perturbations.  

At  a  cellular  level,  APP  acts  as  a  mechanical  linker  between  the  extracellular  environment  and  
the  cellular  cytoskeleton.  Full-‐‑length  APP  functions  as  a  membrane  cell  adhesion  molecule   in  the  
developing  nervous  system  by  binding  to  several  extracellular  matrix  components  (HSPGs,  reelin,  
laminin  and  F-‐‑spondin)  and   interacting  with  numerous  adaptor  proteins  and  other  cell  adhesion  
molecules   (integrins,   neural   cell   adhesion  molecules)   [8–13].  APP  presents   a   conserved  YENPTY  
cytoplasmatic   domain   similar   to   non-‐‑receptor   tyrosine   kinases;   this  motif   interacts  with   scaffold  
proteins   associated  with   the  dynamics   of   the   cytoskeleton   and  has   been   shown   to   regulate   gene  
transcription.  These  features   indicate  that  APP  is   involved  in  propagating  extracellular  responses  
[14].  Since  neuronal  damage  is  the  main  cause  for  cognitive  decline  in  AD  and  CAA,  much  effort  
has   been  directed   to   understanding   the   role   of  APP   in   neuronal   tissue;   however,   there   is   scarce  
information  about  its  physiological  role  in  other  cell  types  including  endothelial  cells  (ECs).  

APP  is  highly  expressed  in  the  endothelium  during  embryogenesis,  suggesting  an  important  
role   for   this  macromolecule   and   its  metabolites   in   vascular   development   and   angiogenesis   [15].  
Genetic   studies   in   zebrafish   and   mice   revealed   defects   in   vascular   development   and   increased  
vulnerability  to  hypoxic  injury  upon  APP  gene  inhibition  [16,17].  More  recently,  APP  was  found  to  
have  protective  properties   in   the  vasculature  by   regulating  expression  of  endothelial  nitric  oxide  
synthase  (eNOS)  in  cerebrovascular  endothelium  [18].  

Increasing   evidence   supports   a   hypothesis   that   vascular   dysfunction   precedes   neuronal  
degeneration   in  AD  and  CAA  development  and  that  blood  vessels  are   the  origin   for  a  variety  of  
pathogenic  pathways  that  lead  to  neuronal  damage  and  dementia  [19].  Thus,  the  understanding  of  
the  role  of  APP  in  ECs  and  in  the  vascular  system  homeostasis   is  critical   to  preservation  of  brain  
integrity.  

Here,  we  investigated  the  biological  role  of  APP  in  ECs  homeostasis  by  generating  an  in  vitro  
APP-‐‑knockdown  model  using  human  umbilical  vein  ECs  (HUVECs).  The  loss  of  APP  resulted  in  
altered   cellular   morphology   and   reduction   of   cell   migration   and   proliferation.   We   used   a  
proteomic  approach  to  identify  biological  pathways  affected  by  APP  silencing.  This  demonstrated  
altered   protein   expression   of   actin   cytoskeleton-‐‑interacting   proteins,   mainly   involved   in   actin  
organization,   cell   adhesion,   cell–cell   contact   and   VEGF-‐‑mediated   angiogenesis   in   APP-‐‑deficient  
ECs.   Integrins   and  other   focal   adhesion  proteins   also   showed   a   reduced   expression   in  ECs  with  
reduced  APP  levels.  Moreover,  APP-‐‑silenced  ECs  lost  barrier  function  due  to  altered  expression  of  
tight  junctions  proteins.  Finally,  we  observed  a  reduced  response  to  pro-‐‑angiogenic  stimuli,  due  to  
a   reduced   activation   of   the  VEGF   signaling.   Taken   together,   these   results   suggest   that  APP   can  
regulate  ECs  responsiveness   to  extracellular  environment  by  modulating  cytoskeleton-‐‑interacting  
proteins.  

  

2.  Materials  and  Methods  
2.1.  Cell  Cultures  

Human  umbilical  vein  endothelial  cells  (HUVECs)  (Lonza,  Basel,  Switzerland)  were  used  up  
to   passage   7.  Cells  were   cultured   on   1%   gelatin-‐‑coated   dishes  with   endothelial   growth  medium  
(EGM-‐‑2)  (Lonza)  supplemented  with  antibiotics  (100  U/mL  penicillin  and  100  µμg/mL  streptomycin,  
Euroclone,  Milan,  Italy),  glutamine  (2  mM,  Euroclone),  and  10%  fetal  bovine  serum  (FBS,  Hyclone,  
GE  Healthcare,  Little  Chalfont,  UK).  

  
2.2.  Small  interfering  RNA  Transfection  

Transient   knockdown   experiments   were   performed   following   the   Reverse-‐‑Transfection   of  
adherence   cells   protocol   adapted   from  Qiagen   (Qiagen,   Hilden,   Germany).   Briefly,   siRNAs   and  
Lipofectamine®  2000  (Invitrogen,  Carlsbad,  CA,  USA)  were  diluted  in  Opti-‐‑MEM  (Gibco,  Thermo  
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Fisher  Scientific,  Waltham,  MA,  USA)  and  incubated  for  20  min  at  room  temperature  to  allow  the  
formation  of   the  transfection  complex.  Confluent  cells  were  then  harvested  and  seeded  on  top  of  
silencing  complexes  in  60  mm  (3.5  ×  105  cells)  or  100  mm  (6.5  ×  105  cells)  or  6-‐‑well  plate  dishs  (1.8  ×  
105  cells).  Cells  were  transfected  for  48  h  under  their  normal  growth  conditions  (EGM-‐‑2,  10%  FBS)  
with   20   nM   siRNA   control   (Negative   Control   siRNA,   Qiagen   #0001027310),   or   20   nM   siAPP-‐‑A  
(Hs_APP_8   FlexiTube®   siRNA,  Qiagen   #SI02776893),   or   10   nM   siAPP-‐‑B   (Hs_APP_10   FlexiTube®  
siRNA,   Qiagen   #SI02780288),   or   20   nM   siAPP-‐‑C   (ON-‐‑TARGETplus   Human   APP   (351)   siRNA,  
Dharmacon   #J-‐‑003731-‐‑06-‐‑0002).   All   results   showed   in   main   figures   refer   to   HUVEC   cells  
transfected  with  20  nM  of  siAPP-‐‑C  (Dharmacon  Inc.,  Lafayette,  CO,  USA).  

  
2.3.  Real-‐‑time  PCR  

The   RNeasy   Plus   Kit   (Qiagen)   was   used   according   to   the   manufacturer’s   instructions   to  
extract  and  prepare  total  RNA.  A  total  amount  of  1  µμg  RNA  was  transcribed,  and  quantitative  RT-‐‑
PCR  was  performed  as  previously  reported  [20].  The  following  primer  sequences  were  used:  APP  
forward   5′-‐‑TGGCCAACATGATTAGTGAACC-‐‑3′;   APP   reverse   5′-‐‑
AAGATGGCATGAGAGCATCGT-‐‑3′;   APLP1   forward   5′-‐‑CACCAGGTTGTGCCCTTCC-‐‑3′;   APLP1  
reverse  5′-‐‑GGCCTCACTCACAAATTCACC-‐‑3′;  APLP2  forward  5′-‐‑CGACGGCACCATGTCAGAC-‐‑
3′;   APLP2   reverse   5′-‐‑CAACGAGGCATCACGGC-‐‑3′;   ZO-‐‑1   forward   5′-‐‑
GTGCCTAAAGCTATTCCTGTGAGTC-‐‑3′;   ZO-‐‑1   reverse   5′-‐‑CTATGGAACTCAGCACGCCC-‐‑3′;  
claudin5   forward   5′-‐‑CTGCTGGTTCGCCAACATT-‐‑3′;   claudin5   reverse   5′-‐‑
TGCGACACGGGCACAG-‐‑3′;   β-‐‑catenin   forward   5′-‐‑GTCGAGGACGGTCGGACT-‐‑3′;   β-‐‑catenin  
reverse   5′-‐‑CAAATCAGCTTGAGTAGCCATTGTC-‐‑3′;   VE-‐‑cadherin   forward   5′-‐‑
GCACCAGTTTGGCCAATATA-‐‑3′;   VE-‐‑cadherin   reverse   5′-‐‑GGGTTTTTGCATAATAAGCAGG-‐‑3′;  
FAK   forward   5′-‐‑ATCCCACACATCTTGCTGACTT-‐‑3′;   FAK   reverse   5′-‐‑
GCATTCCTTTTCTGTCCTTGTC-‐‑3′;   SRC   forward   5′-‐‑CAGTGTCTGACTTCGACAACGC-‐‑3′;   SRC  
reverse   5′-‐‑CCATCGGCGTGTTTGGAGTA-‐‑3′;  VEGFR1,  VEGFR2,  VEGFR3   and  ERK  1/2   (Qiagen);  
GAPDH   forward   5′-‐‑GCCACATCGCTCAGACACC-‐‑3′;   GAPDH   reverse   5′-‐‑
AATCCGTTGACTCCGACCTTC-‐‑3′.   The   fold   change   expression   was   determined   using   the  
comparative   Ct  method   (2-‐‑ΔΔCt)   normalized   to   GAPDH   housekeeping   gene   expression.   Data   are  
reported  as  fold  change  relative  to  siCtrl,  which  was  set  to  1.  

  
2.4.  Western  Blot  

Cells  were  silenced  for  48  h,  harvested  and  seeded  (3  ×  105  cells)   in  6-‐‑cm  plates.  Media  were  
then   replaced  with   EGM-‐‑2;   10%   FBS   and   lysate   was   collected   after   24   h.   For   experiments   with  
VEGF,  cells  were  starved  overnight  in  EBM-‐‑2,  0.1%  FBS.  After  24  h  (60%  of  confluence),  cells  were  
treated  or  not  with  VEGFa   (50  ng/mL,  R&D  Systems,  Minneapolis,  MN.  USA  #293-‐‑VE-‐‑025)   for  5  
min.  Next,  cells  were  washed  and   lysed,  and  an  equal  amount  of  proteins  was  used  for  Western  
analysis,   as   described   [21].   The   expression   of   APP   (Cell   Signaling,   Danvers,   MA,   USA   #2450,  
1:1000),   vinculin   (Cell   signaling   #13901,   1:1000),   paxillin   (Millipore,   Burlington,  MA,  USA   #3794,  
1:1000   and  Abcam,   Cambridge,   United   Kingdom   #ab32084,   1:1000),   Integrin   β3   (Bioss,  Woburn,  
MA,   USA   #bs0342R   Rabbit,   1:1000),   Integrin   β1   (Santa   Cruz,   Dallas,   TX,   USA   #SC6622,   1:1000),  
kindlin-‐‑3  (Cell  Signaling  #10459,  1:1000),  ZO-‐‑1  (Thermo  Fisher  Scientific  #  33-‐‑9100,  1:1000  and  Life  
Technologies,  Carlsbad,  CA,  USA  #61-‐‑7300,  1:1000),  VE-‐‑cadherin  (Cell  signaling  #2500,  1:1000),  β-‐‑
catenin   (Cell   signaling   #9562,   1:1000),   claudin5   (Abcam,   Cambridge,   United   Kingdom   #ab53765,  
1:300  and  Thermo  Fisher  Scientific  #35-‐‑250,  1:1000),  p-‐‑VEGFR2  (Y1175,  Cell  Signaling  #2478,  1:1000;  
Y951,   Cell   Signaling   #4991,   1:1000;   Y1059,   Cell   Signaling   #3817,   1:1000),   VEGFR2   (Cell   Signaling  
#9698,   1:1000),  p-‐‑ERK1/2   (T202/Y204,  Cell   Signaling  #4370,   1:2000),  ERK1/2   (Cell   Signaling  #9102,  
1:1000),  p-‐‑Src  (Y416,  Cell  Signaling  #6943,  1:1000),  Src  (Cell  Signaling  #2110,  1:1000),  p-‐‑FAK  (Y397,  
Sigma-‐‑Aldrich,   St.   Louis,  MO,  USA   #   8556,   1:1000),   FAK   (Cell   Signaling   #   3285,   1:1000),   β-‐‑actin  
(Sigma-‐‑Aldrich  #A5316,  1:10000)  and  GAPDH  (Cell  Signaling  #2118,  1:2000)  were  evaluated.  Data  
are   reported   as   fold   change   of   arbitrary   densitometry   units   (A.D.U.)   of   the   target   protein   with  
respect  to  β-‐‑actin  or  GAPDH  used  as  the  loading  control  and  normalized  for  siCtrl  sample.  
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2.5.  Immunoprecipitation  (IP)  
HUVEC  cells  were  cultured  in  normal  growth  conditions  until  they  reached  confluence.  Cells  

were  quickly  washed  twice  with  ice-‐‑cold  PBS,  lysed  in  in  1%  Triton  lysis  buffer  and  spun  at  16,000×  
g  for  20  min.  300  µμg  of  cleared  lysate  was  immunoprecipitated  for  2  h  at  4  °C  under  gentle  rotation  
with   50   µμL/sample   of   Protein-‐‑G   DynaBeads   (Thermo   Fisher   Scientific,   Waltham,   MA,   USA),  
preincubated  in  4  µμg/sample  of  anti-‐‑VEGFR2  antibody  (Cell  Signaling  #9698).  Beads  were  washed  
3   times   with   PBS,   resuspended   in   20   µμL   of   1×   loading   buffer   and   boiled   for   10   min   at   70   °C.  
Samples   were   analyzed   by   western   blot   as   described   above   using   anti-‐‑APP   and   anti-‐‑VEGF  
antibodies.  

  
2.6.  Immunofluorescence  Microscopy  

Cells  were   transfected  with  siRNA  for  48  h  as  described  above.  Silenced  HUVEC  cells  were  
then  harvested  and  seeded  (8  ×  104  cells)  on  10  mm  ø  on  glass  coverslips  pre-‐‑coated  with  1%  gelatin  
in  triplicate  in  EBM-‐‑2  10%  FBS.  After  24  h  cells  were  fixed  with  fresh  4%  PFA  for  10  min,  blocked  
with   3%   BSA   for   40   min   and   incubated   at   4   °C   overnight   in   primary   antibody.   The   following  
primary  antibodies  were  used:  rabbit  anti-‐‑APP  (Cell  Signaling  #2452,  1:100),  mouse  anti-‐‑APP  (Cell  
Signaling   #2450,   1:100);   rabbit   anti-‐‑vinculin   (Cell   signaling   #13901,   1:100),   rabbit   anti-‐‑ZO-‐‑1   (Life  
Technologies   #61-‐‑7300,   1:50),   mouse   anti-‐‑VE-‐‑cadherin   (Santa   Cruz   #sc-‐‑9989,   1:200),   mouse   anti-‐‑
claudin5   (Thermo  Fisher  #35-‐‑2500,  1:200),  mouse  anti-‐‑  β-‐‑catenin   (Cell  Signaling  #2677  1:200).  The  
day  after,  cells  were  washed  3  times,  5  min  each  with  0.5%  BSA  in  PBS  and  incubated  for  one  hour  
at   room   temperature   in   secondary  antibody:  Alexa  Fluor  488-‐‑labeled  anti-‐‑Mouse   (Thermo  Fisher  
#A-‐‑11001,  1:400)  and  anti-‐‑Rabbit  (Thermo  Fisher  #A-‐‑11008,  1:400)  or  Alexa  Fluor  555-‐‑labeled  anti-‐‑
Mouse  (Thermo  Fisher  #A32727,  1:400)  and  anti-‐‑Rabbit   (Thermo  Fisher  #A32732,  1:400).  For  actin  
cytoskeleton   staining,   cells   were   incubated   with   conjugated   DyLight   488-‐‑Phalloidin   (Thermo  
Fisher  #12379,  1:50)  for  30  min  at  room  temperature.  DAPI  (Thermo  Fisher  Scientific  #62248,  1:1000)  
was  used  to  counterstain  nuclei.  Stained  cells  were  mounted  and  viewed  by  confocal  microscopy  
(Leica  SP5  with  63×  oil  objective,  Leica,  Wetzlar,  Germany).  

  
2.7.  Cell  Proliferation  Assay  

Cell   viability   was   determined   by   MTT   test   [22]   HUVECs   were   first   silenced   for   48   h.  
Transfected   cells  were   then  harvested   and   seeded   in   a   96-‐‑mutiwell   plate   (3   ×   103   cells/well)   and  
incubated  in  EGM-‐‑2,  1%  FBS  for  18  h  and  24  h.  Cells  were  exposed  for  4  h  to  1.2  mM  MTT  (3-‐‑[4,5-‐‑
dimethylthiazol-‐‑2-‐‑yl]-‐‑2,5-‐‑diphenyltetrazolium   bromide;   Sigma-‐‑Aldrich,   St.   Louis,   MO,   USA)   in  
fresh  PBS  (without  phenol  red).  After  the  solubilization  of  formazan  crystals  in  DMSO,  absorbance  
was   measured   with   a   microplate   absorbance   reader   (Infinite   200   Pro   SpectraFluor;   Tecan,  
Männedorf,  Switzerland)  at  540  nm.  Data  are  reported  as   the  fold  change  of  absorbance  units   (at  
540  nm),  taking  as  reference  the  siCtrl  sample.  

  
2.8.  Wound  Healing  Scratch  Assay  

ECs  migration  was   assessed   using   an   in   vitro  wound   healing   assay   as   previously   reported  
[20].   Briefly,   cells   were   silenced   for   48   h   as   previously   described.   Transfected   cells   were   then  
harvested  and  seeded  on  a  24-‐‑mutiwell  plate  (1  ×  105  cells/well)  and  incubated  under  their  normal  
growth  conditions   (EGM-‐‑2,  10%  FBS)  until   they  reached  complete  confluence   (18–24  h).  A  sterile  
1000  µμL  micropipette  tip  was  used  to  scrape  the  confluent  monolayer  and  create  the  wound.  Wells  
were  washed  twice  with  PBS  and  cells  were  exposed  to  EBM-‐‑2  and  the  indicated  treatment  (0.1%  
FBS;  10%  FBS  or  50  ng/mL  VEGFa).  2.5  mg/mL  ARA-‐‑C  (Cytosine  β-‐‑D-‐‑arabinofuranoside;  Sigma-‐‑
Aldrich)  was  added  to  the  wells   to  suppress  cell  proliferation.   Images  of   the  wound  in  each  well  
were   acquired   from   0   h   to   8   h,   18   h   and   24   h   under   a   phase   contrast   microscope   at   10x  
magnification.  Finally,  cells  were  fixed  and  stained  with  the  PanReac  kit.  Results  were  quantified  
using  ImageJ  software,  and  data  are  reported  as  %  of  scratch  closure  normalized  to  siCtrl.  

  
2.9.  Cell  Adhesion  Assay  
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HUVEC  were  silenced  as  previously  described;  after  48  h,  cells  were  harvested  and  seeded  in  
triplicate  in  96-‐‑well  plates  (2  ×  104  cells/well)  pre-‐‑coated  with  fibronectin  (3  µμg/mL)  or  collagen  I  (1  
µμg/mL)   as   previously   described   [23].   For   short-‐‑term   adhesion   assays,   attached   cells   were  
quantified   after   1   h;   for   de-‐‑adhesion   assays,   cells   were   incubated   for   18   h   in   normal   growth  
conditions.  At  the  end  of  the  assay  period,  cultures  were  rinsed  with  two  gentle  washes  with  PBS  
(with  Ca/Mg),  fixed  for  5  min  with  4%  paraformaldehyde  and  stained  for  20  min  with  0.5%  Crystal  
Violet  in  distilled  water  for  20  min.  Excess  crystal  violet  was  removed,  and  the  cells  were  washed  
with   water.   The   plates   were   dried   and   the   stain   extracted   by   100   µμL   of   methanol   for   5   min.  
Absorbance  was  read  at  540  nm  in  a  plate  reader  (Infinite  200  Pro,  SpectraFluor,  Tecan,  Männedorf,  
Switzerland).  

  
2.10.  In  Vitro  Permeability  Assay  

Cells  were  silenced  for  48  h,  harvested  and  seeded  (2  ×  105  cells/well)  on  gelatin-‐‑coated  insert  
membranes  (0.4  µμm  diameter  pores,  Corning,  New  York,  USA),  and  the  inserts  were  placed  in  12-‐‑
multiwell  plates  and  incubated  for  48  h  in  normal  growth  conditions  (EGM-‐‑2,  10%  FBS).  Confluent  
monolayers   were   then   starved   with   EBM-‐‑2   with   0.1%   FBS   for   4   h   and   treated   with   IL-‐‑1β   (10  
ng/mL)  for  6  h  [24].  FITC-‐‑Dextran  (3  kDa,  10  µμm)  was  used  as  a  fluorescent  marker  of  permeability,  
which  was  evaluated  after  15  min  by  measuring  the  fluorescence  in  a  plate  reader  (Infinite  200  Pro,  
SpectraFluor,   Tecan,   Männedorf,   Switzerland)   at   485/535   nm   (excitation/emission).   Data   are  
reported  as   fold   change  of   fluorescence  units   (RFU),   taking  as   reference   the   siCtrl   sample   in   the  
condition  of  medium  EBM-‐‑2  with  the  addition  of  0.1%  serum  (control  condition).  

  
2.11.  Tube  Formation  Assay  

HUVEC   were   silenced   for   48   h,   harvested   and   seeded   (3   ×   104   cells/well)   on   Corning®  
Matrigel®-‐‑coated   48-‐‑well   plate   in   EBM-‐‑2,   0.1%   FBS   medium   (control   condition)   or   VEGFa   (50  
ng/mL,  R&D  Systems  #293-‐‑VE-‐‑025).  After  8  h  of  incubation,  ECs  were  photographed  and  network  
formation  on  Matrigel  was  measured  by  means  of  the  number  of  mashes  per  field  (Nikon  Eclipse  
E400  and  camera  Nikon  DS-‐‑5MC,  Nikon,  Melville,  NY,  USA).  

  
2.12.  LC-‐‑MS/MS  Proteomic  and  Bioinformatic  Analysis  

Control   and   silenced   HUVEC   were   lysed   in   2%   Sodium   deoxycholate   (SDC)/100   mM  
ammonium  bicarbonate,  reduced  with  5  mM  tris-‐‑(2-‐‑carboxyethyl)-‐‑phosphine  (TCEP)  and  alkylated  
in   the  dark  with   10  mM   iodoacetamide   (IAA).   Protein   quantification  was   assessed  using  Pierce-‐‑
BCA  protein  assay  kit.  60  µμg  of  proteins,  for  each  sample,  were  processed  adding  trypsin  (1:40)  and  
incubated  at  37  °C  overnight.  All  reaction  mixtures  were  acidified  with  1%  formic  acid  (FA)  [25,26].  
Digested  samples  were  desalted  using  OASIS  cartridges  and  reconstituted   in  0.1%  formic  acid   in  
water/acetonitrile   (97/3,   v/v).   LC-‐‑MS/MS   analyses   were   performed   using   a   Q-‐‑Exactive   Plus  
Orbitrap  mass  spectrometer  (Thermo  Fisher  Scientific).  These  experiments  were  carried  out  using  a  
DDA  setting  to  select  the  “top  twelve”  most-‐‑abundant  ions  for  MS/MS  analysis.  MS  data  analysis  
was   conducted   using   a   Proteome  Discover   2.1   (Thermo   Fisher   Scientific).   Functional   annotation  
analysis  was   performed  using  DAVID   6.8   [27]   and   FunRich   3.1.3   [28].   The   default   peak-‐‑picking  
settings   were   used   to   process   the   raw  MS   files   in  MaxQuant   (version   1.6.1.0),   Perseus   (version  
1.6.1.1)   and   its   integrated   search   engine   Andromeda   [29,30].   The   protein   quantification   and  
calculation   of   statistical   significance   was   carried   out   using   two-‐‑way   Student-‐‑t   test   and   error  
correction   (p   value   <   0.05)  with   the  method   of   Benjamini–Hochberg.   For   further   visualization,   a  
Principle  component  analysis   (PCA)  [31],  a  heatmap  graphic  analysis  with  clustering  tree  and,   to  
detect  differentially  expressed  proteins,  a  volcano  plot  analysis  were  performed.  

  
2.13.  Statistical  Analysis  

Results   are   expressed   as   means   ±SEM.   Statistical   analysis   was   generated   by   GraphPad  
software  Prism  7  (San  Diego,  CA,  USA).  Student’s  t-‐‑test  and  Mann-‐‑Whitney  U-‐‑test  were  applied  to  
determined   statistical   differences   between   conditions.   p   <   0.05   was   considered   statistically  
significant.  
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3.  Results  

3.1.  Loss  of  APP  Affects  Endothelial  Cells  Proliferation,  Migration  and  Cytoskeleton  Organization  In  Vitro  
To   study   the   physiological   role   of  APP   in   ECs,  we   knocked   down  APP   gene   expression   in  

HUVEC  cells  using  an  siRNA  strategy.  We  started  our  experimental  approach  by  selecting   three  
different   siRNAs,   two   targeting   the   3’UTR   region   (siAPP-‐‑A   and   siAPP-‐‑B)   and   one   targeting   the  
APP   mRNA   coding   sequence   (siAPP-‐‑C).   All   three   siRNAs   (siAPP-‐‑A,   siAPP-‐‑B   and   siAPP-‐‑C)  
knocked   down   significantly   APP  mRNA   and   protein   expression   after   48   h   post   transfection,   as  
confirmed  by  RTqPCR  analysis  and  western  blot  (WB)  (Figures  1A,B  and  S1A,B).  In  mammals,  the  
APP   gene   family   includes,   besides  APP,   two   genes   encoding   the  APP-‐‑like   proteins   (APLP1   and  
APLP2)   that   share   similar   structural   organization   and   partially   overlapping   functions   [32].   To  
confirm   the  specificity  of  APP  knockdown,  we  checked  relative  mRNA  expression   levels  of  APP  
homologues   genes   APLP1   and   APLP2   upon   silencing  with   siAPP-‐‑A,   -‐‑B   or   -‐‑C   respectively,   and  
observed  that  siAPP-‐‑C  was  the  only  siRNA  that  didn’t  show  any  off-‐‑target  effect  (Figures  1A  and  
S1C,D).  Moreover,  the  siAPP-‐‑C  was  the  only  siRNA  with  no  effect  on  cell  survival,  as  both  siAPP-‐‑
A   and   siAPP-‐‑B   significantly   induced   caspase-‐‑3   activation   after   48   h   transfection   (Figure   S1E,F).  
Taking   into   account   these   findings,   we   therefore   used   siAPP-‐‑C   as   the   specific   siRNA   to  
knockdown  APP  (hereinafter  referred  to  as  siAPP).  

We  then  investigated  the  effect  of  APP  silencing  on  cell  proliferation  and  migration  of  HUVEC  
cells.  The  MTT  assay  showed  a  reduction  of  cell  proliferation  24  h  after  siRNA  transfection  in  ECs  
silenced  for  APP  (siAPP)  compared  to  control  siRNA  treated  cells  (siCtrl)  (Figure  1C).  The  wound  
healing  scratch  assay  showed  normal  migration  at  8  h  after  scratch  and  a  significant  reduction  of  
migration  rate  at  18  and  24  h  after  scratch  (Figure  1D).  

To   understand   if   the  migratory   defect   was   due   to   cytoskeletal   disorganization,   we   labeled  
control  cells   (siCtrl)  and  APP-‐‑silenced  cells   (siAPP)  with  an  anti-‐‑APP  antibody  and  F-‐‑actin  stress  
fibers   marker   (Phalloidin).   APP   immunoreactivity   was   observed   at   the   cell   membrane,   in   the  
cytoplasm  and  in  the  Golgi  of  siCtrl  HUVEC,  and  was  expectedly  lost  in  siAPP  cells.  APP-‐‑silenced  
cells   appeared   bigger   and   flatter   and   the   phalloidin   staining   showed   an   altered   organization  
characterized   by   shorter   and   thicker   actin   stress   fibers,   suggesting   a   potential   role   of   APP   in  
controlling  assembly,  disassembly  or  rearrangement  of  cytoskeletal  structures  (Figure  1E).  

Altogether,  our  data  suggest  that  APP  is  involved  in  ECs  migration,  proliferation  and  a  correct  
cytoskeleton  organization.    
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3.2.  Proteomic  Analysis  Confirms  the  Cytoskeleton  Organization  Defect  and  Reveals  Alteration  of  Vascular  
Specific  Pathways  in  APP-‐‑Silenced  Cells  

To  investigate  further  the  effect  of  APP  on  ECs  biology,  we  performed  a  proteomic  analysis  to  
gain  a  comprehensive  and  quantitative  description  of  changes  in  protein  expression  that  occur  in  
HUVEC  cells  upon  APP  silencing.  We  used  a  free-‐‑label  quantification  (LFQ)  approach  to  directly  
compare   relative   abundance   of   proteins   obtaining   an   unbiased   insight   into   protein   expression  
changes.  To  identify  and  quantify  proteins,  liquid  chromatography  followed  by  mass  spectrometry  
(LC-‐‑MS)  was  performed  on  control  HUVEC  (siCtrl)  and  HUVEC  silenced   for  APP  (siAPP).  Cells  
were   silenced   for   APP   for   48   h   and   samples   were   collected   24   h   after   siRNA   transfection,  
maintaining  the  same  experimental  conditions  of  the  results  previously  described.  

Protein   identification   and   quantification   was   performed   with   MaxQuant   using   the  
Uniprot_Homo   sapiens   (proteome:up000005640)   database   (search   parameters   were   20   ppm  
tolerance   on   peptides,   0.02   Da   on   fragments,   and   less   than   1%   false   discovery   rate,   FDR).   We  
identified   1225   and  1396  proteins   for   three  biological   replicates   of   siCtrl   and   siAPP,   respectively  
(Figure   S2A).   To   gain   insight   into   the   global   similarities   and  differences   between   the   six   groups  
(siCtrl1,   siCtrl2,   siCtrl3   and   siAPP1,   siAPP2,   siAPP3),   we   first   performed   an   unsupervised  
clustering  analysis  that  showed  a  differential  clustering  between  siCtrl  (siCtrl1,  siCtrl2,  siCtrl3)  and  
siAPP  (siAPP1,  siAPP2,  siAPP3)  samples  (Figure  S2B).  The  principle  component  analysis  (PCA)  of  
all   replicates   of   siCtrl   and   siAPP   samples   confirmed   the   clear   proteomic  differentiation   between  
the  two  datasets  (Figure  S2C).  

We   then  performed  a   functional   comparison  between   the   siCtrl   common  dataset   and  siAPP  
common   dataset   using   FunRich   software   to   analyze   differences   (p   value   <   0.001)   in   cellular  
components   and   biological   processes   (Figures   2A,B   and   S2D).  We   observed   a   reduction,   in   the  
expression  of  proteins  involved  in  membrane  (GO:0016020)  and  cytoskeleton  (GO:0005856)  cellular  
components   (Figure   S2D).   In   line  with   the   previously   described   functional   data,  we   observed   a  
decrease  of  proteins  associated  with  cell  proliferation  (GO:0008283)  in  the  siAPP  sample  compared  
to  the  control  (Figure  2B).  We  also  found  an  evident  reduction  of  proteins  involved  in  cytoskeleton  
organization   (GO:0030036)   in   the   silenced   sample   (Figure   2B),   confirming   the   defect   in   actin  
cytoskeleton  of  siAPP  HUVEC  cells  previously  described  (Figure  1E).  

The  differential   abundance  of   the   1158   common  proteins  was   illustrated  by  volcano  plot.  A  
two-‐‑way  Student-‐‑t  test  (p  value  <  0.05)  was  employed  using  Perseus  software  (v  1.6.1.1)  to  define  
the  proteins  that  were  differentially  regulated  in  siAPP  and  siCtrl  samples.  The  following  criteria  
were   applied:   siCtrl–siAPP   ≥   ±1.5,   permutation-‐‑based   FDR   value   set   at   0.05.   Proteins   with   a   p-‐‑
value   less   than   0.05  were   considered   statistically   significant.  We   quantified   68   up-‐‑regulated   and  
105  down-‐‑regulated  proteins  in  the  siAPP  HUVEC  compared  to  the  control  group  (siCtrl)  (Figure  
2C,   Table   S1).  We   identified   a   significant   differential   expression   of   proteins  mainly   involved   in  
actin   cytoskeleton   organization   (GO:0030036),   in   cell   adhesion   (GO:0007155)   and   in   cell–cell  
junction  organization  (GO:0045216).  In  particular,  we  observed  a  down-‐‑regulation  of  actin-‐‑binding  
proteins   involved   in   cytoskeleton   regulation   and   dynamics   such   as   radixin   (RADI),   α-‐‑actinin1  
(ACTN1)   and   DPLI-‐‑1   and   of   proteins   involved   in   promoting   endothelial   cell   adhesion   and  
migration  such  as  integrins  (ITGA2;  ITGB1),  and  the  integrin-‐‑activator  kindlin3  (FERMT3)  (Figure  
2C,D).  

We  finally  assessed  differential  expression  of  proteins  involved  in  angiogenesis  and  vascular  
development   and   observed   that   endothelial   markers   such   as   VEGFR-‐‑2   (KDR)   and   VE-‐‑cadherin  
(CADH5)  were  not  affected  by   the  APP  knockdown   (Figure  2E).  However,   therefore  was  an  up-‐‑
regulation  of  endothelial  activation  markers  such  as  ICAM-‐‑1,  s-‐‑100  (S100),  stabilin-‐‑1  (STAB1)  and  
Fibronectin  (FINC),  indicating  a  role  of  APP  in  vascular  inflammation  (Figure  2E).  

Collectively,   these   data   confirm   the   presence   of   proliferation,   migration   and   cytoskeleton  
organization   defects   observed   in   siAPP   HUVEC   and   identify   a   significative   change   in   ECs  
anchoring   to   the   extracellular   matrix,   as   well   as   in   the   interaction   between   adjacent   ECs.   This  
suggests  the  involvement  of  APP  in  vascular  stability,  integrity,  and  responsiveness  to  exogenous  
stimuli.  
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Figure   2.   Proteomic   analysis   reveals   a   reduction   of   cytoskeleton   and   cell–cell,   cell–extracellular  
matrix   interaction   proteins:   (A)   Venn   diagram   representing   the   number   of   common   proteins   in  
siCtrl  and  siAPP  common  datasets;  (B)  Functional  comparison  between  siCtrl  common  dataset  and  
siAPP   common   dataset   using   FunRich   software   reveals   differences   in   cell   proliferation,   cell  
adhesion   and   cytoskeleton   organization   (p-‐‑value   <   0.001).  A   fold   change   is   calculated   to   show   a  
functional  comparison  and  reveals  a  reduction  in  the  percentage  of  proteins   involved  in  different  
biological  processes;  (C)  The  Volcano  plot  was  constructed  to  show  the  significantly  differentially  
expressed   proteins   between   two   datasets.   Proteins   with   statistically   significant   differential  
expression   (siCtrl–siAPP   ≥   ±1.5,   FDR   <   0.05)   are   located   in   the   top   right   and   left   quadrants.   The  
orange  points  represent  significantly  upregulated  proteins  in  siAPP  and  the  blue  points  represent  
significantly  downregulated  proteins  in  siAPP;  (D)  The  heat  maps  show  proteins  with  statistically  
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significant  differential   expression;   (E)  The  heat  map  shows   the  differential   expression  of  proteins  
present  in  siAPP  and  siCtrl  common  database  and  specifically  involved  in  vascular  development,  
angiogenesis  and  ECs  proliferation.  Only  proteins  with  red  asterisk  show  statistical  significance.  

  
3.3.  APP  Silencing  Affects  Endothelial  Cells  Adhesion  and  Promotes  a  Reorganization  of  Focal  Adhesions  
Complex  

To  confirm  our  proteomics   results,  we   further   investigated   the   role  of  APP  on  HUVEC  cell-‐‑
matrix  adhesion  and  focal  adhesions  organization.  We  first  assessed  siAPP  cell-‐‑matrix  adhesion  by  
investigating   cell   attachment   on   two   different   integrin’s   substrates,   collagen   I   and   fibronectin.  
HUVECs  use  predominantly  α1β1  and  α2β1  to  adhere  to  collagen  I  and  α5β1,  α4β1  and  αVβ3  to  
adhere   to   fibronectin   [33].   Loss   of   APP   prevented   HUVEC   cell   attachment   on   both   substrates  
(Figure  3A,B).  

Moreover,  loss  of  APP  led  to  a  reduction  of  protein  expression  of  integrin  β1,  integrin  β3  and  
the  integrin  activator  kindlin-‐‑3  (FERMT3)  in  siAPP  cells,  validating  our  proteomic  results  (Figure  
3C).  

Integrin-‐‑dependent  cell  adhesion   is  predominantly  mediated  by  focal  adhesion  proteins   that  
link  the  integrins  domains  to  the  actin  cytoskeleton  to  form  the  adhesion  complex  [34].  Thus,   the  
down-‐‑regulation   of   integrin   β   expression  might   result   in   an   altered   organization   of   other   focal  
adhesion   components.   To   test   this,   we   analyzed   the   expression   levels   of   paxillin   and   vinculin,  
important   components   of   focal   adhesions   [35].   Western   blot   analysis   showed   reduced   protein  
expression   levels   of   paxillin,   but   not   vinculin   in   siAPP  HUVEC   (Figures   3D   and   S4).  However,  
while   siCtrl   cells   showed   a   clear   localization   of   vinculin   to   the   cell   membrane,   siAPP   cells  
presented  a  less  organized  expression  (Figure  3E,  arrows).  

Taken   together   these   results   demonstrate   that   loss   of   APP   interferes   with   the   integrin   β-‐‑
mediated  cell  adhesion  by  modulating  focal  adhesion  proteins  expression  and  organization.  
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we   performed   an   in   vitro   permeability   assay   using   confluent   monolayers   of   siCtrl   and   siAPP  
HUVECs.   We   observed   a   significant   increase   of   cellular   permeability   in   HUVECs   lacking   APP  
under  basal  conditions  (CTRL).  To  stress  the  system,  we  treated  cells  with  interleukin-‐‑1  beta  (IL-‐‑1  
β),   a   pleotropic   cytokine   known   to   induce   endothelial   permeability   [39].   IL-‐‑1β   (10   ng/mL,   6   h)  
induced  a  significant  increase  in  paracellular  flux  of  FITCH-‐‑dextran  in  both  siCtrl  and  siAPP  cells;  
however,  siAPP  HUVEC  cells  showed  an  almost  4  fold-‐‑change  increase  when  compared  to  siCtrl  
(Figure  4A).  These  results  suggest  a  higher  susceptibility  to  pro-‐‑inflammatory  stimuli  of  ECs  in  the  
absence  of  APP.  

Endothelial  cell  junctions,  such  as  adherens  junctions  and  tight  junctions,  have  a  critical  role  in  
maintaining  vascular   integrity.  Modifications   in   the  expression  and  organization  of   these  cellular  
components  increase  endothelial  permeability  and  vascular  fragility  in  vivo  [40,41].  We,  therefore,  
assessed  the  expression  and  organization  of  the  tight   junction  proteins  ZO-‐‑1  and  claudin5  and  of  
the  adherens  junction  proteins  VE-‐‑cadherin  and  β-‐‑catenin  in  siAPP  confluent  HUVEC.  

Immunostaining   for   ZO-‐‑1   and   claudin5   revealed   a   reduction   in   tight   junctions   and   ZO-‐‑1  
localization  at  cell–cell  contacts  of  siAPP  HUVEC  (Figure  4B,  asterisk  and  white  arrows).  We  also  
observed  a  reduction   in   the   intensity  of  β-‐‑catenin  staining,  but  no  obvious  defect   in  VE-‐‑cadherin  
expression  and  distribution  (Figure  4B,  white  arrows).  The  reduction  in  the  total  amount  of  ZO-‐‑1,  
claudin5  and  β-‐‑catenin  protein   levels  was   further   confirmed  by  western  blot  analysis   (Figure  4C  
and  S4).  mRNA  expression  levels  were  not  affected  by  loss  of  APP,  suggesting  a  defect  in  proteins  
stability   (Figure   4D).   Although   VE-‐‑cadherin   expression   was   unaffected   by   the   silencing,   the  
reduction  of  β-‐‑catenin  protein   levels   indicated   a  defect   in  VE-‐‑cadherin   activity.  Altogether   these  
data   suggest   that  APP   is   involved   in  modulating   the  stability  and   localization  of  endothelial   cell  
junctions.  
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4.  Discussion  

The  amyloid  precursor  protein   (APP)   is   a  membrane  bound  protein  present   in  multiple   cell  
types,   including   ECs.  However,   its   functional   role   in   the   vasculature   is   still   unknown.   Previous  
studies   suggest   that  APP  may   exert   a   protective   role   by   regulating   eNOS   expression   in   cerebral  
vasculature.  Yet,   the  phenotype  of  ECs   lacking   this  protein   is   poorly   known   [42].   In   the  present  
study,   we   show   that   APP   has   an   important   role   in   endothelial   cell   function   by   modulating  
expression   of   cytoskeleton-‐‑interacting   proteins   and   mediating   endothelial   cell   responses   to  
extracellular  stimulation.  Indeed,  the  loss  of  APP  in  ECs  resulted  in  a  defective  actin  cytoskeleton  
organization   with   a   consequent   reduction   of   cell   adhesion,   migration,   proliferation   and   barrier  
function,  and  in  inhibition  of  response  to  the  pro-‐‑angiogenic  growth  factor  VEGF-‐‑A.  

Proteomic   results   showed   that   cellular   compartments  most   strongly   affected   by   the   loss   of  
APP  are  the  plasma  membrane  and  cytoskeleton.  In  particular,  proteins  involved  in  cell  adhesion  
(FERMT3;   ITGA2;   ITGB1)   and   actin   cytoskeleton   organization   (RADI;   DPLI-‐‑1;   ACTN1)   were  
downregulated,   suggesting   that  APP  acts   in  ECs   to  maintain   cellular   functionality.  Furthermore,  
protein   markers   of   endothelial   activation   and   dysfunction   were   upregulated   (ICAM-‐‑1,   S100,  
STAB1   and   FINC),   indicating   that   APP   is   instrumental   for   physiological   endothelial-‐‑dependent  
vascular  homeostasis.  

We  further  demonstrated  that  the  loss  of  APP  resulted  in  a  reduced  expression  of  integrin-‐‑β1  
and  integrin-‐‑β3.  Moreover,  both  proteomic  and  molecular  results  showed  a  down-‐‑regulation  of  the  
integrin-‐‑activator  kindlin3  (FERMT3),  indicating  that  APP  not  only  controls  expression  and/or  the  
stability  of  integrins  in  ECs  expression,  but  also  their  activation.  

Integrins   activity   is   essential   for   ECs   homeostasis   [33,43,44].   As   part   of   the   focal   adhesion  
complex,   integrins   provide   not   only   a   mechanical   linkage   between   the   intracellular   actin  
cytoskeleton   and   extracellular   matrix,   but   also   mediate   bidirectional   signaling   “outside-‐‑in”   and  
“inside-‐‑out”   through   the   cell   membrane.   Kindlins   participate   in   linking   integrins   to   the   actin  
cytoskeleton,   mediating   the   “inside-‐‑out”   signal   from   the   cytoplasm   to   the   extracellular   integrin  
domain   [45,46].   Interestingly,   kindlins   have   been   shown   to   modulate   APP   metabolism   and   a  
genome-‐‑wide  study  on  Alzheimer’s  related  genes  identified  kindlins  as  a  genetic  risk  factors  [47].  

Dysfunction  of  integrin-‐‑mediated  signaling  was  confirmed  by  reduction  of  paxillin  expression  
and  loss  of  Src  and  FAK  activation  in  siAPP  cells.  Paxillin  and  Src/FAK  mediate  the  “outside-‐‑in”  
signal  and  their  activation  is  critical  for  the  stabilization  of  cell  adhesion  and  the  promotion  of  cell  
migration,   proliferation   and   survival.   In   response   to   ligand-‐‑integrin   binding,   FAK   auto-‐‑
phosphorylates  (Y397)  and  promotes  Src  activation  that,   in  turn,  phosphorylates  FAK  (Y576/577),  
promoting   its   kinase   activity   and   its   interaction  with  paxillin.   Paxillin   regulates   gene   expression  
through  MAPK  cascade  and   it   is   responsible   to  changes   in  shape  and  reorganization  of   the  actin  
cytoskeleton  by  binding  to  downstream  kinases  and  adaptors  including  the  actin-‐‑binding  protein  
vinculin   [48].   Accordingly,   in   our   study   the   reduction   of   paxillin   expression   coincides   with   an  
altered  distribution  of  vinculin  in  siAPP  cells.  

Deregulation   of   the   integrin-‐‑mediated   signaling   can   also   be   responsible   for   the   loss   of  
endothelial  barrier  function.  A  recent  study  showed  that  the  loss  of  integrin  β1  and  the  consequent  
disruption   of   integrin   β1-‐‑matrix   interaction   increase   cerebral   microvascular   endothelial   cell  
monolayer  permeability  in  vivo  and  in  vitro  through  reorganization  of  tight   junction  proteins  via  
altered  F-‐‑actin  conformation  [43].  Accordingly,  in  siAPP  HUVECs  we  observed  a  decreased  ZO-‐‑1  
and  claudin5  expression,  associated  with  a   reduction  of   integrin  β1  expression  and  a  consequent  
increase  of  endothelial  permeability.  Furthermore,   in  agreement  with  the  notion  that  ZO-‐‑1  works  
as  a  major  cytoskeleton  organizer   in  ECs  by  controlling  F-‐‑actin   fiber  distributions  and  regulating  
the  tensile  force  acting  on  VE-‐‑cadherin  [41],  we  also  observed  a  decreased  β  catenin  expression  and  
altered  VE-‐‑cadherin  localization  

Finally,  we  showed  that  the  reduced  expression  of  the  focal  adhesion  complex  and  its  altered  
interaction  with  actin-‐‑cytoskeleton,  affects  the  ability  of  ECs  to  respond  to  the  VEGF  growth  factor.  
We   observed   a   reduced   activation   of  VEGR2   receptor   in   response   to   exogenous  VEGF   in   siAPP  
HUVEC  and  consequent   inhibition  of  VEGF-‐‑induced  endothelial   cell  migration  and  proliferation  
and   loss   of   ECs   angiogenic   potential.   We   speculate   that   APP   modulation   of   VEGF/VEGFR2  
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signaling  is  mediated  by  APP-‐‑integrin  interaction  since  APP  can  interact  with  integrin-‐‑β1  [13,49],  
however  further  investigations  are  needed  to  elucidate  this  mechanism.  

Here,  we  observed  that  siAPP  HUVEC  express  lower  levels  of  integrin-‐‑β3  and  this  coincides  
with   lower   levels   of   activation   of   the   receptor.   It   is   well   known   that   integrin-‐‑β3   promotes  
VEGF/VEGFR2   signaling   and   that   integrin   KO   models   result   in   inhibition   of   angiogenesis   and  
endothelial  dysfunction  [44,50,51].  However,  the  reduced  response  to  VEGF  might  also  be  due  to  
the  alteration  of  shape  and  disorganization  of  the  actin  cytoskeleton  in  absence  of  APP.  Indeed,  the  
correct  phosphorylation  and  stability  at  the  cell  membrane  of  the  VEGF2  receptor  is  mediated  by  
the  correct  interaction  with  cytoskeleton  and  cell  surface  proteins  [52–54].  

The  downstream  signaling  of  integrins  and  growth  factors  converge  on  the  Src/FAK  pathway.  
We   showed   that   Src/FAK   signaling   was   suppressed   upon   VEGF   treatment   in   absence   of   APP.  
However,  we   also   observed   an   inhibition   of   p-‐‑Src,   and  p-‐‑FAK   in   siAPP   cells   in   basal   condition,  
suggesting  that  the  effect  of  APP  on  Src/FAK  signaling  is  VEGF-‐‑independent.  

Similarly,  the  loss  of  APP  inhibits  ERK1/2  activation  independently  from  VEGFR2  activation.  
Indeed,  APP  can  directly  activate  ERK1/2  signaling  through  its   intracellular  domain  (AICD),  and  
ERK1/2  phosphorylation/activation  is  increased  in  AD  [55–58].  

Taken   together,   our   results   indicate   that   APP   is   necessary   for   the   focal   adhesion   complex  
expression/stability.   The   interaction   with   cytoskeleton-‐‑interacting   proteins   such   integrins,   is  
essential  to  maintain  ECs  proliferation,  adhesion  and  angiogenesis.  Loss  of  APP  expression  results  
in  altered  cellular  response  to  environmental  stimuli  and  leads  to  endothelial  dysfunction  (Figure  
7).  
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Figure  S3:  APP  doesn’t  physically  interact  with  VEGFR2  and  APP  knockdown  doesn’t  reduce  mRNA  levels  of  
VEGFR2-‐‑VEGF  downstream  signaling.  Figure  S4:  Western  Blot  analysis  with  alternative  antibodies.  Table  S1:  
List  of  up-‐‑regulated  and  down-‐‑regulated  proteins.  
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Supplementary  Materials:  

• Figure  S1:  Selection  of  APP  targeting  siRNAs.  

• Figure   S2:   Label   free   proteomic   analysis   of   HUVEC   following   APP  
knockdown.  

• Figure   S3:   APP   doesn'ʹt   physically   interact   with   VEGFR2   and   APP  
knockdown   doesn’t   reduce   mRNA   levels   of   VEGFR2-‐‑VEGF   downstream  
signaling.    

• Figure  S4:  Western  blot  analysis  with  alternative  antibodies.  

• Table  S1:  List  of  up-‐‑regulated  and  down-‐‑regulated  proteins.  
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Figure  S2.  Label  free  proteomic  analysis  of  HUVEC  following  APP  knockdown:  (a)  Venn  diagrams  
representing  the  number  of  reproducibly  quantified  proteins  from  three  biological  replicates  of  the  
HUVEC   control   and   HUVEC   silenced   for   APP   for   48   hours.   The   common   protein   ensembles  
amount   to   1225   and   1396   for   siCrl   and   siAPP   respectively;   (b)  Hierarchical   clustering.  Heatmap  
shows  LFQ  intensity  values  for  triplicates  of  every  sample.  Within  each  group,  proteins  are  sorted  
according   to   their   LFQ   intensity   values:   red   (max   value),   green   (min   value).   Clustering   tree  
resulting   from   unsupervised   clustering   of   samples   is   shown   on   the   left   and   confirms   a  
differentiation  between  siCtrl  and  siAPP  samples;   (c)  PCA-‐‑biplot  showing  a  principal  component  
analysis  of  all  siCtrl  and  siAPP  samples  analyzed  by  mass  spectrometry.  All  the  triplicates  of  siCtrl  
and   siAPP   samples   appeared   to   cluster   in   two   distinct   groups   confirming   a   clear   proteomic  
differentiation   between   the   two   datasets.   The   percentage   of   the   variance   contributed   by   each  
principal   component   is   indicated   in   the   axis:   35,7%   for   the   first   component   and   23.7%   for   the  
second  component;  (d)  Functional  comparison  between  siCtrl  common  dataset  and  siAPP  common  
dataset  was  performed  to  analyze  differences  (p-‐‑value  <  0.001)  in  cellular  components.     
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Figure   S3.  APP   doesn'ʹt   physically   interact   with   VEGFR2   and   APP   knockdown   doesn’t   reduce  
mRNA  levels  of  VEGFR2-‐‑VEGF  downstream  signaling   (a)  Western  blot  analysis  of   total  VEGFR2  
protein  expression   in  siAPP  HUVEC   (b)  RTqPCR  analysis  of  VEGFR2  and  downstream  signaling  
mRNA  levels   (c)  Immunoprecipitation  (IP)  was  performed  using  anti-‐‑VEGFR2  antibody  (IP:  anti-‐‑
VEGFR2),   followed   by   western   blot   analysis   to   check   the   presence   of   APP   in   the   pulled-‐‑down  
complex   (WB).   The  presence   of  VEGFR2   in   the   immunoprecipitate  was  used   as   positive   control.  
Whole  cell  lysates  (Lysate)  were  also  analyzed  for  total  VEGFR2  and  APP  protein  level.  The  pulled  
down  of  anti-‐‑VEGFR2  antibody  showed  that  it  was  able  to  bind  the  VEGFR2  protein  but  not  APP,  
suggesting  that  the  two  proteins  don'ʹt  physically  interact.  

  
     



  PAPER 1 

 59 

 
 

Figure  S4:  Western  Blot  analysis  with  alternative  antibodies.  ZO-‐‑1,  Claudin5  and  paxillin  protein  
expression   was   assessed   with   different   antibodies.   Detection   of   ZO-‐‑1   with   Life   Technologies  
antibody  (#61-‐‑7300),  gives  comparable  results  to  Thermo  Fisher  Scientific  antibody  reported  on  the  
main  text  (#  33-‐‑9100).  Similarly,  protein  expression  levels  resulted  reduced  in  siAPP  HUVEC  using  
anti-‐‑claudin5   antibody   from   Thermo   Fisher   Scientific   (#35-‐‑250)   and   anti-‐‑paxillin   antibody   from  
Abcam  (#ab32084),  and  this  result  is  comparable  to  the  blots  reported  in  the  main  text  and  obtained  
using  respectively  anti-‐‑claudin5  from  Abcam  (#ab53765),  and  anti-‐‑paxillin  from  Millipore  (#3794).  
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Table  S1:  List  of  up-‐‑regulated  and  down-‐‑regulated  proteins.  
 

signifi
cance	   -‐LOG(p-‐value)	  

Uniprot	  
Accession	   Uniprot	  ID	   Name	   Gene	  

Up/down	  
regulation	  

+	   1.696933953	   A0AVT1	   UBA6_HUMAN	   Ubiquitin-‐like	  modifier-‐
activating	  enzyme	  6	   UBA6	   up-‐regulated	  

+	   2.522674384	   A5A6H4	   ROA1_HUMAN	   Heterogeneous	  nuclear	  
ribonucleo	  protein	  A1	  

HNRNPA1	   down-‐regulated	  

+	   1.706431017	   O00151	   PDLI1_HUMAN	   PDZ	  and	  LIM	  domain	  
protein	  1	   PDL1	   down-‐regulated	  

+	   2.090178398	   O00159	   MYO1C_HUMAN	   Unconventional	  myosin-‐Ic	   MYO1C	   down-‐regulated	  

+	   3.17838226	   O00469	   PLOD2_HUMAN	  
Procollagen-‐lysine,	  2-‐

oxoglutarate	  5-‐
dioxygenase	  2	  

PLOD2	   down-‐regulated	  

+	   2.743386048	   O00571	   DDX3X_HUMAN	   ATP-‐dependent	  RNA	  
helicase	  DDX3X	   DDX3X	   down-‐regulated	  

+	   2.750845176	   O00625	   PIR_HUMAN	   Pirin	   PIR	   down-‐regulated	  

+	   1.514993551	   O00767	   ACOD_HUMAN	   Acyl-‐CoA	  desaturase	   SCD	   down-‐regulated	  

+	   1.160610103	   O14561	   ACPM_HUMAN	   Acyl	  carrier	  protein,	  
mitochondrial	  

NDUFAB1	   down-‐regulated	  

+	   3.687649448	   O14879	   IFIT3_HUMAN	  
Interferon-‐induced	  

protein	  with	  tetratrico	  
peptide	  repeats	  3	  

IFIT3	   up-‐regulated	  

+	   2.015502669	   O14933	   UB2L6_HUMAN	   Ubiquitin/ISG15-‐
conjugating	  enzyme	  E2L6	   UBE2L6	   up-‐regulated	  

+	   2.440057636	   O15173	   PGRC2_HUMAN	  
Membrane-‐associated	  
progesterone	  receptor	  

component	  2	  
PGRMC2	   up-‐regulated	  

+	   1.054930824	   O15460	   P4HA2_HUMAN	   Prolyl4-‐hydroxylase	  
subunit	  alpha-‐2	  

P4HA2	   up-‐regulated	  

+	   1.757811053	   O15533	   TPSN_HUMAN	   Tapasin	   TAPBP	   up-‐regulated	  

+	   1.387369479	   O75352	   MPU1_HUMAN	  
Mannose-‐P-‐

dolicholutilization	  defect	  
1	  protein	  

MPDU1	   up-‐regulated	  

+	   2.236427975	   O75964	   ATP5L_HUMAN	  
ATPsynthase	  subunitg,	  

mitochondrial	   ATP5MG	   down-‐regulated	  

+	   1.899778643	   O94760	   DDAH1_HUMAN	  
N(G),N(G)-‐dimethyl	  
arginine	  dimethyl	  
aminohydrolase	  1	  

DDAH1	   up-‐regulated	  

+	   1.765031675	   O95340	   PAPS2_HUMAN	  

Bifunctional	  3'-‐
phosphoadenosine	  5'-‐

phosphosulfate	  synthase	  
2	  

PAPSS2	   up-‐regulated	  

+	   1.53277814	   O95394	   AGM1_HUMAN	   Phospho	  acetyl	  
glucosamine	  mutase	   PGM3	   up-‐regulated	  

+	   2.534386104	   O95786	   DDX58_HUMAN	   Probable	  ATP-‐dependent	  
RNA	  helicase	  DDX58	  

DDX58	   up-‐regulated	  

+	   1.114553442	   O95864	   FADS2_HUMAN	   Acyl-‐CoA6-‐desaturase	   FADS2	   down-‐regulated	  

+	   2.052784401	   P00352	   AL1A1_HUMAN	   Retinaldehydrogenase	  1	   ALDH1A1	   down-‐regulated	  

+	   2.160872861	   P02751	   FINC_HUMAN	   Fibronectin	   FN1	   up-‐regulated	  

+	   1.440434415	   P00973	   OAS1_HUMAN	   2'-‐5'-‐
oligoadenylatesynthase	  1	   OAS1	   up-‐regulated	  

+	   2.251688608	   P04406	   G3P_HUMAN	  
Glyceraldehyde-‐3-‐

phosphatedehydrogenase	   GAPDH	   down-‐regulated	  

+	   2.717914577	   P05121	   PAI1_HUMAN	   Plasminogen	  activator	  
inhibitor	  1	   SERPINE1	   up-‐regulated	  

+	   1.603052806	   P05556	   ITB1_HUMAN	   Integrin	  beta-‐1	   ITGB1	   down-‐regulated	  

+	   1.526031727	   P07737	   PROF1_HUMAN	   Profilin-‐1	   PFN1	   down-‐regulated	  

+	   2.518157148	   P05161	   ISG15_HUMAN	   Ubiquitin-‐like	  protein	  
ISG15	  

ISG15	   up-‐regulated	  

+	   3.119174198	   P05362	   ICAM1_HUMAN	  
Intercellular	  adhesion	  

molecule	  1	   ICAM1	   up-‐regulated	  

+	   2.209848209	   P07996	   THBS1_HUMAN	   Thrombospondin-‐1	   THBS1	   down-‐regulated	  

+	   1.242351574	   P06703	   S10A6_HUMAN	   Protein	  S100-‐A6	   S100A6	   down-‐regulated	  

+	   2.25465283	   P06744	   G6PI_HUMAN	   Glucose-‐6-‐
phosphateisomerase	   GPI	   down-‐regulated	  
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+	   1.855508392	   P09211	   GSTP1_HUMAN	   Glutathione	  S-‐
transferaseP	   GSTP1	   up-‐regulated	  

+	   1.740222305	   P09382	   LEG1_HUMAN	   Galectin-‐1	   LGALS1	   down-‐regulated	  

+	   2.368520131	   P08195	   4F2_HUMAN	   4F2	  cell-‐surface	  antigen	  
heavy	  chain	   SLC3A2	   down-‐regulated	  

+	   1.891527327	   P09493	   TPM1_HUMAN	   Tropomyosin	  alpha-‐1	  
chain	  

TPM1	   up-‐regulated	  

+	   1.443180756	   P09874	   PARP1_HUMAN	   Poly	  [ADP-‐ribose]	  
polymerase1	   PARP1	   down-‐regulated	  

+	   3.032771209	   P12814	   ACTN1_HUMAN	   Alpha-‐actinin-‐1	   ACTN1	   down-‐regulated	  

+	   2.692592448	   P09525	   ANXA4_HUMAN	   AnnexinA4	   ANXA4	   down-‐regulated	  

+	   1.897264404	   P09601	   HMOX1_HUMAN	   Hemeoxygenase	  1	   HMOX1	   down-‐regulated	  

+	   2.727149711	   P14550	   AK1A1_HUMAN	  
Aldo-‐ketoreductase	  
family	  1	  member	  A1	   AKR1A1	   down-‐regulated	  

+	   2.790370236	   P09914	   IFIT1_HUMAN	  

Interferon-‐induced	  
protein	  with	  

tetratricopeptide	  repeats	  
1	  

IFIT1	   up-‐regulated	  

+	   1.609073654	   Q6PI52	   CALM_HUMAN	   Calmodulin	   CALM3	   down-‐regulated	  

+	   3.095542821	   P10644	   KAP0_HUMAN	  
cAMP-‐dependent	  protein	  

kinase	  type	  I-‐alpha	  
regulatory	  subunit	  

PRKAR1A	   down-‐regulated	  

+	   3.620163005	   P11413	   G6PD_HUMAN	  
Glucose-‐6-‐phosphate1-‐

dehydrogenase	   G6PD	   down-‐regulated	  

+	   2.40258352	   P11586	   C1TC_HUMAN	   C-‐1-‐tetrahydrofolate	  
synthase,	  cytoplasmic	   MTHFD1	   down-‐regulated	  

+	   4.625454001	   P12268	   IMDH2_HUMAN	  
Inosine-‐5'-‐

monophosphatedehydrog
enase	  2	  

IMPDH2	   down-‐regulated	  

+	   1.894706253	   P15121	   ALDR_HUMAN	  
Aldo-‐ketoreductasefamily	  

1	  member	  B1	   AKR1B1	   down-‐regulated	  

+	   2.581743903	   P13164	   IFM1_HUMAN	   Interferon-‐induced	  
transmembrane	  protein	  1	   IFITM1	   up-‐regulated	  

+	   2.327212877	   P13473	   LAMP2_HUMAN	  
Lysosome-‐associated	  

membrane	  glycoprotein	  2	   LAMP2	   down-‐regulated	  

+	   3.263787615	   P13598	   ICAM2_HUMAN	   Intercellular	  adhesion	  
molecule	  2	   ICAM2	   down-‐regulated	  

+	   1.564748621	   P14174	   MIF_HUMAN	   Macrophage	  migration	  
inhibitory	  factor	  

MIF	   down-‐regulated	  

+	   2.989539155	   P14317	   HCLS1_HUMAN	   Hematopoietic	  lineage	  
cell-‐specific	  protein	   HCLS1	   up-‐regulated	  

+	   2.910071374	   P35241	   RADI_HUMAN	   Radixin	   RDX	   down-‐regulated	  

+	   3.191404542	   P48681	   NEST_HUMAN	   Nestin	   NES	   down-‐regulated	  

+	   3.559212247	   P15144	   AMPN_HUMAN	   Aminopeptidase	  N	   ANPEP	   down-‐regulated	  

+	   1.415200052	   P15559	   NQO1_HUMAN	  
NAD(P)Hdehydrogenase[q

uinone]1	   NQO1	   down-‐regulated	  

+	   3.442546508	   P16949	   STMN1_HUMAN	   Stathmin	   STMN1	   down-‐regulated	  

+	   1.901770836	   P17301	   ITA2_HUMAN	   Integrin	  alpha-‐2	   ITGA2	   down-‐regulated	  

+	   1.640455436	   P17612	   KAPCA_HUMAN	  
cAMP-‐dependent	  protein	  
kinase	  catalytic	  subunit	  

alpha	  
PRKACA	   down-‐regulated	  

+	   2.284685181	   P17655	   CAN2_HUMAN	   Calpain-‐2	  catalytic	  
subunit	   CAPN2	   down-‐regulated	  

+	   3.048530771	   P19971	   TYPH_HUMAN	   Thymidinephosphorylase	   TYMP	   up-‐regulated	  

+	   3.336400095	   P20591	   MX1_HUMAN	   Interferon-‐induced	  GTP-‐
binding	  protein	  Mx1	   MX1	   up-‐regulated	  

+	   2.287577839	   P20700	   LMNB1_HUMAN	   Lamin-‐B1	   LMNB1	   down-‐regulated	  

+	   1.857054822	   P21589	   5NTD_HUMAN	   5'-‐nucleotidase	   NT5E	   down-‐regulated	  

+	   1.982435862	   P21964	   COMT_HUMAN	   CatecholO-‐
methyltransferase	  

COMT	   up-‐regulated	  

+	   1.757846938	   P22626	   ROA2_HUMAN	  
Heterogeneous	  nuclear	  
ribonucleo	  proteins	  

A2/B1	  

HNRNPA2
B1	   up-‐regulated	  

+	   1.722048997	   P23497	   SP100_HUMAN	   Nuclear	  autoantigen	  Sp-‐
100	   SP100	   up-‐regulated	  
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+	   2.81892956	   P25205	   MCM3_HUMAN	   DNA	  replication	  licensing	  
factor	  MCM3	   MCM3	   down-‐regulated	  

+	   1.347814439	   P26640	   SYVC_HUMAN	   Valine-‐-‐tRNAligase	   VARS	   down-‐regulated	  

+	   1.171753598	   P49419	   AL7A1_HUMAN	  
Alpha-‐amino	  

adipicsemialdehyde	  
dehydrogenase	  

ALDH7A1	   down-‐regulated	  

+	   1.346818553	   P29466	   CASP1_HUMAN	   Caspase-‐1	   CASP1	   up-‐regulated	  

+	   1.638845632	   P29590	   PML_HUMAN	   Protein	  PML	   PML	   up-‐regulated	  

+	   1.43416805	   P30043	   BLVRB_HUMAN	   Flavin	  reductase(NADPH)	   BLVRB	   up-‐regulated	  

+	   2.540767736	   P30837	   AL1B1_HUMAN	   Aldehyde	  dehydrogenase	  
X,	  mitochondrial	  

ALDH1B1	   down-‐regulated	  

+	   2.795995598	   P32455	   GBP1_HUMAN	   Guanylate-‐binding	  
protein	  1	   GBP1	   up-‐regulated	  

+	   2.464128618	   P33316	   DUT_HUMAN	  
Deoxyuridine	  5'-‐

triphosphate	  nucleotido	  
hydrolase,	  mitochondrial	  

DUT	   down-‐regulated	  

+	   2.558422427	   P33991	   MCM4_HUMAN	  
DNA	  replication	  licensing	  

factor	  MCM4	   MCM4	   down-‐regulated	  

+	   2.884703964	   P33992	   MCM5_HUMAN	   DNA	  replication	  licensing	  
factor	  MCM5	   MCM5	   down-‐regulated	  

+	   2.754910472	   P33993	   MCM7_HUMAN	   DNA	  replication	  licensing	  
factor	  MCM7	  

MCM7	   down-‐regulated	  

+	   1.604719285	   P52943	   CRIP2_HUMAN	   Cysteine-‐richprotein	  2	   CRIP2	   down-‐regulated	  

+	   1.333266232	   P37268	   FDFT_HUMAN	   Squalene	  synthase	   FDFT1	   down-‐regulated	  

+	   1.212427275	   P41226	   UBA7_HUMAN	  
Ubiquitin-‐like	  modifier-‐
activating	  enzyme	  7	   UBA7	   up-‐regulated	  

+	   1.821453521	   P42224	   STAT1_HUMAN	  
Signal	  transducer	  and	  

activator	  of	  transcription	  
1-‐alpha/beta	  

STAT1	   up-‐regulated	  

+	   2.449511919	   P42892	   ECE1_HUMAN	   Endothelin-‐converting	  
enzyme	  1	  

ECE1	   down-‐regulated	  

+	   2.298576947	   P43121	   MUC18_HUMAN	  
Cell	  surface	  glycoprotein	  

MUC18	   MCAM	   down-‐regulated	  

+	   1.679473775	   P43246	   MSH2_HUMAN	   DNA	  mismatch	  repair	  
protein	  Msh2	  

MSH2	   down-‐regulated	  

+	   1.861651687	   P56556	   NDUA6_HUMAN	  
NADH	  dehydrogenase	  
[ubiquinone]	  1	  alpha	  
subcomplex	  subunit	  6	  

NDUFA6	   down-‐regulated	  

+	   2.200140577	   P48735	   IDHP_HUMAN	   Isocitrate	  dehydrogenase	  
[NADP],	  mitochondrial	   IDH2	   down-‐regulated	  

+	   1.593918793	   P68366	   TBA4A_HUMAN	   Tubulin	  alpha-‐4A	  chain	   TUBA4A	   down-‐regulated	  

+	   1.597223282	   P49593	   PPM1F_HUMAN	   Protein	  phosphatase	  1F	   PPM1F	   down-‐regulated	  

+	   1.49838734	   P49736	   MCM2_HUMAN	   DNA	  replication	  licensing	  
factor	  MCM2	  

MCM2	   down-‐regulated	  

+	   2.07882652	   Q10739	   MMP14_HUMAN	  
Matrix	  metalloproteinase-‐

14	   MMP14	   down-‐regulated	  

+	   2.609896121	   P50453	   SPB9_HUMAN	   Serpin	  B9	   SERPINB9	   up-‐regulated	  

+	   2.514183214	   P98160	   PGBM_HUMAN	  
Basement	  membrane-‐
specific	  heparan	  sulfate	  
proteoglycan	  core	  protein	  

HSPG2	   down-‐regulated	  

+	   2.274894235	   P51991	   ROA3_HUMAN	  
Heterogeneous	  nuclear	  
ribonucleo	  protein	  A3	   HNRNPA3	   up-‐regulated	  

+	   1.611304258	   P52306	   GDS1_HUMAN	   Rap1GTPase-‐GDP	  
dissociation	  stimulator	  1	  

RAP1GDS
1	   down-‐regulated	  

+	   2.321143717	   P52597	   HNRPF_HUMAN	  
Heterogeneous	  nuclear	  
ribonucleo	  protein	  F	   HNRNPF	   down-‐regulated	  

+	   1.329352619	   Q03252	   LMNB2_HUMAN	   Lamin-‐B2	   LMNB2	   down-‐regulated	  

+	   1.751193241	   P53999	   TCP4_HUMAN	  

Activated	  RNA	  
polymerase	  II	  
transcriptional	  
coactivator	  p15	  

SUB1	   up-‐regulated	  

+	   2.646805136	   Q09666	   AHNK_HUMAN	  
Neuroblast	  

differentiation-‐associated	  
protein	  AHNAK	  

AHNAK	   down-‐regulated	  

+	   1.729091791	   P60903	   S10AA_HUMAN	   Protein	  S100-‐A10	   S100A10	   down-‐regulated	  
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+	   1.942369382	   P62805	   H4_HUMAN	   Histone	  H4	   HIST1H4A	   down-‐regulated	  

+	   2.10781878	   P62873	   GBB1_HUMAN	  

Guaninenucleotide-‐
binding	  protein	  

G(I)/G(S)/G(T)	  subunit	  
beta-‐1	  

GNB1	   down-‐regulated	  

+	   2.121541309	   Q13045	   FLII_HUMAN	   Proteinflightless-‐
1homolog	  

FLII	   down-‐regulated	  

+	   1.752420731	   Q71DI3	   H32_HUMAN	   HistoneH3.2	   HIST2H3A	   down-‐regulated	  

+	   1.247860179	   P80217	   IN35_HUMAN	   Interferon-‐induced	  35kDa	  
protein	  

IFI35	   up-‐regulated	  

+	   2.580596148	   Q14315	   FLNC_HUMAN	   Filamin-‐C	   FLNC	   down-‐regulated	  

+	   1.878338705	   Q01813	   PFKAP_HUMAN	  
ATP-‐dependent	  6-‐

phospho	  fructokinase,	  
platelettype	  

PFKP	   down-‐regulated	  

+	   2.280218766	   Q01995	   TAGL_HUMAN	   Transgelin	   TAGLN	   down-‐regulated	  

+	   2.452618714	   Q02790	   FKBP4_HUMAN	  
Peptidyl-‐prolylcis-‐

transisomerase	  FKBP4	   FKBP4	   up-‐regulated	  

+	   2.102109949	   Q15019	   SEPT2_HUMAN	   Septin-‐2	   SEPT2	   down-‐regulated	  

+	   2.315430492	   Q03518	   TAP1_HUMAN	  
Antigen	  peptide	  
transporter	  1	   TAP1	   up-‐regulated	  

+	   1.363322983	   Q05519	   SRS11_HUMAN	   Serine/arginine-‐rich	  
splicing	  factor	  11	   SRSF11	   down-‐regulated	  

+	   2.233465532	   Q06210	   GFPT1_HUMAN	  

Glutamine-‐-‐fructose-‐6-‐
phosphate	  

aminotransferase	  
[isomerizing]1	  

GFPT1	   up-‐regulated	  

+	   2.236564905	   Q15149	   PLEC_HUMAN	   Plectin	   PLEC	   down-‐regulated	  

+	   1.549274675	   Q10471	   GALT2_HUMAN	  
PolypeptideN-‐acetyl	  

galactosaminyl	  
transferase2	  

GALNT2	   down-‐regulated	  

+	   1.320606115	   Q10472	   GALT1_HUMAN	  
Polypeptide	  N-‐acetyl	  

galactosaminyl	  
transferase	  1	  

GALNT1	   up-‐regulated	  

+	   2.260549256	   Q12874	   SF3A3_HUMAN	   Splicing	  factor	  3A	  subunit	  
3	   SF3A3	   down-‐regulated	  

+	   1.201522635	   Q13011	   ECH1_HUMAN	  
Delta	  (3,5)-‐Delta	  (2,4)-‐
dienoyl-‐CoA	  isomerase,	  

mitochondrial	  
ECH1	   down-‐regulated	  

+	   1.628826877	   Q16181	   SEPT7_HUMAN	   Septin-‐7	   SEPT7	   down-‐regulated	  

+	   1.354861439	   Q13451	   FKBP5_HUMAN	   Peptidyl-‐prolylcis-‐
transisomerase	  FKBP5	   FKBP5	   down-‐regulated	  

+	   2.102855785	   Q13619	   CUL4A_HUMAN	   Cullin-‐4A	   CUL4A	   down-‐regulated	  

+	   1.878398865	   Q14108	   SCRB2_HUMAN	   Lysosome	  membrane	  
protein	  2	   SCARB2	   up-‐regulated	  

+	   1.549515149	   Q16555	   DPYL2_HUMAN	   Dihydropyrimidinase-‐
related	  protein	  2	  

DPYSL2	   down-‐regulated	  

+	   3.398949891	   Q14554	   PDIA5_HUMAN	   Protein	  disulfide-‐
isomerase	  A5	   PDIA5	   down-‐regulated	  

+	   2.4553328	   Q14764	   MVP_HUMAN	   Majorvaultprotein	   MVP	   down-‐regulated	  

+	   2.324005502	   Q14914	   PTGR1_HUMAN	   Prostaglandinreductase1	   PTGR1	   down-‐regulated	  

+	   3.406335429	   Q16658	   FSCN1_HUMAN	   Fascin	   FSCN1	   down-‐regulated	  

+	   2.302852662	   Q99439	   CNN2_HUMAN	   Calponin-‐2	   CNN2	   up-‐regulated	  

+	   3.283138273	   Q15646	   OASL_HUMAN	   2'-‐5'-‐oligoadenylate	  
synthase-‐like	  protein	   OASL	   up-‐regulated	  

+	   2.217394578	   Q9BUF5	   TBB6_HUMAN	   Tubulin	  beta-‐6	  chain	   TUBB6	   down-‐regulated	  

+	   2.561061429	   Q9NZN4	   EHD2_HUMAN	   EH	  domain-‐
containingprotein2	   EHD2	   down-‐regulated	  

+	   1.577606286	   Q9ULV4	   COR1C_HUMAN	   Coronin-‐1C	   CORO1C	   down-‐regulated	  

+	   1.999767899	   Q16836	   HCDH_HUMAN	  
Hydroxyacyl-‐coenzymeA	  

dehydrogenase,	  
mitochondrial	  

HADH	   down-‐regulated	  

+	   1.826012273	   Q53EP0	   FND3B_HUMAN	  
Fibronectin	  typeIII	  
domain-‐containing	  

protein	  3B	  
FNDC3B	   up-‐regulated	  
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+	   1.552276205	   Q58FF8	   H90B2_HUMAN	   Putative	  heat	  shock	  
protein	  HSP90-‐beta2	  

HSP90AB2
P	   up-‐regulated	  

+	   1.270364733	   Q5EBM0	   CMPK2_HUMAN	  
UMP-‐CMP	  kinase2,	  

mitochondrial	   CMPK2	   up-‐regulated	  

+	   1.463361821	   Q5U651	   RAIN_HUMAN	   Ras-‐interacting	  protein	  1	   RASIP1	   down-‐regulated	  

+	   1.787507794	   Q9C0H2	   TTYH3_HUMAN	   Protein	  tweety	  homolog	  3	   TTYH3	   down-‐regulated	  

+	   1.650812059	   Q6P5R6	   RL22L_HUMAN	   60S	  ribosomal	  protein	  
L22-‐like	  1	   RPL22L1	   down-‐regulated	  

+	   2.039280783	   Q7Z2W4	   ZCCHV_HUMAN	   Zinc	  finger	  CCCH-‐type	  
antiviral	  protein	  1	  

ZC3HAV1	   up-‐regulated	  

+	   1.878171649	   Q86UX7	   URP2_HUMAN	  
Fermitin	  family	  homolog	  

3	   FERMT3	   down-‐regulated	  

+	   1.583697895	   Q8NC42	   RN149_HUMAN	   E3ubiquitin-‐
proteinligaseRNF149	  

RNF149	   down-‐regulated	  

+	   1.497383781	   Q8WWM7	   ATX2L_HUMAN	   Ataxin-‐2-‐likeprotein	   ATXN2L	   up-‐regulated	  

+	   1.694896568	   Q92890	   UFD1_HUMAN	  
Ubiquitin	  recognition	  
factorin	  ER-‐associated	  
degradation	  protein	  1	  

UFD1	   up-‐regulated	  

+	   1.969505466	   Q969H8	   MYDGF_HUMAN	   Myeloid-‐derived	  growth	  
factor	  

MYDGF	   up-‐regulated	  

+	   1.382502901	   Q96C19	   EFHD2_HUMAN	  
EF-‐hand	  domain-‐

containing	  protein	  D2	   EFHD2	   down-‐regulated	  

+	   1.542673009	   Q96CV9	   OPTN_HUMAN	   Optineurin	   OPTN	   up-‐regulated	  

+	   1.613865805	   Q96HY6	   DDRGK_HUMAN	  
DDRGK	  domain-‐

containing	  protein	  1	   DDRGK1	   up-‐regulated	  

+	   2.875678045	   Q96IZ0	   PAWR_HUMAN	   PRKC	  apoptosis	  WT1	  
regulator	  protein	   PAWR	   up-‐regulated	  

+	   1.211081218	   Q96JJ7	   TMX3_HUMAN	  
Proteindisulfide-‐
isomeraseTMX3	   TMX3	   up-‐regulated	  

+	   1.801323121	   Q96S97	   MYADM_HUMAN	   Myeloid-‐associated	  
differentiation	  marker	   MYADM	   up-‐regulated	  

+	   4.192993681	   P00441	   SODC_HUMAN	  
Superoxidedismutase	  [Cu-‐

Zn]	   SOD1	   up-‐regulated	  

+	   1.392978492	   Q99584	   S10AD_HUMAN	   Protein	  S100-‐A13	   S100A13	   up-‐regulated	  

+	   1.63392292	   Q9BRX8	   PXL2A_HUMAN	   Peroxiredoxin-‐like2A	   PRXL2A	   down-‐regulated	  

+	   1.948658409	   Q9BS26	   ERP44_HUMAN	  
Endoplasmic	  reticulum	  
resident	  protein	  44	   ERP44	   up-‐regulated	  

+	   1.617333177	   P04275	   VWF_HUMAN	   von	  Willebrand	  factor	   VWF	   down-‐regulated	  

+	   1.766838223	   Q9H173	   SIL1_HUMAN	  
Nucleotide	  

exchange	  factor	  SIL1	   SIL1	   up-‐regulated	  

+	   1.943140258	   Q9NTK5	   OLA1_HUMAN	   Obg-‐likeATPase1	   OLA1	   down-‐regulated	  

+	   1.830215639	   Q9NUL5	   RYDEN_HUMAN	  
Repressor	  of	  yield	  of	  

DENV	  protein	   RYDEN	   up-‐regulated	  

+	   0.842053064	   Q9NY15	   STAB1_HUMAN	   Stabilin-‐1	   STAB1	   up-‐regulated	  

+	  
2.598572211	   Q9NYL4	   FKB11_HUMAN	   Peptidyl-‐prolylcis-‐

transisomerase	  FKBP11	  
FKBP11	   up-‐regulated	  

+	  
1.329038421	   Q9NZ45	   CISD1_HUMAN	  

CDGSH	  iron-‐sulfur	  
domain-‐containing	  

protein	  1	  
CISD1	   up-‐regulated	  

+	   2.438077482	   Q9NZM1	   MYOF_HUMAN	   Myoferlin	   MYOF	   down-‐regulated	  

+	   1.548401269	   P29279	   CCN2_HUMAN	   CCN	  family	  member	  2	   CCN2	   up-‐regulated	  

+	   1.789612702	   Q9UBS4	   DJB11_HUMAN	   DnaJhomolog	  subfamily	  B	  
member	  11	   DNAJB11	   up-‐regulated	  

+	  
1.932532493	   Q9UKK3	   PARP4_HUMAN	   Protein	  mono-‐ADP-‐

ribosyltransferase	  PARP4	  
PARP4	   down-‐regulated	  

+	   2.121041419	   P50570	   DYN2_HUMAN	   Dynamin-‐2	   DNM2	   up-‐regulated	  

+	  
1.663875263	   Q9UHB6	   SREBP3_HUMAN	   LIM	  domain	  and	  actin-‐

binding	  protein	  1	  
LIMA1	   up-‐regulated	  

+	  

2.614951661	   Q9Y3Z3	   SAMH1_HUMAN	  

Deoxy	  nucleoside	  
triphosphatetri	  

phosphohydrolase	  
SAMHD1	  

SAMHD1	   down-‐regulated	  

+	   2.108161482	   Q9Y570	   PPME1_HUMAN	  
Protein	  phosphatase	  
methyl	  esterase	  1	   PPME1	   up-‐regulated	  
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4. VEGF SIGNALING AND VASCULAR DEVELOPMENT: ROLE OF 

AKT IN ARTERY-VEIN SPECIFICATION  
(PAPER II) 
 

4.1 ZEBRAFISH AS A MODEL TO STUDY VASCULAR DEVELOPMENT 

Zebrafish (Danio rerio) is a small tropical freshwater fish often used as a vertebrate 

organism model to study angiogenesis and vascular development in vivo.  

Zebrafish presents a series key advantages over other vertebrate models. First, they 

are faster and cheaper compared to mice. A single breeding pair produces hundreds of eggs 

weekly, facilitating genetic and statistical analysis. Eggs are fertilized externally and 

embryonic development can be easily observed. Most importantly, zebrafish embryos are 

optically transparent allowing the in vivo study of organs development in a non-invasive 

manner. Transgenic technology has enhanced in vivo imaging capabilities that zebrafish 

larvae may offer to the investigator. Many vascular-specific fluorescent transgenic lines 

allowing the direct visualization of in vivo vessel formation have greatly advanced our 

understanding of vascular biology (Lawson & Weinstein, 2002; Schuermann et al., 2014) 

(Figure 7). Last but not the least, the high level of evolutionary conservation between 

zebrafish and humans highlights the utility of zebrafish as a model of human disease. In 

the recent years, the use of zebrafish-oriented targeted knockout technologies to study 

genes implicated in human diseases, substantially accelerated the study of vascular biology 

(Lieschke & Currie, 2007). 

All these characteristics make zebrafish a powerful and highly versatile model to 

study cardiovascular embryonic development.  

Zebrafish embryonic development is very rapid. All major organs form within the 

first 24 hours post fertilization (hpf), and within 3 days embryos hatch and larvae start 

looking for food. After 3-4 months zebrafish are sexually mature and ready to generate 

new offspring.  

The cardiovascular system is one of the first to develop (Gore et al., 2012). It 

originates from the lateral plate mesoderm, where hemangioblasts, cells co-expressing both 

hematopoietic and endothelial genes and able to form both blood and endothelium. In 

zebrafish hemangioblasts are present until the 10-somite stage.  
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Figure 7: The vasculature of a double transgenic zebrafish embryo at 2.5 days post 
fertilization. In green, the embryonic vasculature is visualized by transgenic GFP 
expression using the vascular specific transgenic line Tg(kdrl:EGFP)s843. In reed, blood red 
cells are visualized by transgenic dsRed expression using the transgenic line 
(gata1:dsRed)sd2. (A) Lateral view of the whole embryo; (B) lateral view of the aortic 
arches (high magnification); (C) lateral view of the caudal vessels showing the caudal aorta 
(CA), the caudal vein (CV), and the caudal vein plexus (high magnification); (D) dorsal 
view of the cranial central arteries (high magnification); (E) high magnification of the 
common cardinal vein (CCV); (F) the intersegmental vessels (Se/ISV), consisting of 
arteries (SeA) and veins (SeV), contacting the dorsal longitudinal anastomotic vessel 
(DLAV), parachordal vessel (PAV), and dorsal aorta (DA) and posterior cardinal vein 
(PCV). (From Schuermann et al., 2014) 
 
 

Angioblasts start to migrate toward the midline in two separate waves in an 

anterior-posterior direction to form the two major embryonic vessels, the dorsal aorta (DA) 

and the posterior cardinal vein (PCV) via a process known as vasculogenesis.  

The first wave of angioblasts reaches the midline around 14-15 somites stage, and 

will give rise to embryonic arteries and DA. The second wave contains primitive erythroid 

progenitors and angioblasts destined to form the PCV.  
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Following their arrival at the midline, angioblasts coalesce to form a single vascular 

cord by 19.5 hpf (21-somite stage) and remodelling of this vascular cord leads to vascular 

lumenization by approximately 22 hpf.  

Differentially expressed endothelial markers can be observed at this stage as ECs 

undergo arterial–venous specification, with arteries expressing ephrin-B2 ligand and veins 

expressing ephB4 receptor tyrosine kinase. The interaction of ligand and receptor requires 

cell–cell contact and defines and maintains the complex boundaries between arterial and 

venous territories (Swift & Weinstein, 2009). 

Within the common vessel primordium, venous angioblasts expressing ephb4 

migrate ventrally, away from ephrinb2a-expressing angioblasts and toward the territory of 

the PCV, via a process limited by VEGF and Notch signalling (Herbert et al., 2009) 

The sequential activation of hedgehog (Hh), VEGF and Notch signalling promotes 

arterial determination (Lawson et al., 2002). In mice, the Notch1, Notch3, and Notch4 

receptors, and the Dll4, Jagged1, and Jagged2 ligands, exhibit arterially restricted 

expression (Villa et al., 2001), and murine and zebrafish knockout studies showed that 

these molecules play an important functional role in the vasculature (Lawson et al., 2001; 

Lin et al., 2007; Swift & Weinstein, 2009) 

Most postnatal blood vessel formation occurs via the remodelling of pre-existing 

vessels in a process known as angiogenesis.  

The intersegmental vessels (Se/ISVs) of the trunk are among the first angiogenic 

vessels to form in all vertebrates. Time-lapse imaging of transgenic zebrafish lines allows 

the visualization of this angiogenic process in vivo (Figure 8). 

ISVs sprout bilaterally from the dorsal wall of the DA, anterior to each somite 

boundary from approximately 22 hpf. Venous ISVs (SeV) sprout later than arterial ISVs 

(SeA), from approximately 36 hpf onward. While the initial stages of aISV sprouting occur 

independently of blood flow, the onset of circulation, that occurs around 24 hpf, provides a 

further level of regulation governing the development of the vasculature. Trunk 

vascularization is concluded by 32hpf with the formation of the DLAV plexus, which 

requires both circulatory flow and VEGF signalling. In this process, the aISVs, which 

sprout from the DA, continue their dorsal migration until they reach dorsal-lateral surface 

of the neural tube, at which point they bifurcate along the anteroposterior axis and then 

interconnect to form the dorsal anastomotic vessels (DLAV) plexus (Gore et al., 2012). 

VEGF and Notch signalling are the major regulators of trunk angiogenesis 

(Siekmann & Lawson, 2007; Torres-Vázquez et al., 2004).  
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Regulation of the number of tip cells is essential for the proper patterning of the 

vasculature and is dictated by VEGF and Notch signalling through lateral inhibition of an 

angiogenic state in stalk cells (Figure 8). As previously mentioned, VEGFR2 activation in 

the tip cells leads to an up-regulation of the Dll4 and a subsequent up-regulation of Notch 

activity (internalization of Notch) in the neighbouring stalk cells. Increased Notch activity 

promotes stalk cell behaviour at the expense of tip cell behaviour. Notch activation in the 

stalk cells suppresses VEGFR3/FLT4 signalling and a pro-angiogenic fate (Siekmann & 

Lawson, 2007). This mechanism is highly conserved through evolution. 

 

 

Figure 8: Development of intersegmental vessels (ISV). (A) Growing 
intersegmental vessel sprout with multiple cellular processes (arrowheads). (B) Diagram of 
tip cells, expressing Dll4 ligand and and stalk cells expressing Notch receptor; Dll4 in tip 
cells activates Notch in adjacent ECs to promote stalk cell identity. (C) Schematic diagram 
of vascular lumen formation in intersegmental vessels (D) Live time-lapse imaging of 
lumen formation of trunk intersegmental vessel (in green) in a vascular specific transgenic 
embryo Tg(fli1:EGFP-cdc42wt)y48 injected intravascular with quantum dots (in red, 605 
nm). Scale bar 1⁄4 20 mm. (from Gore et al., 2012.) 
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4.2 AKT SIGNALLING IN THE VASCULAR ENDOTHELIUM 

VEGF pro-angiogenic effects are mediated in part by the P13K/Akt pathway. Akt 

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

by a number of growth factors and cytokines in a phosphatidylinositol-3 kinase (PI3K)– 

dependent manner. 

Akt has anti-apoptotic activity by regulating PI3K-mediated cell survival (Yao & 

Cooper, 1995; Franke et al., 1995). Furthermore, Akt regulates glucose metabolism (Wang 

et al., 1999) and protein synthesis (Downward, 1998) in many cell types. 

Mammalian genomes contain three Akt genes, Akt1/PKBα, Akt2/PKBβ, and 

Akt3/PKBγ, whereas Drosophila melanogaster and Caenorhabditis elegans contain one 

and two Akt genes, respectively (Datta et al., 1999; Scheid et al., 2001). In zebrafish, 

several distinct Akt proteins have been identified: zebrafish Akt1, Akt2, Akt2-like, Akt3a, 

and Akt3b (ZFIN: The Zebrafish Model Organism Database). All 3 mammalian Akt genes 

are widely expressed in various tissues but Akt1 is predominantly expressed in heart, lung 

and brain whereas Akt2 is most abundant in embryonic brown fat and in skeletal muscle, 

and Akt3 is predominantly expressed in embryonic heart, brain, and kidney (Shiojima & 

Walsh, 2002). 

Different isoforms have preferential substrates and distinctive functions. Loss of 

Akt1 gene in mice results in growth retardation due to defects during placental 

development, as well as impaired extra-embryonic vascular pattern. Mice lacking Akt2 

exhibit impaired insulin signalling and a type 2 diabetes-like syndrome. Akt3 knockout 

mice show predominantly a neurological phenotype and reduced brain sizes (Somanath et 

al., 2006). 

The isoform Akt1 plays a major role in angiogenesis (Lee et al., 2014) and in 

sustain vessel integrity during adulthood (Kerr et al., 2016). However, constitutive Akt1 

knockouts are viable suggesting an overlapping function between Akt isoforms during 

vascular embryonic development (Chen et al., 2001). 

Akt proteins contain a lipid-binding pleckstrin homology (PH) domain in the amino 

terminus, a central kinase domain, and a carboxy terminal regulatory domain. In 

unstimulated cells, Akt protein exists in cytoplasm and the two regulatory phosphorylation 

sites at threonine at 308 (T308) and serine at 473 (S473) are in an unphosphorylated state. 

On growth factor stimulation, the PH domain binds to the lipid products of PI3K, and Akt 

is recruited to plasma membrane. Akt is then sequentially phosphorylated at T308 and 
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S473 by upstream kinases PDK1 and PDK2, to yield a fully activated kinase (Hemmings, 

1997; Downward, 1998). Fully activated Akt becomes available to phosphorylate its 

downstream substrates and a portion of these molecules detaches from the plasma 

membrane and translocate to various subcellular locations including the nucleus. Akt is 

then dephosphorylated and inactivated by protein phosphatases such as protein 

phosphatase 2A (PP2A) (Shiojima & Walsh, 2002). 

In ECs, Akt has critical roles in the regulation of vascular homeostasis and VEGF-

mediated angiogenesis (Somanath et al., 2006; Shiojima & Walsh, 2002). In particular, 

VEGF effects on EC survival have been shown to be mediated by VEGFR2/PI3K/Akt 

pathway (Gerber et al., 1998). Furthermore, VEGF activation of Akt in ECs is dependent 

on matrix attachment, and constitutively active Akt blocks cell detachment–induced 

apoptosis (Fujio et al., 1999). 

Akt also directly phosphorylates and activates eNOS, which produces NO in 

endothelial cells to control vascular tone (Lee et al., 2014). 

Finally Akt regulates endothelial cells migration in response to growth factors via 

actin reorganization and through phosphorylation of a cytoskeletal protein called Girdin. 

Silencing of the Akt substrate Girdin abolished VEGF-induced EC tube formation 

(Kitamura et al., 2007). 

Akt phosphorylation promotes the activation of multifunctional signalling nodes 

such as GSK3, FOXO and mTOR (mammalian target of rapamycin) (Manning & Toker, 

2017). In particular, FOXO transcription factor is a key effector of angiogenesis. Mice 

global knockout for FOXO1 show to aberrant vascular growth and embryonic lethality 

indicating a central role of FOXO1 isoform in vascular development (Furuyama et al., 

2004; Hosaka et al., 2004; Dharaneeswaran et al., 2014). 

Due to the highly branched signalling network downstream of Akt, and different 

and sometimes opposite effects of short-term versus long-term Akt activation, its role in 

pathophysiological processes and embryonic development remains elusive.  
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3.3 AIM PAPER 2 

The serine/threonine protein kinase Akt is involved in a variety of cellular 

processes including cell proliferation, survival, metabolism and gene expression. It is 

essential in vascular endothelial growth factor (VEGF)-mediated angiogenesis (Somanath 

et al., 2006; Shiojima & Walsh, 2002); however, it is not known how Akt regulates 

cardiovascular development during early embryogenesis. 

In this study we used zebrafish as an animal model to investigate the role of Akt 

during early vascular development. 

We showed that the genetic loss of Akt in zebrafish impairs arterial EC 

specification. Live cell imaging coupled with single cell RNA sequencing of akt mutants 

revealed that Akt sustains arterial cell progenitor specification and segregation. 

We found that the loss of Akt alters the size of distinct ECs subpopulations, in 

particular we observed a reduction in arterial markers and an increase of EC subpopulation 

co-expressing arterial and venous markers, suggesting a defect in arteriovenous 

segregation. 

Interestingly, loss of Akt did not impact the migration of endothelial progenitors 

towards the midline. Moreover, loss of Akt didn't affect VEGFA availability or ERK 

activation, but regulated the expression arterial fate markers dependent on FOXO and 

Notch. Indeed, inhibition of active FOXO in Akt mutants could rescue impaired arterial 

development, but not the expression of arterial markers, whereas Notch activation rescued 

arterial marker expression.  

These data place Akt at a critical signalling node during early artery-vein fate 

decisions in zebrafish and suggest that Akt activity is critical for early artery development, 

in part via FOXO and Notch-mediated regulation. 

Further studies will be necessary to investigate the Akt-mediated regulation of 

genes expressed in unsegregated arteriovenous cells, and to establish if the defect we 

observed is the result of Akt-FOXO-Notch or/and Akt-Notch regulation. 

This study provides novel insights into the important role of Akt signalling 

pathway during early vascular development. 
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SUMMARY 

One of the first events in the development of the cardiovascular system is morphogenesis 

of the main embryonic artery, the dorsal aorta (DA). The DA forms via a conserved 

genetic process mediated by the migration, specification, and organization of endothelial 

progenitor cells into a distinct arterial lineage and vessel type. Several angiogenic factors 

activate different signaling pathways to control DA formation, however the physiological 

relevance of distinct kinases in this complex process remains unclear. Here, we identify the 

role of Akt during early vascular development by generating mutant zebrafish lines that 

lack expression of akt isoforms. Live cell imaging coupled with single cell RNA 

sequencing of akt mutants reveal that Akt is required for proper development of the DA by 

sustaining arterial cell progenitor specification and segregation. Mechanistically, inhibition 

of active FOXO in akt mutants rescues impaired arterial development but not the 

expression of arterial markers, whereas Notch activation rescues arterial marker 
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expression. Our work suggests that Akt activity is critical for early artery development, in 

part via FOXO and Notch-mediated regulation. 

 

Keywords: zebrafish embryo, vascular development, endothelial cells, artery 

identity, akt signaling, FOXO1, Notch. 

 

 

INTRODUCTION 

The cardiovascular system is essential to supply oxygen and nutrients to vital 

organs and tissues and is the first organ to function during vertebrate development. The 

dorsal aorta (DA) primordium is the main embryonic blood vessel that forms via 

endothelial progenitor cells (or angioblast) migration from the lateral posterior mesoderm, 

acquire arterial and venous gene expression programs, and then segregate to form the 

posterior cardinal vein (PCV) (Herbert et al., 2009a; Lawson and Weinstein, 2002a). With 

the formation of the vascular lumen and the initiation of the blood circulation, the DA and 

PCV acquire functional differences in vascular diameter, extracellular matrix and smooth 

muscle cell coverage (dela Paz and D’Amore, 2009; Lawson and Weinstein, 2002a) that 

are maintained into adulthood. Importantly, the molecular cues that dictate morphogenesis 

of the DA and PCV are conserved amongst vertebrates (Gore et al., 2012; Isogai et al., 

2001). 

The Ser and Thr kinase Akt, is a key element of the phosphotidylinositol 3-kinase 

(PI3K) /Akt signaling pathway and regulates the hallmarks of tissue formation such as 

growth and survival. Akt activation involves the phosphorylation of multiple substrates 

signaling network which enable Akt to exert diverse downstream effects from the 

activation of an individual upstream growth factor signaling. For example, during the 

formation of the DA, PI3K-Akt signaling is implicated in transducing multiple Vascular 

Endothelia Growth Factor a (Vegfa)-dependent cell behaviors, such as migration, 

differentiation and proliferation of endothelial cells. (Ackah et al., 2005; Liu et al., 2008; 

Phung et al., 2006; Zhu et al., 2013). Importantly, how Akt-substrate activation is involved 

in this multi phased process remain not fully understood.  

Vertebrates encode three Akt isoforms: Akt1, Akt2, and Akt3 and these unique 

gene products are highly homologous between species. The Akt-signaling module is 

implicated in arteriogenesis by exerting an inhibitory influence on Raf-Erk-signaling (Ren 

et al., 2010) or in venogenesis via phosphorylation of the COUP TFII, a key driver of 

venous fate (Chu et al., 2016). However mice globally lacking Akt-1, the main isoform 
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expressed in endothelial cells, are viable, smaller in size, with reduced angiogenesis in the 

placenta, retina and limbs (Ackah et al., 2005; Ha et al., 2019; Schleicher et al., 2009; 

Yang et al., 2003) whereas the conditional loss of Akt-1 in the endothelium demonstrates 

reduced post-natal arteriogenesis and sprouting of retinal (Lee et al., 2014) and coronary 

vessels (Kerr et al., 2016). Thus, the genetic loss of Akt1 or other Akt isoforms in 

vertebrate has not established clear roles for Akt during the early DA and/or PCV 

development. 

To assess the role of Akt in the early embryonic vascular development, we 

generated a novel loss of function model in zebrafish. The external development and 

optical transparency of zebrafish embryos facilitate the temporal dissection of vascular 

defects that are difficult to assess in other vertebrates such as mice. Using CRISPR/Cas9, 

we mutated all four akt genes encoding all three Akt isoforms and crossed them to a 

reporter line to image arterial and venous structures during development. Live cell imaging 

coupled with single cell RNA sequencing analysis of endothelial cells reveal that Akt is 

required for arterial specification, and arteriovenous (A-V) segregation but not for 

progenitor migration, during the initial formation/remodeling of the DA. 

Mechanistically, our data suggest that the loss of Akt activates FOXO and reduces Notch 

dependent gene expression in arterial endothelium. Inhibition of FOXO1 in Akt deficient 

embryos increases DA development, whereas activation of Notch in these embryos 

enhances arterial specification. Thus, Akt controls two key transcription factors to 

coordinately govern DA morphology and arterial specification. 

 

 

RESULTS 

Embryonic loss of Akt results in artery-vein malformations. 

To investigate the role of Akt signaling in early embryonic vascular development, 

we generated a complete akt loss-of-function model in zebrafish. In zebrafish, Akt1 is 

encoded by akt-1, Akt2 is encoded by akt-2, and Akt3 is encoded by akt-3a and -3b. Of 

these four genes, akt1 showed the highest expression in endothelial cells isolated from 

zebrafish (Figure S1A), consistent with observations in mice (Lee et al., 2014).  

To establish a complete akt loss-of-function model, and avoid genetic 

compensation, we used CRISPR/Cas9 (Moreno-Mateos et al., 2015) to mutate all four akt 

genes (Figure 1A). We selected loss-of-function founders and established a quadruple 

homozygous mutant (aktΔ/Δ). Compared to wild-type (WT), aktΔ/Δ embryos had an ~80% 

reduction in the mRNA levels of each akt isoform (Figure 1B). aktΔ/Δ embryos were not 
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viable to adulthood, thus we established an akt1Δ/Δ, 3aΔ/Δ, 3bΔ/Δ, 2 Δ/+ which we named 

“mixed aktΔ/Δ”. The levels of total and phosphorylated Akt were significantly reduced in 

mixed aktΔ/Δ relative to WT embryos (Figure 1B). 

We assessed the overall morphology of aktΔ/Δ embryos at early stages of 

development. Compared to WT, aktΔ/Δ embryos exhibited a reduction in pigmented cells 

at 48 hours post fertilization (hpf) (Figure S1B) consistent with the chemical inhibition of 

Akt signaling (Ciarlo et al., 2017). Moreover, aktΔ/Δ had normal body and head size 

(Figure S1B) and were viable until 6 days post fertilization (dpf), enabling the analysis of 

specific vascular patterns in during early development. 

We crossed mixed aktΔ/Δ line to a transgenic reporter line flt4:YFP; 

kdrl:hRasmCherryhu4881; s896 to enable the analysis of arteries (mCherry+) and veins 

(YFP+/mCherry+) during embryonic development (Figure 1C). We performed live 

imaging of the vasculature at 24 hpf and found that aktΔ/Δ embryos had decreased 

diameters of the endothelium of dorsal aorta (DA) and posterior cardinal vein (PCV) 

compared to WT embryos (Figure 1C images on left and quantified on right). The lengths 

of the Intersegmental vessels (ISV) that sprout from the DA appeared similar in both 

strains at this developmental time point. However, aktΔ/Δ embryos showed ectopic 

connections between the DA and PCV (Figure 1C, arrowheads in magnified image and 

quantified on right) suggesting a lack of proper artery-vein segregation.  

These data suggest that Akt signaling input is necessary for proper patterning of the 

main embryonic blood vessels but dispensable for vascular cell migration of ISVs at 24 

hpf. 
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Figure 1. akt Δ/Δ embryos exhibit decreased DA diameter and abnormal arterial and 
venous connections. (A) Schematic of the domain structure of Akt isoforms and sequence 
alignment of wildtype (zAKt1) and mutant (mu) zebrafish lines. (B) qRT-PCR showing 
WT and mutant mRNA levels in WT and quadruple mutant aktΔ/Δ embryos on a Tg 
(flt4:YFP; kdrl:hRasmCherry) hu4881;s896 at 4 days post fertilization (dpf). Expression 
levels were normalized to the WT from three biological replicates. Western blot analysis of 
WT and mixed aktΔ/Δ embryos in Tg (flt4:YFP; kdrl:hRas-mCherry)hu4881;s896 from 
three biological replicates. *p< 0.05. (C) Confocal lateral view live images of WT and 
aktΔ/Δ embryos at 24 hpf trunk in Tg (flt4:YFP; kdrl:hRas-mCherry)hu4881;s896. White 
arrowheads indicate the abnormal artery and vein connection in the representative images. 
Bar plots on right show in WT, and aktΔ/Δ quantification. The embryos were placed in the 
lateral view with dorsal side up and anterior to left. Data are mean + SEM for DA and PCV 
diameters and artery and vein connections; *p< 0.05. DA=Dorsal Aorta, PCV=Posterior 
Cardinal Vein, ISV=intersegmental vessels. 
  



PAPER 2 

 77 

Loss of Akt impairs arterial specification. 

To investigate the molecular mechanisms that underline the vascular defects in 

embryos lacking Akt, we used single cell RNA sequencing analysis (scRNA-seq) of FAC-

sorted endothelial cells (kdrl+ mCherry) from WT and mixed aktΔ/Δ reporter embryos at 

24 hpf. Mixed aktΔ/Δ embryos showed substantially loss of Akt activity and recapitulated 

the same vascular defects of aktΔ/Δ full mutants (Figure 1B and S1C). 

Artery and vein formation during development generates cellular diversity in 

endothelial cells, reflected by different subpopulations with distinct gene expression. To 

preserve the developmental progression of these subsets of endothelial cells, we used 

PHATE (Potential of Heat-diffusion for Affinity-based Trajectory Embedding) to analyze 

our scRNA-seq data (Moon et al., 2017). PHATE analysis demonstrated that kdrl+ 

mCherry cells formed a main vascular tree composed of 17 different branches 

corresponding to embryonic specification trajectories that were identified based on the 

expression of specific markers (Figure 2A). Based on the higher enrichment of artery and 

vein defining markers, we identified branches 1 and 2, as the main venous and arterial cell 

populations, respectively (Figure 2B). Branch 6 displayed co-expression of arterial and 

venous markers with cardiac genes, suggesting that this population mainly contributes to 

the heart vasculature. Branch 7 was enriched for markers of lymphatic endothelium, while 

the remaining cell pools expressed hemogenic, hematopoietic stem cells or blood 

progenitor markers (Figure 2B). Interestingly, kdrl+ mCherry cells isolated from mixed 

aktΔ/Δ embryos showed an identical number of branches as those isolated from WT, 

further supporting that the loss of Akt did not grossly affect the patterning of the 

embryonic cardiovascular system (Figure 2C and D). 

Next, we examined the differential expression of known vascular genes in the kdrl+ 

mCherry cell subsets from WT and mutant embryos. Strikingly, we observed diminished 

expression in mixed aktΔ/Δ kdrl+ mCherry cells of genes that are mainly associated with 

artery differentiation and Notch regulated genes (efnb2a, cxcr4, dlc, dll4, notch3), but not 

venous fate (Figure 2E). Moreover, the fraction of cells within the branch 1 (vein) and 2 

(artery) was reduced in the mutant endothelial cell population compared to WT, whereas 

the fraction of cells within the branch 11, which express both arterial and venous markers, 

was increased in the population of mutant endothelial cells as the expression of the arterial 

markers, cxcr4 and dlc (Figure 2E and 2F).  

These data suggest that, at the molecular level, an excessive number of endothelial 

cells lacking akt fail to fully segregate into the arterial or/and the venous cell pool. 
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To verify the scRNA-seq results and add spatial resolution, we performed whole 

mount in situ hybridization of 24 hpf embryos to test the expression of artery markers 

efnb2a, dlc and notch3 genes in the DA. Relative to WT embryos, aktΔ/Δ embryos showed 

a decreased expression of all these arterial genes at 24 hpf (Figure 2G). In contrast, the 

expression of the venous marker, ftl4, or other markers for the maturation of spinal cord 

neurons (ngn1, elav13) or somites (myoD), showed no obvious changes in aktΔ/Δ embryos 

versus WT (Figure S2). Thus, gene expression defects associated with altered arterial 

specification were specific and not the result of global developmental anomalies. 

Collectively, these data suggest that Akt signaling is required to sustain arterial endothelial 

cells specification. 
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Figure 2. Single cell sequencing and in situ confirmation of diminished arterial 
markers expression in aktΔ/Δ zebrafish. PHATE plots (A,C) and heat maps (B,D) of 
scRNASeq data from WT and mixed aktΔ/Δ embryonic kdrl+ endothelial cells, 
respectively. All heatmaps depict z-score of vascular gene expression levels in kdrl+ 
endothelial cells expressing transcripts in scRNA-seq PHATE branches. (E) Heatmap 
highlighting the expression of venous, lymphatic and arterial markers from branches 1, 2, 6 
and 11. (F) Heatmap showing increased fraction of cells in branch #11 in mixed aktΔ/Δ 
embryos with the length of the line on the top delineating the fraction of cells within the 
endothelial cell population. (G) Whole mount n situ hybridization bright field images of 
arterial markers ephrinB2, delta C (dlc) and notch3 in trunk vasculature of WT and aktΔ/Δ 
embryos at 24 hpf. The embryos were placed in the lateral view with dorsal side up and 
anterior to left. Bar plots quantify pixel intensity of each marker. Data are mean + SEM; 
*p< 0.05. DA=Dorsal Aorta, PCV=Posterior Cardinal Vein. 
 

 

Akt drives artery specification independently of progenitor cell migration and ERK 

activity. 

To further investigate the mechanism(s) behind the vascular morphogenesis defects 

in aktΔ/Δ embryos, we performed time lapse imaging from 20 to 22hpf in WT and mutant 

embryos. In WT embryos, endothelial progenitor cells sprouted from the DA primordium 

into the PCV at 20 hpf and fully segregated by 22-24 hpf (Figure 3A, left panel), as 

previously reported (Herbert et al., 2009b). Interestingly, in aktΔ/Δ embryos, DA 

progenitors sprouted in greater numbers toward the PCV yet failed to completely separate 

within 22 hpf (Figure 3A, right panel). These data in aktΔ/Δ embryos are reminiscent of 

loss of function notch mutants which manifest reduced Notch dependent gene expression 

(ephrinB2, dl4, dlc ) in the DA (Lawson et al., 2002b; Quillien et al., 2014)(Figure 2F) or 

efnb2 morphants which result in the loss of artery specification and abnormal 

arteriovenous structures (Herbert et al., 2009a; Lawson et al., 2002b). 
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The migration of endothelial progenitor cells from the lateral posterior mesoderm 

(LPM) toward the embryonic midline ensures vasculogenesis and artery specification via 

VEGFa-mediated regulation of ephrinB2 and Notch-signaling (Lawson et al., 2002a; 

Zhong et al., 2001). Given that Akt can be downstream of VEGFa, we investigated 

whether endothelial progenitor cells (fli1a+) in aktΔ/Δ embryos have impaired migration 

from the LPM (Lawson and Weinstein, 2002b). Fli1a+ cells were visualized at different 

somite stages (ss) and no distinguishable differences were found between WT and mixed 

aktΔ/Δ embryos from 10 to 18 ss (Figure 3B). Interestingly, the levels of somitic Vegfa 

expression at 18 ss were enhanced (Figure S3A) in aktΔ/Δ versus WT embryos. Thus, the 

artery specification or altered arteriovenous separation defects in aktΔ/Δ embryos were not 

a consequence of impaired Fli1a+ cell migration or reduced Vegfa expression.  

We also examined whether anomalies in cell survival could explain aktΔ/Δ vascular 

phenotypes, but we did not observe significant differences in the number of apoptotic cells 

between WT and akt mutants (Figure S3B). 

Previous studies suggested that ERK activation is required downstream of VEGFa 

for arterial identity and proliferation and that input from the PI3 kinase/Akt pathway may 

negatively regulate the extent of ERK activation (Hong et al., 2006; Ren et al., 2010). 

Notably, p-ERK was localized in endothelial progenitor cells of the DA primordium (Shin 

et al., 2016) however, the number of p-ERK+ cells was comparable in WT and aktΔ/Δ 20 

ss embryos (Figure 3C). Thus, our data suggest that Akt is distinctly required for 

specification of the main embryonic artery, independent of ERK-signaling. 
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Figure. 3. Loss of akt impedes arteriovenous separation, but not angioblast homing or 
ERK signaling. (A) Images from time lapse movies of WT and aktΔ/Δ in Tg (flt4:YFP; 
kdrl:hRasmCherry) hu4881;s896 embryos (20-22 hpf). The embryos were placed in the 
lateral view with dorsal side up and anterior to left. Timestamps are in upper left of each 
panel. White arrows indicate connection between the artery and vein. B) In situ 
hybridization of marker fli1a labels the position of angioblasts at 10 ss, 14 ss and 18ss in 
WT and aktΔ/Δ embryos. White arrows point to the lateral posterior mesoderm (LPM) at 
10 ss and indicates the middle line formation at 14 ss and 18 ss. (C) Lateral view of 
immunofluorescence images showing phosphorylated ERK in DA of WT and aktΔ/Δ in Tg 
(flt4:YFP;)hu4881 embryos at 14 ss. Data are mean+SEM. NS=non-significant. 
 
 

Akt controls DA formation upstream FOXO and Notch signaling pathways. 

We found that the DA specification is severely affected in the Akt loss of function 

embryos, while the PCV specified normally. Interestingly, both vessels showed a reduction 

in vascular diameter likely due to the excessive number of cells failing to segregate either 

in the DA or PCV.  

To interrogate the signaling pathways upstream and downstream of Akt we 

therefore use DA morphology and arteriovenous (A-V) connections at 24hpf as the main 

phenotypic read-out of Akt loss of function. We first employed pharmacological agents 

that selectively interfere with components of the VEGF-PI3K pathway, which lie upstream 

in the Akt signaling cascade. Treatment of embryos with SU5416, a selective inhibitor the 

VEGF receptor 2 kinase (kdrl) (Kasper et al., 2017), decreased DA diameter in both WT 
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and mixed aktΔ/Δ embryos (Figure 4A, top for images and 4B for quantification). 

Interestingly, SU5416 enhanced A-V connections in WT but not further in mutant embryos 

indicating that VEGF signaling contributes to DA assembly and A-V separation but the 

effect on A-V connections is impeded in mixed aktΔ/Δ mutants. Treatment with the PI3K 

inhibitor LY-294,002 (Chen et al., 2017) reduced DA diameter in WT embryos but did not 

further impact DA in aktΔ/Δ embryos (Figure 4C, top for images and 4B for 

quantification). Similarly to SU5416 treated embryos, blockade PI3K increased A-V 

connections in WT but not further in mutant zebrafish (Figure 4B, top for images and 

below for quantification). These results indicate that VEGF-kdrl-PI3K signaling is critical 

for DA development and A-V separation, in part, via Akt. 

To investigate pathways downstream of Akt that may contribute to the vascular 

defects in mutant embryos, we investigated the transcription factor FOXO1, an established 

Akt substrate known to be critical for several aspects of angiogenesis (Dharaneeswaran et 

al., 2014). Akt phosphorylation of FOXO1 leads to its nuclear exclusion and alterations 

FOXO1 dependent gene expression. Notably, treatment with AS1842856, which binds and 

inhibits the non-phosphorylated, active form of the transcription factor FOXO1 in the 

nucleus (Gays et al., 2017) reduced the DA diameter in the WT embryos but increased DA 

diameter in mixed aktΔ/Δ mutants (Figure 4E, top for images and 4F below for 

quantification), thus implying FOXO hyperactivation contributes to reduced DA in aktΔ/Δ 

embryos (Wilhelm et al., 2016). However, FOXO did not contribute to A-V separation in 

WT or A-V in mutant embryos since inhibition of FOXO did not impact the number of A-

V connections in any genotype, suggesting that FOXO contribute differently to DA 

formation and specification. 

Since the loss of Akt reduces the levels of several Notch-dependent genes, dll4, dlc, 

and notch3 in DA (Figure 2E), we assessed if FOXO can regulate the expression of the 

well characterized Notch dependent arterial specification marker dlc. Strikingly, inhibition 

of FOXO reduced the expression of dlc in the DA of WT embryos but did not further 

reduce the levels detected in aktΔ/Δ embryos (Figure 4G, compare top and middle panels 

and 4H for quantification). These data suggest Akt phosphorylation of FOXO regulates dlc 

levels, arterial specification and DA morphology. However, in the Akt depleted state, 

FOXO blockage induces uncoupling of arterial specification (Figure 4H) from DA 

morphology (Figure 4F where FOXO inhibition rescues DA phenotype in mixed aktΔ/Δ 

embryos).  

Previous work has shown that Notch is downstream of Akt signaling (Bedogni et 

al., 2008; Kerr et al., 2016; Konantz et al., 2016; Zhang et al., 2011a). To verify if Notch is 



PAPER 2 

 83 

downstream of Akt during the DA specification, we expressed the Notch 1 intracellular 

domain (NICD) under the endothelial fli1a promoter to ectopically activate Notch 

signaling in WT and mixed aktΔ/Δ embryos. Notably, NICD did not impact dlc expression 

in WT embryos, however NICD increased dlc levels in mixed aktΔ/Δ embryos (Figure 4G, 

bottom panels and 4H for quantification in right graph). Thus, expression of NICD 

normalizes dlc expression in mixed aktΔ/Δ embryos.  

These data suggest that Akt signaling to FOXO and Notch is critical for early 

arterial development and arterial specification. 

 

 

 



PAPER 2 

 84 

 

 

Figure. 4. Loss of akt reduces DA diameter and arterial specification via FOXO and 
Notch. (A) Lateral view images and (B) quantification of DA diameters and A-V 
connections in the trunk vasculature after treatment of WT and mixed aktΔ/Δ embryos at 
24 hpf with a selective inhibitor of the VEGF receptor 2 (SU-5416, 1 µM). (C) Lateral 
view images and (D) quantification of DA diameters and A-V connections of the trunk 
vasculature after treatment of WT and mixed aktΔ/Δ embryos at 24 hpf with a PI-3K 
inhibitor (LY-294,002, 80 µM) (E) Lateral view images and (F) quantification of DA 
diameters and A-V connections of the trunk vasculature after treatment of WT and mixed 
aktΔ/Δ embryos at24 hpf with a FOXO inhibitor (AS1842856, 0.1 µM). (G) In situ 
hybridization and (H) quantification of arterial marker dlc in WT and mixed aktΔ/Δ 
embryos with and without treatment with FOXO1 inhibitor (AS1842856, 0.025 µM) and 
injection of an endothelia specific plasmid, Fli1a:Notch-NICD. Data are mean+SEM, * 
p<0.05, **p<0.01, ****p<0.0001. NS=non-significant. (I) Model for Akt signaling in WT 
and akt mutant zebrafish. 
 
 

DISCUSSION 

Akt is considered as an important signaling node co-opted by several angiogenic 

factors (VEGF, angiopoietin, ephrin B2, fibroblast growth factor) that integrates signal 

transduction mechanisms during angiogenesis and vascular homeostasis (Manning and 

Cantley, 2007). Despite this central role, the importance of Akt signaling during early 

vascular development has not been thoroughly addressed. Here, we show that the loss of 

akt in zebrafish impairs the formation of the first major vessel, the DA, by reducing arterial 

specification and arterio-venous segregation. Our single cell sequencing analysis of akt 

mutant endothelial cells support this phenotype. We found that the loss of Akt alters the 

size of distinct endothelial cell subpopulations, particularly those expressing arterial 

markers, and reduces the expression of several Notch-dependent genes as confirmed by in 

situ analysis. Similarly, Akt loss of function cells have an increased cell pool with arterial 

and venous co-expressed markers, thus fail to segregate within the DA and PCV vessels. 
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Mechanistic analysis suggests that the loss of Akt did not impact the migration of 

endothelial progenitors towards the midline, the Vegfa availability or ERK activation but 

regulated the expression arterial fate markers dependent on FOXO and Notch (Figure 4I). 

Thus, these data place Akt at a critical signaling node during early artery-vein fate 

decisions in zebrafish. Moreover, in Akt mutant embryos inhibition of FOXO increases the 

DA diameter to WT levels, while in presence of Akt, inhibition of FOXO has the opposite 

effect on the DA morphogenesis. This would suggest that FOXO function to control both 

DA diameter and specification is dependent on a threshold; namely that too high or too low 

FOXO activity results in similar DA defects. Another hypothesis is that FOXO controls 

DA morphogenesis and/or specification via parallel but independent mechanisms that 

might be antagonistic when the Akt-signaling pathway is lost (Figure 4I). Further studies 

will be required to characterize how FOXO function in Akt dependent and independent 

fashion.  

Additionally, we show that Akt is required for expression of arterial endothelial cell 

specification genes independent of ERK, but dependent on Notch activity. Indeed, several 

Notch-dependent arterial markers were reduced in aktΔ/Δ zebrafish, and overexpression 

NICD restored the expression of dlc, suggesting that Akt impacts Notch dependent arterial 

specification. Akt can regulate Notch activity via a direct or indirect function. For 

example, Akt functions upstream of Notch in aortic endothelial cells (Konantz et al., 2016) 

can directly phosphorylate Notch4-ICD (Lee et al., 2014) and regulate Notch4 nuclear 

localization (Ramakrishnan et al., 2015). Alternatively, angiopoietin-1 can activate Akt 

and promotes Notch signaling indirectly by phosphorylating glycogen synthase kinase 3b 

(GSK3b), thereby enhancing b-catenin activity and upregulating Dll4-Notch in endothelial 

cells (Lawson and Weinstein, 2002a; Zhang et al., 2011b). Furthermore, FOXO and Notch 

can directly interact to coordinate cell specification and function in the context of other 

tissues (Kitamura et al., 2007; Pajvani et al., 2011). Thus, it is possible that arterial cell 

specification is mediated by direct regulation of the Akt-FOXO-Notch pathway (Figure 

4I). 

Interestingly, single cell RNA sequencing of endothelial cells from embryos 

lacking Akt reveals an increase fraction of cells that co-express arteriovenous genes that do 

not segregate within classic artery and vein trajectories. The expression of genes 

controlling cellular responses to stress (e.g.: the myeloperoxidase mpx and a regulator of 

ERmitochondrial contacts, Nogo-B) were decreased in this cell pool from aktD/D embryos 

compared to WT(Astern et al., 2007) (Acevedo et al., 2004; Sutendra et al., 2011; Yu et 

al., 2009). Further studies will be necessary to investigate if and how genes within the 



PAPER 2 

 86 

arteriovenous unsegregated cells are directly regulated by Akt or if this defect is the result 

of Akt-Notch and/or Akt-FOXO-Notch regulation. 

In summary, the genetic loss of Akt in zebrafish impairs arterial endothelial cell 

specification providing novel insights into the important role of Akt signaling pathway 

during early vascular development. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS 

 

Generation of Akt loss-of-function zebrafish and zebrafish husbandry 

Zebrafish were raised and maintained at 28.5˚C using standard methods (unless otherwise 

indicated), and according to protocols approved by Yale University Institutional Animal 

Care and Use Committee (# 2017-11473).  

gRNA generation & injection: CRISPRScan (Moreno-Mateos et al., 2015; Vejnar et al., 

2016) was used to design gRNAs to mutate the Akt 1, 2, 3a 3b loci with CRISPR/Cas9 

genome editing (sequence Table S1). The gRNA template for in vitro transcription was 

PCR amplified and purified with Qiaquick PCR purification Kit (Qiagen). In vitro 

transcription followed and was performed as described (Narayanan et al., 2016). F0 

Tg(flt:YFP; kdrl: mCherry)hu4881s916embryos injected with 100 pg of gRNA and 200 pg of 

Cas9 mRNA at the one-cell stage were used to confirm mutagenesis via T7 endonuclease I 

(T7E1) assay and sequencing as described (Narayanan et al., 2016) or were analyzed in 

phenotypic assays. Genomic DNA was isolated from a clutch of injected embryos with 100 
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mM sodium hydroxide and 1M pH 7.5 Tris-HCl and then amplified regions including the 

mutation site using PCR. After 3 months, the F0 founder fish was genotyped using 

fragment analysis (DNA analysis Facility Yale University) and out-crossed with WT 

(sequence Table S1). F1 allele were identified, genome PCR product were cloned into 

TOPO vector with the TOPO TA cloning kit (Invitrogen) for sequencing. The sequencing 

results showed that the mutant alleles carried the following out loss of function mutation: 

Akt1 ya348 (-1 based pair deletion), Akt2 ya349 (+10 based pair insertion), Akt3a ya350 (-21 

based pair deletion) and Akt3b ya351 (-4 based pair deletion), which are labeled as 

homozygous akt1Δ/Δ, akt2Δ/Δ, akt3aΔ/Δ and akt3bΔ/Δ in the paper. The mixed aktΔ/Δ in this 

study were generated from the in-cross of akt1, akt3a, akt3b homozygous and akt2 

heterozygous mutant.  

For DNA injection, embryos were injected in the one-cell with 25 pg of the expression 

construct Tol2-Fli1a-NICD-v2a-cherry and Tol2 transposase mRNA, and later selected for 

mCherry expression. 

 

METHOD DETAILS 

 

Single cell RNA sequencing   

WT and Akt loss-of function zebrafish embryos were collected at 24 hpf, dechorionated 

and placed in 2 ml tubes with egg water. Embryos were disassociated into single cell 

suspensions and subjected to Fluorescence Activated Cell Sorting (FACS) as described for 

transgenic zebrafish previously (Ristori and Nicoli, 2015),  

Tg(flt:YFP; kdrl: mCherry)hu4881s916endothelial cells were FAC-sorted into 0.04% BSA in 

PBS and the captured endothelial cell fraction was loaded onto the 10X Genomics 

Chromium instrument for a targeted recovery of 10,000 cells per sample. The reaction was 

then reverse transcribed and barcoded using the 10X Genomics Chromium Next GEM 

Single Cell 3’ Library Construction Kit v2.1 according to manufacturer instructions.   

The barcoded libraries were sequenced on Illumina HiSeq 4000 instrument.  The reads 

were de-multiplexed using 10X Genomics provided version of program bcl2fastq.  These 

fastq files were further processed with cellranger and indexed custom genome for D. rerio 

with sequences for mCherry. The output of cellranger program was processed using the 

package Seurat (Satija et al., 2015; Stuart et al., 2019) in R (Team, 2019).  Briefly, the data 

was filtered such that all the cells that had less than unique transcripts detected or had more 

than 10% of the transcripts coming from mitochondrial genes were eliminated, as were the 

genes that were seen in less than 3 cells. Filtered data was then normalized and scaled 
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using sctransform (Hafemeister and Satija, 2019).  The data was further clustered in 

Seurat, and then rendered as a PHATE  plot (Moon et al., 2019). 

 

Quantitative RT-PCR 

Embryos were processed whole or disassociated into single cell suspensions and subjected 

to FACS as described above for zebrafish scRNA-seq. 300 ng RNA was mixed with 

iScript Reaction mix and reverse Transcriptase (Bio-Rad) to generate cDNA with a 20 ul 

reaction (Kasper et al., 2017). qRT-PCR primers are listed in Table S1.  

The 2−ΔCT or 2−ΔΔCT method was used to determine relative gene expression for 

quantitative RT-PCR analyses as indicated. mRNA levels were normalized to the beta 

actin housekeeping gene, actb1 and was relative to the indicated control. Statistical 

comparisons between replicate pair DCT values for indicated groups were determined by a 

paired, two-tailed Student’s t-test. 

 

Western Blot 

Protein extraction was performed as following: 10-20 WT and Akt loss-of function 

zebrafish embryos (4 days post fertilization) were placed in 1.5 ml tubes and 1x PBS. 

Embryos were pipetted with 20 ul tip to break the zebrafish tissues and centrifuged at 1300 

rpm for 10 minutes. After removing the supernatant, pellets were re-suspended in the lysis 

buffer with 2 ul per embryo. The lysates were left on ice for 15 minutes, mixed for 15 

seconds and span at 12000 rpm for 10 minutes at 4 C. The supernatant was transferred to 

new cold tubes, sonicated for 6 seconds and protein concentration measured using DC 

Protein Assay (Bio-rad). Samples were mixed with 6x protein buffer and boiled for 5 

minutes. About 20 ug protein samples were added into 10% SDS–polyacrylamide gel 

electrophoresis (SDS-PAGE) well and run at 80 V for 20 minutes and 100 V for about 1 

hour. Then the SDS-PAGE was transferred to 0.45-µm nitrocellulose membranes (Bio-

Rad) at 100 V for 2 hours. The nitrocellulose membranes were by 5% Bovine serum 

albumin (BSA) blocking buffer for 1 hour, incubated with primary antibody at 4oC 

overnight, washed with TBST (Tris-buffered saline, 0.1% Tween 20) for 5 minutes 3 

times, incubated with and washed with TBST for 5 minutes 3 times.  Blots were visualized 

by Li-COR Odyssey and analyzed by the Image Studio software (Li-COR).  

Lysis buffer included 50 mM Tris-HCl, 1% NP-40 (v/v), 0.1% SDS, 0.1% Deoxycholic 

acid, 0.1 mM EDTA, 0.1 mM EGTA and 8 mg NaF, 4 mg sodium pyrophosphate, 20 mg 

Complete Protease Inhibitors (Roche), 3 mg Pefabloc SC AEBSF (Roche), 0.25 mM 

Sodium orthovanadate and 50 mM β- glycerolphosphate in 10 ml lysis buffer. Protein 
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buffer contains 70 ml Tris-HCl, 36 ml glycerol, 10 g SDS, 6 ml 2-Methylbutane, 40 mg 

bromphenol-blue and water to 120 ml. Primary antibodies (1:1000) were monoclonal 

rabbit phospho-Akt T308 (cell signaling #2965), monoclonal mouse pan-Akt (cell 

signaling #2920) and monoclonal mouse anti-actin (Sigma-Aldrich). Secondary antibodies 

(1:10,000) were goat anti-rabbit Alexa Fluor 680 (Invitrogen), goat anti-mouse Alexa 

Fluor 680 (Invitrogen) and goat anti-mouse 800 (Rockland).  

 

Whole mount in situ hybridization. 

Whole mount in situ hybridization (WISH) was performed using hybridization probes 

previously described (Kasper et al., 2017). Images of at least 6-12 stained embryos per 

replicate were blinded and quantified as follows. Briefly, images were converted to 8-bit 

and processed with FFT bandpass filter, filtering large structures to 200 pixels. Region(s) 

of interest were identified via thresholding and staining area or cluster number was 

measured using Analyze Particles. Area measurements or cluster counts from biological 

replicates per genotype were combined and an unpaired, two-tailed Mann-Whitney U test 

was applied to detect statistical differences between conditions. 

 

Immunofluorescence 

WT and Akt loss-of-function embryos (24 hpf) were fixed and washed with the same 

condition as performed in WISH. After permeabilization with 0.125% Trypsin in PBS on 

ice for 20 minutes, samples were washed with PBST for 5 minutes 3 times and blocked at 

4oC for 3-4 hours. Primary antibodies were monoclonal rabbit phospho-Erk (cell signaling 

#4695) (1:100), chicken polyclonal anti-GFP (1:300) (Abcam) and rabbit polyclonal RFP 

antibody (antibodies online) (1:300) were mixed with samples overnight. Samples were 

washed 6 times 45 minutes each and incubated with secondary antibodies (invitrogen) 

(1:300) goat anti-rat Alexa Fluor 594, goat anti-chicken Alexa Fluor 488 and goat anti-

rabbit Alexa Fluor 633 overnight and washed with PBSTw 6 times each 45 minutes. 

Embryos were imaged with Lecia SP8 microscope.  

 

TUNEL assay 

30-40 WT and Akt loss-of-function zebrafish were placed in 1.5 ml tubes and fixed with 

4% PFA at 4 oC overnight. Samples were washed with PBS for 3 times, placed in MeOH at 

-20 C overnight and washed with 75% MeOH/PBST, 50% MeOH/PBST, 25% 

MeOH/PBST and PBST for 5 minutes respectively. After treatment with 10 ug/ml 

proteinase K at room temperature for 1.5 minutes, samples were washed with PBST twice 
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and re-fixed in 4% PFA at room temperature for 20 minutes. Samples were washed with 

PBST for 5 minutes 5 times and incubated with pre-chilled Ethanol:Acetic Acid (2:1) at -

20 oC for 10 minutes. Followed with 3 times wash of PBST for 5 minutes each, samples 

were incubated at room temperature in 75 ul equilibration buffer for 1 hour (ApopTag Red 

in situ Apoptosis Detection kit (Millipore)). A small volume of working strength TdT 

(70% reaction buffer and 30% TdT with 0.3% Triton 100) was added into the reaction and 

incubated at 37 oC overnight. The positive control was incubated with DNAseI overnight. 

The negative control was without TdT. The reaction was stopped with working strength 

stop/wash buffer (1 ml concentrated buffer with 34 ml dH2O) for 3-4 hours at 37 oC. After 

wash with PBST 3 times for 5 minutes, samples were blocked with 2 mg/ml BSA, 5% 

sheep serum in PBST for 1 hour at room temperature and incubated in dark for 45-60 

minutes at room temperature with working strength rhodamine antibody solution. After 30 

minutes wash with PBST for 4 times, samples were incubated for 15 minutes with DAPI 

(1:200) in PBST and washed 3 times with PBST.  

 

Chemical treatments 

10 hpf zebrafish embryos were treated with 0.025 mM and 0.1 mM FOXO1 inhibitor 

(AS1842856, Millipore Sigma), 1 mM Sugen 5416 (SU5416, Sigma-Aldrich), 80 mM 

PI3K inhibitor (LY-294,002, Sigma-Aldrich) . At 24 hpf treated embryos were fixed an 

processed for immunofluorescence or whole mount in situ hybridization. 

 

Image Acquisition 

Zebrafish embryos imaged by confocal or bright-field microscopy were raised in 0.003% 

1-phenyl-2-thiourea (PTU) starting after the gastrulation stage to prevent pigmentation. 

Embryos imaged live by confocal microscopy were anesthetized in 0.1% tricaine and 

mounted in 1% low melt agarose. The majority of fluorescent images and timelapse 

movies were captured with an upright Leica Microsystems SP8 confocal microscope. 

Confocal timelapse movies were performed at room temperature starting at ~20 hpf with z-

stacks acquired at an interval of 11 minutes for a total of 15 hours.  Bright field images of 

whole mount in situ staining were acquired with a Leica Microsystems M165FC 

stereomicroscope equipped with Leica DFC295 camera. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Live fish imaging quantification 



PAPER 2 

 94 

Using the software Imaris, DA, PCV and ISV were tracked manually and information of 

DA and PCV diameters and ISV length quantified and used for statistical analysis.  

 

Statistical analysis 

The quantification of in situ hybridization is followed the method of the Monteiro group 

(Dobrzycki et al., 2018). The difference is that I used the nonparametric t-test (Mann-

Whitney test) instead of 2-tailed ANOVA test. The other quantification is also 

nonparametric t-test (Mann-Whitney test).  

 

DATA AND CODE AVAILABILITY 

The sc-RNA sequencing results were submitted to Gene Expression Omnibus. 
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Figure. S1. Akt Δ/Δ embryos exhibit normal morphology. (A) Bright field images of the 
body and head morphology of WT and aktΔ/Δ embryos at 48 hpf and quantification on right 
side. Black arrows demonstrate the less pigment in the embryos. (B) akt1, 2, 3a and 3b 
mRNA levels in endothelial cells at 24 hpf. Endothelial cells are isolated from Tg 
(kdrl:mcherry) using FACS. N= 8 embryos for A and 2 for B.  Data are mean+SEM, * 
p<0.05. NS=non-significant. 
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Figure. S2. aktΔ/Δ embryos express normal venous and non-vascular specification 
markers. Whole mount situ hybridization images show flt4 venous marker, mature neuron 
markers ngn1 and elavl3 and somite marker myoD in WT and aktΔ/Δ embryos at 24 hpf 
trunk. All images represent the lateral view of zebrafish embryos, head to the left. nt: 
neural tube, n: notochord, DA=dorsal aorta, PCV=posterior cardinal vein.  
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Figure. S3. Akt drives DA specification without inhibiting vegfa, flow or promoting 
cell death. (A) bright field images of whole mount in situ hybridization (WISH) showing 
vefgaa expression at 18ss and quantification. (B) WISH of flow-regulated markers (klf2, 
pdgfB, cxcr4) in WT and aktΔ/Δ embryos at 52 hpf trunk. (C) Confocal image of WT or 
aktΔ/Δ embryos at 24 hpf trunk with TUNEL assay labeling the apoptotic cells and 
quantification. All images represent the lateral view of zebrafish embryos, head to the left. 
Data from 5 embryos and are expressed as mean+SEM, *p<0.05 and NS=non-significant. 
DA=dorsal aorta, PCV=posterior cardinal vein, ISV=intersegmental vessels. 
  



PAPER 2 

 99 

Table S1. gRNA, qPCR and genotyping primers used in the paper. 
 
Primer name F/R Primer sequence (5’-3’) Assay 

Akt1 F TGCAGCGGTTAGGTGGAGGT qPCR 

 R CTTGTCCAGGTGGTGTGATG qPCR 

Akt2 F GATCCGCTTCCCTAGAAACC qPCR 

 R GGTGGAACGAGCTTCTTTTG qPCR 

Akt3a F CAAGAGACTTGGTGGAGGTC qPCR 

 R AGGAGAACTGGGGGAAGTGT qPCR 

Akt3b F CCAATAAGAGGCTCGGAGGA qPCR 

 R CTGGCTTTCTCTCGCACCAG qPCR 

actin F TTCCTCCGCTTTCTCTGCAG qPCR 

 R CCGAGCATCTCAGGGAATCC qPCR 

F-Akt1 F AGGGCCTAAAGCTGATCCAT genotyping 

 R CTGTGAGGCCACATTGCTAA genotyping 

F-Akt2 F AGGAAGGGGTAGGGGTACAA genotyping 

 R TGAGTCAAGGCACTCACCAC genotyping 

F-Akt3a F GGCCTGACGACTTAAGCAAA genotyping 

 R CACTGGATTCGCTCCTCTTC genotyping 

F-Akt3b F GGGTCAAAAACAGGCCATAA genotyping 

 R TGGGAGCGGTGATTAAATTG genotyping 

Akt1 F GGGAAGGTGATTCTGGTGA gRNA 

Akt2  F 
GGCATCCAGGCTGTGGCCAA 

gRNA 

Akt3a F GGCAGAGGCGATCCAGATGG gRNA 

Akt3b F 
GGCAGACAAGCTGGCCAAAC 

gRNA 
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5. CONCLUSION 

Understanding the molecular mechanisms underlying VEGF-mediated behaviours in ECs 

has been the central goal of this thesis. 

VEGF-VEGFR signalling has a key role in development and adult physiology, and 

alterations of this regulatory signalling have been linked to several pathologies, including 

neurodegenerative and neurovascular diseases.  

In adult vasculature, repression of VEGF signalling affects ECs survival, proliferation and 

angiogenic activity. On the contrary overexpression of VEGF signalling results in 

pathogenic outcomes primarily due to its effects on vascular permeability and neo-

angiogenesis (neovascularization) (Plate et al., 1993; Millauer et al., 1994; Ferrara & 

Adamis, 2016). 

In AD, studies showed that VEGF can interact with Aβ  peptides, however the role of 

VEGF signalling is still unclear. Furthermore, the lack of efficacy of treatments targeting 

Aβ metabolism indicates that more effort is needed to understand the interaction of these 

key proteins in physiological conditions before investigating the pathological state.  

In this thesis I investigated the role of the Aβ precursor APP in ECs homeostasis and its 

interaction with VEGF-VEGFR signalling. I found that APP is an important regulator of 

ECs homeostasis by indirectly modulating VEGF-VEGFR signalling. APP controls actin 

cytoskeleton-interacting proteins such as integrins and takes part to ECs response to 

extracellular stimuli, including VEGF. Future studies should investigate APP physiological 

regulation of VEGF signalling in in vivo models. 

During embryonic development, VEGF is one of the key players involved in 

vasculogenesis and early angiogenesis (Simons et al., 2016), and loss of VEGF signalling 

is incompatible with life (Carmeliet et al, 1996; Ferrara et al., 2006). In this thesis I 

contributed to show that loss of VEGF downstream signalling PI3K/Akt causes a defective 

artery-vein specification in vertebrate embryos via FOXO and Notch-mediated regulation. 

Importantly, the genetic loss of Akt inhibits arteriovenous segregation independently from 

VEGFA availability. This study provides novel insights into the important role of Akt 

signalling in embryonic vasculogenesis. 

Altogether, my thesis work contributed to shed light on the complex modulation of 

the VEGF signalling in embryonic development and vascular maintenance. 
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