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Abstract 

Endothelial cells create new blood vessels during vasculogenesis and 

angiogenesis, which are regulated by the binding between the vascular 

endothelial growth factors (VEGFs) with their receptors (VEGFRs). The two 

VEGFRs most important in vasculogenesis and angiogenesis are VEGFR2 

and VEGFR1. VEGFR2 has been widely studied; it forms homodimers or 

heterodimers with VEGFR1 and transduces the signal more efficiently than 

VEGFR1. However, the function of VEGFR1 alone in angiogenesis is poorly 

understood. This study sought to identify novel interactors specifically 

involved in the VEGFR1 pathway. Previous work from my lab identified the 

Rho GAP slit-ROBO GTPase Activating Protein 2 (srGAP2) as an interactor 

of VEGFR1. Therefore, my study also sought to characterise the partnership 

between VEGFR1 and srGAP2 and its common signalling pathway in 

endothelial cells through the identification of new srGAP2 binding partners.  

Despite this previous work, I was unable to find a conclusive role for srGAP2 

in VEGFR1 signalling.  Instead, I showed that srGAP2 plays a role in the 

maintenance and recovery of the endothelial barrier after the stimulation 

with three permeability factors; thrombin, TNF-α and angiotensin II. 
Depletion of srGAP2 enhances endothelial permeability and slows down the 

recovery of the endothelial monolayer after its stimulation. Moreover, a RhoA 

activation assay shows an increase in the activation of RhoA that persists 

longer over time after thrombin stimulation in srGAP2-depleted cells. These 

results are in accord with experiments in endothelial cells, in which depletion 

of srGAP2 delayed cell respreading after the thrombin-induced contraction. 

Interestingly, srGAP2 was found not to be involved in general cell spreading. 

Therefore, srGAP2 shuts down RhoA signalling after thrombin-induced 

permeability, inducing a prompt cell respreading and then, the recovery of 

the endothelial barrier. Further work will be needed to elucidate whether 

srGAP2 also regulates the RhoA family members RhoB and RhoC. 
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 Introduction 

1.1 The actin cytoskeleton 

The cytoskeleton is a network of intracellular filaments with a key role in the 

maintenance of cell shape, intracellular organization, structure, division, and 

movement. The cytoskeleton is a system present in both prokaryotes and 

eukaryotes. There are prokaryotic cytoskeletal homologues of the major 

eukaryotic cytoskeletal proteins, and it has been generally accepted that the 

eukaryotic actin filaments and microtubules have been evolved from these 

prokaryotic homologues (1–3). The eukaryotic cytoskeleton is more elaborate 

than the prokaryotic cytoskeletal due to a series of gene duplications and 

specialization and to the addition of more accessory proteins (4).  

The cytoskeleton of multicellular animals is composed of three filamentous 

polymers: microtubules, intermediate filaments and actin cytoskeleton. 

Together, they are responsible for cell shape, polarity, migration, motility and 

establishment of intercellular junctions to produce tissue architecture (5). All 

the three components share a common feature – they are formed of protein 

subunits that polymerise to create the linear filaments. They form a dynamic 

framework by a continuous assembling and disassembling in response to 

several signals (6). However, their biochemical properties and function are 

different. Microtubules extend from the centrosome throughout the cell 

creating a transport track that moves and arranges the cellular structures 

within cells. They are also involved in mitosis by controlling the mitotic 

spindles and the segregation of chromosomes (7). Intermediate filaments are 

composed of a more than 50 intermediate filament proteins that are expressed 

in a cell-type specific manner. The main role of intermediate filaments is to 

provide mechanical support against tensile forces (8). The actin cytoskeleton 

is highly dynamic and is the main force-providing machinery in the cell. As a 
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result of these features, its role is crucial for many cellular processes such as 

cell migration, cell shape, cell adhesions and cytokinesis (9,10). 

1.1.1 Actin filament structure 

Actin is highly conserved and is the most abundant protein in eukaryotic cells 

(9). In mammals, actin has six isoforms that share 93% identity: αskeletal-actin, 

αcardiac-actin, αsmooth-actin, and γsmooth-actin expressed in skeletal, cardiac, and 

smooth muscle, and βcyto-actin and γcyto-actin expressed ubiquitously (11). 

Actin is an ATPase that exists in two forms: as a monomer called “globular 
actin” or “G-actin” or as a filament called “filamentous actin” or “F-actin”. The 
actin monomer is composed of 375 amino acids and is 42kDa. The structure 

of the actin molecule consists of two domains: the “large” and the “small” 
domains.  The two domains are separated by a cleft and each can be further 

divided into two subdomains. The cleft represents the “ATPase fold”; it is the 
catalytic centre where the ATP is bound and hydrolysed into ADP plus 

phosphate. The G-actin form bound to ATP predominates over the G-actin 

form bound to ADP in cells (12,13). 

Each monomer of actin is bound to the filamentous actin with a rotation of 

166º, forming a double-stranded helical structure (14). The actin filaments 

have structural polarity since the actin monomers polymerize following an 

orientation. G-actin bound to ATP is added to the growing end of the filament 

called the “plus” or “barbed” end. Upon this addition, the ATP bound to the 
F-actin is quickly hydrolysed into ADP. This produces some conformational 

changes in the F-actin monomers that favours their dissociation from the 

filament at the “minus” or “pointed” end. Once they are disassembled, the 
ADP bound to the G-actin is exchanged for ATP and the cycle starts again 

(15) (Figure 1.1).  

  



Figure 1.1 Actin filament structure.

ATP-bound G-actin assembles at the plus or barbed end of the actin

filament. The ATP is rapidly hydrolysed into ADP and the F-actin undergoes

a conformation change. ADP-bound F-actin is unstable and dissociates from

the actin filament at the minus or pointed end. Then, the ADP of the ADP-

bound G-actin is exchanged by ATP and the ATP-bound G-actin is recruited

at the barbed end again.

Pi
Barbed end Pointed end

1 ATPADP

ATP - actin ADP-Pi - actin ADP - actin

3
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1.1.2 Actin dynamics 

1.1.2.1 Actin nucleation 

The first step in the polymerization of actin filaments is nucleation; that is 

the assembly of a stable multimer of actin monomers. This is the rate-limiting 

step in the novo filament formation due to two factors: first, actin dimer 

intermediates are very unstable; second, actin monomer-sequestering 

proteins that supress this nucleation are present in the cell (16). Cells express 

actin-nucleating proteins to catalyse this nucleation – such as the actin-

related protein 2/3 (Arp2/3) complex, formins and the tandem-monomer 

binding nucleators (TMBPs) (Figure 1.2).  

The Arp2/3 complex creates branches of actin filaments by creating new actin 

filaments from pre-existing ones. This complex is composed of seven subunits: 

two actin-related proteins, Arp2 and Arp3, along with five polypeptides, 

ARPC1-5. ARPC1-5 create a scaffold that supports Arp2 and Arp3 (17). Arp2 

and Arp3 each have a structure similar to actin and ATP also binds to them.  

The dimer they create resembles the first two subunits of the actin filament 

and so acts as a template for G-actin addition, increasing the nucleation rate 

(18,19). However, the conformation of this dimer is not suitable for elongation 

(17). The nucleation promoting factors (NPFs) induce conformational changes 

to build the two-subunits-filament-like structure needed for elongation. There 

are several NPFs and the minimal region of these proteins required to 

activate Arp2/3 is composed of two domains: a Wiskott–Aldrich Syndrome 

protein (WASP) homology 2 (WH2) domain that binds to the G-actin, and a 

central and acidic region (CA) that binds to Arp2/3 (20). 

Formins catalyse the formation of linear actin filaments. They are large 

multidomain proteins whose major feature is their conserved formin 

homology 2 (FH2) domain. The FH2 domain is usually located at the C-

terminus of the protein and typically is preceded by a FH1 domain (21). The 

FH2 domain is responsible for actin nucleation. Formation of an active FH2  
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ATP- actin

ADP-Pi- actin

ATP- actin
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Arp2/3

ADF/cofilin
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Figure 1.2 Actin dynamics.

Actin binding proteins work together to coordinate actin dynamics. Capping
protein (light orange) binds at the barbed end of actin filaments to prevent
assembly and disassembly of actin monomers. Arp2/3 (dark yellow) binds to
pre-existing filaments and mimics the intermediate actin dimer to promote
branches from them. WASP (blue) and cortactin (yellow) activate Arp2/3
complex. Furthermore, WASP recruits G-actin to polymerise the new actin
filament and cortactin binds to it to stabilise it. ADF/cofilin (dark green)
interacts with ADP-bound F-actin at the pointed end to promote its
disassembly. Profilin (dark orange) and thymosin β4 (burgundy) sequester G-
actin and deliver it at the barbed end. Ena/VASP (red) and formin (dark
blue) polymerise actin filaments at the barbed end and protect it from CP.
TMBP (pink) creates intermediate dimers to nucleate actin filaments. Fascin
(grey) binds parallel actin filaments to produce membrane protrusions such
as filopodia, and filamin (garnet) crosslinks actin filaments to produce large
networks.
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domain requires dimerization of two formins. This domain creates a circle 

shape, and the protein becomes active. It surrounds actin dimers or trimers 

and stabilizes them (22). The FH1 domain contains multiple polyproline 

tracks that serve as the binding sites for several proteins such as profilin. 

This domain recruits actin-bound profilin at the barbed end of the actin 

filament and enhances the delivery of G-actin there, promoting the elongation 

of the filament (23). Formins move along the actin filament always remaining 

at the barbed end to also protect them from the capping proteins (22). 

TMBPs create linear actin filaments. They are a group of proteins that 

contain three to four tandem WH2 domains. These proteins recruit monomers 

of G-actin by their WH2 domains to form actin dimer intermediates (24). It 

has been recently observed that the WH2 domains are not enough to create 

these actin dimers. TMBPs need other factors that induce their dimerization 

that enhances their nucleation activity (25). They bind to the pointed end of 

the actin filament, leaving the barbed end free to allow actin polymerisation. 

Although the WH2 domains are well conserved among the different TMBPs, 

the number of the WH2 domains that they contain and the length of the 

linkers that bind them vary among the different TMBPs. They also arrange 

and cluster G-actin differently to create the intermediate dimers (26). 

Furthermore, each member contains additional actin binding domains to 

provide variability in the nucleation mechanism and in the cellular function. 

Some TMBPs are the Spire proteins, Cordon-bleu (Cobl) or Leiomodin (Lmod-

2) (27). 

1.1.2.2 Actin elongation 

Once the stable multimer is formed, actin filaments elongate at a rate directly 

proportional to the concentration of G-actin monomers at the barbed end. 

Elongation of the actin filaments depends on the actin critical concentration, 

which is the concentration of G-actin monomers in equilibrium with actin 

filaments, then, at this concentration there is net growth of the filaments. G-

actin preferentially binds to the barbed end because its critical concentration 
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is less than the one at the pointed end, then less concentration of G-actin is 

required for assembly to the filament at the barbed end. When the cytosolic 

concentration of monomeric G-actin is between the critical concentration of 

the barbed and pointed ends, the concentration of G-actin favours the 

continuous addition of G-actin at the barbed end followed by a disassembly at 

the pointed end. This phenomenon is called ‘treadmilling’ (28,29) (Figure 1.1).  

Actin elongation is regulated by proteins such as profilin and β-thymosins, 

that sequester G-actin to maintain a high pool of unpolymerized actin (30) 

(Figure 1.2).   

Profilins are small proteins (between 100-131 amino acids) that bind to actin 

(31). Profilin binds to subdomains 1 and 3 of actin (32). When profilin binds 

to the ADP-bound G-actin, it produces a conformation change that opens the 

cleft where the nucleotide is bound. The ADP is then released, and replaced 

by ATP, producing the closure of the cleft (33). Profilin enhances the ADP-

ATP exchange on free G-actin by 1000-fold compared with the basal rate, and 

once it is exchanged, it protects ATP from hydrolysis. In this way, profilin 

increases the pool of ATP-bound G-actin in the cell. The profilin-ATP-actin 

complex interacts with the barbed end of the actin filament to deliver the 

ATP-bound G-actin there, which is then assembled onto the filament (34). 

When a capping protein is at the barbed end, profilin only sequesters ATP-

bound G-actin and inhibits its addition at the pointed end of the actin 

filament (35). 

β-thymosins are a family of proteins in which thymosin β4 is the most 

abundant member. Thymosin β4 consists of 43 amino acids and contains a 

LKKTET sequence that interacts with G-actin. Thymosin β4 sequesters G-

actin and prevents its addition at the barbed end of the actin filament (36). 

Thymosin β4 competes with profilin for ATP-bound G-actin, then the ATP-

bound G-actin exchanged from profilin to thymosin β4 is sequestered instead 

of being released at the barbed end (30). 
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Elongation is limited by capping proteins that bind at the barbed end and 

terminate it. Cells use actin-elongation proteins that associate with the 

barbed ends to protect them from the capping proteins such as formins and 

the Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) (37).  

Ena/VASP promotes the elongation of linear actin filaments. They are large 

multidomain proteins that contain a conserved structure: a N-terminal 

Ena/VASP homology 1 (EVH1), a central proline-rich domain and a C-

terminal EVH2 domain (38). The EVH1 domain targets the Ena/VASP 

protein to its proper localisation. The proline-rich domain binds to profilin. 

The EVH2 domain contains a WH2 domain that binds to G-actin (39). Like 

formins, they remain at the barbed ends of actin filaments to protect them 

from capping proteins, to recruit profilin and to deliver the profilin-bound 

actin there (40). 

1.1.2.3 Actin branching 

Once linear actin filaments are polymerised, new actin filaments can grow 

from them creating actin branches. The Arp2/3 complex is crucial for actin 

branching. Arp2/3 attaches to the side of the mother actin filament at an 

angle of 70º and initiates the polymerisation of the daughter filament, 

remaining at the pointed end of the new filament (41,42).  NPFs are needed 

to activate Arp2/3. There are two types of NPFs: type I such as the Wiskott–
Aldrich Syndrome protein (WASP) or WASP-family verprolin homologous 

protein 1 (WAVE1), and the type II such as cortactin or Abp1. Type I binds to 

actin monomers and type II binds to actin filaments, although they are often 

found in the same actin structures (43). Type I NPFs contain a VCA region 

that consists of three domains: a WASP-homology 2/Verprolin homology 

domain (V), a central sequence (C), and an acidic motif (A). The V domain 

binds to actin monomers and the CA motif to the Arp2/3 complex. When two 

type I NPFs dimerise, the dimer binds to Arp2/3, changes its conformation 

and recruits actin monomers, producing the nucleation of the daughter actin 

filament (44). Once the filament has been created, they detach from Arp2/3 
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and are recycled (42). Type II NPFs bind to the daughter filament and remain 

there stabilizing it (45). Cortactin has been suggested to recruit the Arp2/3 

complex to the side of the mother filaments (46) and to stimulate the release 

of type I NPFs from the Arp2/3 complex once the daughter filament has been 

polymerised (47) (Figure 1.2). The Arp2/3 complex remains attached to the 

mother and daughter filaments once the branched has been created. This 

complex has high affinity for ATP-bound actin but low for ADP-bound actin. 

When the ATP is hydrolysed, Arp2/3 dissociates from the mother and the 

daughter filament, dissociating them and producing “debranching”, and then, 
it is recycled (48,49). 

The Arp2/3 complex mostly localizes at the leading edge of the cells and 

polymerises new actin filaments towards the plasma membrane creating a 

dense actin network. This actin branching is involved in many cell processes 

such as cell migration, endocytosis, phagocytosis and adherens junctions 

assembly (50). This meshwork is able to generate the necessary force to 

protrude forward the cell membrane during cell locomotion (51). 

1.1.2.4 Actin capping and severing 

The length of actin filaments is controlled by actin capping and severing. 

Capping proteins bind at the barbed end of the actin filament and inhibit 

assembly and disassembly. Severing proteins bind to the actin filament and 

break it into shorter fragments (52). Both processes are integrated to promote 

an efficient actin treadmilling; capping proteins enhance filament stability 

and severing proteins promote actin turnover (53,54). Furthermore, capping 

enhances severing at the barbed ends. This triggers the disassembly of the 

capping proteins followed by a depolymerisation of the actin filament at the 

barbed ends (55). 

Several proteins contain barbed-end capping activity but capping protein (CP) 

is the most abundant and ubiquitous (56). CP is a heterodimer consisting of 

an α- and a β-subunit. The C-terminal regions of the subunits create tentacles 
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that interact with the barbed end of the actin filament, physically inhibiting 

the addition of G-actin (57,58) (Figure 1.2). CP enhances more frequent actin 

filament nucleation through the Arp2/3 complex, what creates new short 

actin branches instead of long actin filaments (59). Furthermore, CP 

increases the cytosolic G-actin pool by inhibiting their binding to the capped 

ends, then these G-actin monomers assemble in the uncapped ends of growing 

filaments. This effect is called “funneling” (60,61). 

Severing proteins promote depolymerization of actin filaments and enhance 

the reorganization of actin cytoskeleton. The two best-studied severing 

proteins are gelsolin and the actin depolymerizing factor (ADF)/cofilin (62) 

(Figure 1.2). Gelsolin contains six repeats of a similar domain. It is activated 

by calcium and severs actin filaments by inserting one of its domains between 

two actin subunits and then destabilising them (63). It can also bind to G-

actin monomers, nucleating actin filaments and capping their pointed end 

(64). ADF/cofilin is a family of small proteins composed of three isoforms that 

share 70% identity (65). ADF/cofilin preferentially interacts with the ADP-

bound F-actin at the pointed ends. When it binds to the filament, it induces a 

twist in the actin filament between two actin subunits. As more ADP/cofilin 

binds to the actin filament, the twist propagates along the filament. Actin 

subunits bound to ADP/cofilin are stabilised by interstrand interactions 

between them, then the severing occurs between the cofilin-bound and the 

cofilin-free filament, that is most at the pointed end and is the one released 

(66). These cofilin-severed actin filaments then recruit the cyclase-associated-

protein (CAP) at their pointed ends. CAP destabilises the two last actin 

monomers disassembling them. Cofilin dissociates from the G-actin, however 

CAP remains bound to catalyse the ADP-ATP nucleotide exchange. The ATP-

bound G-actin is then released and recycled (67). These severing proteins then 

recycle G-actin and increase its cytosolic pool, promoting the actin 

treadmilling and the formation of new actin filaments. 
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1.1.2.5 Actin bundling and crosslinking 

Actin filaments bundle and crosslink to generate strong and elastic filament 

networks that create actin structures such as lamellipodia, filopodia or stress 

fibres, depending on the type of the actin-bundling or crosslinking proteins. 

These actin structures are involved in the formation of membrane 

protrusions, cell migration or cell adhesion (68). Actin bundling aligns 

parallel or antiparallel actin filaments into linear arrays, while actin 

crosslinking arranges perpendicular filaments into orthogonal arrays. This is 

led by actin binding proteins (ABPs) such as fascin and filamin (54) (Figure 

1.2).  

Fascin is the main actin bundling protein in filopodia. It contains two 

conserved actin-binding sites through which it binds to the two actin 

filaments. The compact structure allows a closely disposition of the bundled 

actin filaments (69). Fascin works together with fimbrin. Fimbrin is involved 

in the early stages of the bundling and fascin gives the rigid and straight 

structure (70). 

Filamin is an actin crosslinking protein composed of an actin-binding domain 

(ABD) followed by 24 immunoglobulin (Ig)-like domains which mediate 

homodimerization, positioning the ABDs at the edges of the dimer. The C-

terminal Ig-like domains also mediate the interaction with other proteins 

such as membrane receptors (71). Filamins have a flexible structure that 

allow them to adopt a variety of conformations while remaining dimeric and 

bound to F-actin, then they can create the perpendicular actin network. 

Furthermore, the interaction of the C-terminal Ig-like domains with 

membrane receptors serves as a link between focal adhesions and the actin 

cytoskeleton (72). 
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1.1.3 Actin structures 

Actin filaments link each other to create a highly branched network that 

forms dynamic structures such as lamellipodia, filopodia or stress fibres (73) 

(Figure 1.3). 

1.1.3.1 Lamellipodia 

Lamellipodia are the major mechanism of cell motility. They are composed of 

a branched network of actin filaments linked by crosslinked proteins such as 

filamin and polarised toward the cell membrane located at the leading edge 

of spreading or migrating cells. This creates the force required to push the 

cell forward (74). In mammalian cells, when signalling proteins such as 

growth factors or chemokines interact with membrane receptors, they 

stimulate signalling cascades resulting in the activation of NPFs such as 

WASP or WAVE. These then activate the Arp2/3 complex to initiate the 

polymerisation of a daughter filament from a mother filament. The barbed 

end can contain Ena/VASP proteins that enhance the filament extension or 

CPs that finish its polymerisation to produce small and stable branches. 

ADF/cofilin produces actin depolymerisation at the pointed end to enhance G-

actin recycling, which is used in the polymerisation of new filaments. This 

actin network must be stabilised by crosslinking proteins such as filamin for 

an efficient force transmission to the leading edge (75,76). Farther away from 

the leading edge, actin filaments are longer and arranged in bundles or arcs 

that create a cross-linked gel called the lamella (77). 

Once the lamellipodia are formed, the cycle continues with the generation of 

cell-extracellular matrix (ECM) adhesions, called focal adhesions (FAs), and 

an actomyosin contraction of the cell body, finishing with the release of the 

cell-ECM adhesions at the rear edge of the cells (78,79). The stiffness of the 

substrate plays a role in the creation of FAs and contraction forces. Cells 

growing in rigid substrates produce larger and more elongated and stable FAs 

than cells growing in soft substrates, which form transient adhesions (80,81).  
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Figure 1.3 Actin structures.

Actin filaments bind each other to form highly branched structures.
Branched actin networks at the leading edge of cell called lamellipodia
create the forces required for cell propulsion (yellow). The parallel actin
bundles that protrude from the lamellipodia and that act as cell antennae
are called filopodia (pink). The actin bundles throughout the cell are called
stress fibres (green). They contain non-muscle myosin, and therefore drive
cell contractility. They are divided in ventral stress fibres, dorsal stress
fibres, transverse arcs and perinuclear cap depending on their location,
function and morphology. Adapted from (73).
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Furthermore, cells exert higher contraction forces and create stress fibres on 

stiffer substrates (82,83). Some types of cells such as T cells or neutrophils do 

not produce focal adhesions and actin stress fibres and produce highly 

transient adhesions associated with low contractile forces (84,85).  

During lamellipodia formation, the newly formed protrusion must create FAs 

with the ECM to avoid the retraction toward the cell body. The first step is 

the aggregation of integrins at the leading edge to create small focal contacts 

(FCs). Small GTPases are then activated and these recruit cytoskeletal and 

FC proteins that together form the stable FAs. FCs seem to be crucial for cell 

motility since they act as anchors that transmit the propulsive forces, while 

FAs are thought to inhibit cell migration since they create stable adhesion in 

the lamella (86,87). Lamellipodia that fail to create firm adhesions detach 

from the ECM and retract toward the lamella (Figure 1.4). During this 

retraction dynamic structures such as membrane ruffles are formed. These 

ruffles protrude at the cell membrane and act as compartment of actin 

reorganization (88). 

The protrusion-retraction cycle is mediated by contractile forces driven by 

interactions between actin cytoskeleton and myosin II. These actomyosin 

forces are required for FA assembly at the leading edge and disassembly at 

the rear edge (89). Furthermore, the actomyosin contraction leads the 

periodic lamellipodium retractions by the retrograde flow of actin filaments 

(90,91) (Figure 1.4). Therefore, actomyosin forces and focal adhesions work 

together to drive the forward movement of lamellipodia and the contraction 

at the rear edge. 

1.1.3.2 Filopodia 

Filopodia commonly protrude from the lamellipodia and act as antennae to 

probe the environment surrounding the cell by using receptors. They are 

composed of parallel bundles of unbranched actin filaments linked by 

bundling proteins such as fascin and oriented toward the leading edge of  
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Figure 1.4 Lamellipodium assembly.

Cells are attached to the substratum by FAs. When the new lamellipodium

at the leading edge is created, it forms a new small FC with the ECM to

avoid cell retraction. The newly formed FC transmits the propulsive forces

throughout the cell and then it maturates in a stable FA. Finally, the body

moves forward and the rear edge contracts toward the leading edge

detaching from the ECM.
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spreading or migrating cells (92,93). The shortest filopodia that do not 

protrude beyond the cell membrane are called “microspikes”. Filopodia are 
present in cells that explore their environment and that make contacts with 

the substratum such as nerve growth cones or endothelial cells. These cells 

protrude filopodia towards the direction of chemotactic signals. The formation 

of filopodia has been proposed to occur via two models; the convergent 

elongation model and the tip nucleation model. In the convergent model, the 

first step is the activation of WASP by the small GTPase Cdc42. WASP then 

activates the Arp2/3 complex and nucleates new filaments from pre-existing 

ones at the lamellipodium. The uncapped barbed ends of the new filaments 

bundle and converge at the membrane at the base of the future filopodium. 

They then parallelly elongate into the filopodium through elongation factors 

such as Ena/VASP or formins and they are stabilised and linked by fascins. 

Once the filopodium has been formed, the Arp2/3 complex dissociates leaving 

free pointed ends (Figure 1.5.A). In the tip nucleation model, the filopodium 

is not associated to the lamellipodium, filopodia grow de novo at the 

membrane. In this model, formins are clustered on the membrane, they are 

activated by proteins such as the GTPases Cdc42 or RhoF and then they start 

to polymerise a bunch of new actin filament that protrude from the 

membrane. The elongating filaments are then bundled by fascin to stabilise 

the filopodium (92,94–96) (Figure 1.5.B). 

Filopodia are dynamic structures. Once formed they can expand and retract, 

rotate, move laterally, create diverse forms and pull or push. They expand 

and retract depending on the balance between actin polymerization at the tip 

of the filopodium and its retrograde flow. The lateral movements of filopodia 

can be explained by forces generated in the lamellipodia that push the actin 

filaments forming the filopodia. Filopodia firstly attach to the ECM, cells, or 

pathogens and then, it generates these actin dynamics that exert pulling or 

pushing forces to the bound substratum (97,98). 
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Figure 1.5 Filopodium formation.

Filopodia formation is driven by two models; the convergent elongation
model (A.) and the tip nucleation model (B.). A. In the convergent elongation
model, the Arp2/3 complex is activated and nucleates new filaments from the
ones at the lamellipodium. The barbed ends bundle and converge in the
membrane. Then, they parallelly elongate into the filopodium through
elongation factors and they are stabilised by fascins. Once formed, the
Arp2/3 complex is released leaving free pointed ends. Finally, the filopodium
retracts due to actin dissociation at the barbed end. B. In the tip nucleation
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model, formins are clustered at the membrane and start to polymerise a
bunch of actin filaments that protrude from the membrane. Then, they
elongate through elongation factors and are stabilised by fascins. Finally, the
filopodium retracts because of actin depolymerisation at the barbed end.
Adapted from (93) and (95).
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1.1.3.3 Stress fibres 

Stress fibres are contractile structures formed by ~10-30 actin filaments with 

alternating polarity that are linked together via α-actinin loci. They also often 

contain bundles of non-muscle myosin alternating with the α-actinin loci that 

enable their contractility (99,100). Stress fibres are often connected to FAs, 

and this together with the presence of myosin allows them to maintain 

cellular tension and to respond to extracellular forces such as mechanical 

stress. Therefore, they have a crucial role in mechanotransduction and 

mechanosensing (101). Furthermore, the contraction of stress fibres also 

produces the retraction of the rear edge of the cell during locomotion (102).   

Four types of stress fibres have been identified in mammalian cells in vitro: 

ventral stress fibres, dorsal stress fibres, transverse arcs and the perinuclear 

actin cap (Figure 1.3). By contrast, the presence and roles of stress fibres in 

vivo remain unclear. The presence of stress fibres in cultured cells depends 

on the cell type; for example, the cytoskeleton of haematopoietic cells is 

unable to develop stress fibres (103). Each type of stress fibre varies in their 

location, function and morphology (104). Ventral stress fibres are the most 

common of stress fibres and are located at the basal surface of cells. They are 

attached to FAs at both ends of the actin bundle and extend from the FAs at 

the leading edge to the FAs behind or near the nucleus. Therefore, their 

contraction is crucial for the retraction of the rear edge and for cell shape 

changes during the cell motility of fibroblasts, mesenchymal stromal cells, 

some cancer cell lines, epithelial or endothelial cells (105,106). Dorsal stress 

fibres are the major sender of the contractile forces to the substrate. They 

only attach to the FAs at the ventral end and extend from this adhesion to 

the cell centre before the nucleus. They do not contract since they do not 

contain myosin, therefore, it has been thought to serve as a precursor of 

ventral stress fibres. They have been identified in epithelial cells, 

mesenchymal stromal cells, fibroblasts and some cancer cells lines (106,107). 

Transverse arcs are curved bundles of actin filaments containing myosin that 

extend behind the lamella parallel to the leading edge. Transverse arcs are 
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not linked to FAs. They are involved in the retrograde flow of actin from the 

leading edge to the cell centre. They have also been thought to be a precursor 

of ventral stress fibres. Transverse arcs have been found in some cancer cell 

lines, epithelial and endothelial cells, fibroblast or mesenchymal stromal cells 

(108,109). The perinuclear actin cap is specific to elongated and polarized cells 

such as fibroblast or endothelial and epithelial cells. It extends from the 

leading to the rear edge above the nucleus. The bundle of actin filaments is 

attached at three points; both ends to FAs, and the central part to the nuclear 

lamina. They contain myosins, therefore, they are contractile, and indeed, 

they are more dynamic than ventral stress fibres. They have a role in the 

mechanotransduction of signals and in the movement of the nucleus and the 

maintenance of its shape during cell migration (110–112). It has been 

suggested that dorsal fibres, transverse arcs and perinuclear actin cap work 

together as transmitters of mechanical signals between the FAs and the 

nuclear envelope that control the nuclear reorientation in polarizing cells 

(106). 

1.2 Rho GTPases 

Guanine-nucleotide binding proteins, also called “G proteins”, are a family of 
proteins that act as molecular switches in response to external signals that 

are transmitted to the interior of the cell. They are active when they are 

bound to GTP, then, they hydrolyse it into GDP and they become inactive 

(113). These proteins have a crucial role in signal transduction, but they are 

also involved in intracellular trafficking, cell growth, cytoskeletal dynamics 

and protein synthesis. There are two types of G proteins; heterotrimeric G 

proteins and monomeric G proteins, also called “small GTPases” (114). The 

heterotrimeric G proteins are composed of three subunits: α, β and γ. These 
proteins are anchored to the membrane by the α subunit and activated by G 

protein-coupled receptors (GPCRs). On activation, the GDP bound to the α 

subunit is exchanged for GTP and the subunits dissociate; on the one hand 

the α subunit, and on the other hand the subunits β and γ as a complex. Once 
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these subunits have activated their effectors, the GTP of the α subunit is 

hydrolysed and they reassemble, inactivating the complex (115,116). By 

contrast, small GTPases are, in general, small (~20-25kDa) and monomeric 

and they are not directly activated by receptors (117). Like the Gα subunit, 
these proteins are also hydrolases that are active and bind to their effectors 

when they are bound to GTP. They then hydrolyse it into GDP and they 

become inactive. Next, the GDP is exchanged by GTP and the small GTPases 

are active again (118) (Figure 1.6).  

Small GTPases form the Rat sarcoma (Ras) superfamily. In humans, Ras 

superfamily contains over 150 proteins that are divided into families based 

on their structure and function. The five main families are: Ras, Ras-like 

nuclear (Ran), Ras-like in brain (Rab), ADP-ribosylation factor (Arf) and Ras 

homology (Rho) (119). These subfamilies have different functions but they 

share the same structure. Members of the Ras superfamily are involved in 

cell proliferation, differentiation, intracellular trafficking, cytoskeletal 

dynamics, regulation of nuclear structure, cellular adhesion or nuclear 

transport (120).  

The family of Rho GTPases contains over 20 proteins, and the three best 

known are Ras homolog family member A (RhoA), Ras-related C3 botulinum 

toxin substrate 1 (Rac1) and Cell division control protein 42 (Cdc42). Rho 

GTPases have a key role in the regulation of cytoskeleton dynamics; 

therefore, they are involved in migration, cellular trafficking and polarity 

(121). All of them share a common structure; this is a conserved core G 

domain followed by a C-terminal hypervariable region (HVR) (122). The C-

terminal extension acts as a membrane-targeting sequence. It undergoes lipid 

post-translational modifications that control membrane localisation. 

Depending on the lipid modification, Rho GTPases are targeted to specific 

subcellular compartments (123). The G domain is responsible for the effector 

interactions, nucleotide binding and GTP hydrolysis. It contains five 

conserved GTP/GDP binding motifs, also called “G boxes”, two switch regions 

(I and II) and the Rho insert region (Figure 1.7). The G1-G5 boxes are involved  
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Figure 1.6 Rho GTPase cycle.

Rho GTPases cycle between a GTP-bound on state and a GDP-bound off
state. Guanine nucleotide exchange factors (GEFs) exchange the GDP of the
inactive Rho GTPases into GTP, activating them. Once activated, Rho
GTPases activate their effectors. Then, GTPase activating proteins (GAPs)
catalyse the hydrolysis of their GTP into GDP, inactivating them. Nucleotide
dissociation factors (GDIs) bind to the inactive GDP-bound Rho GTPases
sequestering them into the cytosol, and then, inhibiting their activity.
Adapted from (121).
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Figure 1.7 Domain structure of Rho GTPase proteins.

Rho GTPases contain the G domain (green) consisting of five conserved G
boxes (orange), the two switch regions (pink) and the Rho insert (purple),
and the hypervariable region (blue). Adapted from (125).
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in binding GTP, phosphate and magnesium, while the switch regions undergo 

conformational changes upon GTP-GDP cycle that control the binding to the 

regulatory proteins and effectors. The Rho insert region plays a role in 

binding and activation. The G1 motif, also called “P-loop”, recognizes the β-

phosphate of the nucleotide, important for its binding (124,125).  

1.2.1 Regulation of Rho GTPases 

Rho GTPases cycle between an active GTP-bound form and an inactive GDP-

bound form. There are three main regulators of this process: guanine 

nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs) and 

GDP dissociation inhibitors (GDIs). Rho GTPases are inactive when they are 

bound to GDP. GEFs exchange their GDP to GTP activating them. Once they 

are active, they activate their effectors. Next, GAPs catalyse the hydrolysis of 

GTP into GDP inactivating the Rho GTPase. Rho GTPases undergo 

posttranslational lipid modifications in their C-terminal region which 

determine their localisation at the cell membranes. Some of these lipid 

modifications are palmitoylation, farnesylation and geranylgeranylation 

(126). GDIs can bind to the farnesyl and geranylgeranyl group of Rho 

GTPases when they are anchored at the cell membrane inducing their 

internalisation into the cytosol. GDIs preferentially bind to Rho GTPases in 

their GDP-bound form, therefore, they are sequestered in their inactive state 

(127–130) (Figure 1.6). 

1.2.1.1 Guanine nucleotide exchange factors (GEFs) 

Activation of Rho GTPases requires the exchange of GDP for GTP. In most 

Rho GTPases, this process has an intrinsically slow dissociation rate, 

therefore, cells rely on GEFs to accelerate this exchange (127). Other Rho 

GTPases such as RhoU, and possibly RhoV, have a high intrinsic exchange 

rate and they are predominantly in their GTP-bound state (131).  
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Rho GTPase GEFs are divided into two families depending on their structure: 

the classical diffuse B-cell lymphoma (Dbl)-homology (DH) family and the 

dedicator of cytokinesis proteins (Dock) family (132). The Dbl GEF family 

contains about 69 members. These proteins contain two main functional 

domains: one DH domain that produces the GEF activity and an adjacent C-

terminal pleckstrin-homology domain (PH) that binds to other proteins and 

phospholipids, targeting the GEF localisation mainly to the membrane (133). 

Dbl proteins also contain other non-conserved domains involved in 

autoregulation, localisation and transmission of upstream signals (134). The 

Dock GEF family contains around 11 members (133). They lack the DH-PH 

structure and instead contain a Dock homology region (DHR)1-DHR2 module 

that acts similarly to the DH-PH. The DHR2 domain produces the GEF 

activity, while the DHR1 mediates the binding to other proteins and 

phospholipids, targeting the GEF to the membrane. These proteins 

specifically activate a small range of Rho GTPases including Rac1, Rac2, Rac3 

or Cdc42, while the Dbl family members have a large range of specificities 

(135–137).  

In the Rho GTPases, the P-loop together with the two switch regions create a 

closed structure in which the GTP remains at the centre due to the interaction 

of the β and γ-phosphate of the GTP with the P-loop and the γ-phosphate with 

both switch domains (138,139). The β- and γ-phosphates of the GTP also 

interact with an ion of Mg2+, which also interacts with the switch I region, to 

stabilise the binding of the nucleotide at the nucleotide-binding site (140). The 

release of the γ-phosphate after GTP hydrolysis disrupts its interactions with 

the switch domains, and the GTPase acquires a relaxed conformation. The 

GEFs then bind to the switch regions, creating a stable GEF-GTPase complex 

and producing conformational changes on these regions. During these 

conformational changes, the Mg2+ bound to the β-phosphate is displaced, 

disrupting its interaction with the nucleotide. Some GEFs insert an acidic 

residue into the nucleotide binding site to remove the GDP by electrostatic 

repulsion and others introduce a hydrophobic residue to reduce the binding 
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affinity of the Rho GTPase for the GDP. Finally, a new GTP enters and binds 

to the GTPase since its concentration is higher in the cell, creating the 

interactions with the P-loop and the switch domains and then, completing the 

exchange reaction (122,127,141–143) (Figure 1.8). 

The regulation of GEFs is crucial to ensure that Rho GTPases are activated 

in a proper spatiotemporal manner. Many GEFs contain a domain that 

autoinhibits the proteins; therefore, its removal constitutively activates the 

GEF (144). This is the case of Vav when its C-terminal region is removed (145) 

or Dbl when its N-terminal region is deleted (146). Other GEFs can be 

activated by protein-protein interactions such as Dbl, that is also activated 

by binding of the α13 subunit from the heterotrimeric G protein G13 (147). The 

subcellular localisation of GEFs also affects to their activity, for example, Dbl 

localises to actin stress fibres in a PH-dependent manner and the deletion of 

the PH domain changes its location and inhibits its activity (148). The activity 

of GEFs can be also affected by post-translational modifications (149). This is 

the case for Vav, which is activated by Tyr phosphorylation (150). There are 

proteins that bind to GEFs and inhibit them, such as SOCS-1, that binds to 

Vav and enhances its ubiquitination and degradation (151).  

1.2.1.2 GTPase activating proteins (GAPs) 

The GTP hydrolysis of Rho GTPases is slow and is not suitable for the most 

cellular processes, which require a fast inactivation. Therefore, cells use 

GAPs to increase the hydrolysis rate (127).  

There are around 80 Rho GAPs in humans and all of them contain a conserved 

GAP domain, which consists of a sequence of 150 amino acids that shares at 

least 20% of identity with other GAPs (152). This GAP domain is enough to 

bind to the switch domains and the P-loop of the GTP-bound Rho GTPase and 

to catalyse the hydrolysis. The GAP domain contains a highly conserved 

arginine residue called “arginine finger” that inserts into the catalytic site 

and stabilises a conserved glutamine of the Rho GTPase responsible of  
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Nucleotide exchangeGDP-bound state
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Figure 1.8 Regulation of Rho GTPases by GEFs and GAPs.

GDP (yellow) is bound to the P-loop of the Rho GTPase (purple). Then, GEF
(green) binds to the switch domains of the Rho GTPase (blue) producing
conformation changes (grey arrows) in the switch domains that induce the
release of GDP (orange arrows). GTP binds instead since it is more abundant
in cells. Then, GAP (green) binds to the switch domains and reorientates the
GTP, enhancing the nucleophilic attack to its γ-phosphate hydrolysing it into
GDP. Adapted from (128).



   
   
 

28 
 

positioning correctly the water molecule required for hydrolysis. Stabilisation 

of the glutamine limits the movement of the water molecule and places it into 

the active site (153–156). Furthermore, the positive charges of the arginine 

interact with negative charges of the γ-phosphate stabilising it in the active 

site (143). The Mg2+ located at the active site that interacts with the γ-

phosphate of the GTP is reoriented and positions the γ-phosphate optimally 

for the hydrolytic attack (140). Finally, the water molecule produces a 

nucleophilic attack on the γ-phosphate of the GTP releasing it (157) (Figure 

1.8). 

The abundance of Rho GAPs suggests that each GAP has a specific role in the 

regulation of the activity and the function of individual Rho GTPases. 

Therefore, they need to be tightly regulated in a spatiotemporal fashion. 

GAPs contain other domains that target their location (149). For example, 

srGAP2 contains a F-BAR domain that targets it to the plasma membrane 

(158). Some post-translational modifications affect the GAP activity such as 

phosphorylation and ubiquitination. For example, phosphorylation of DLC1 

promotes its full activation (159), while its ubiquitination promotes its 

degradation (160).  GAPs can also be regulated by lipid bindings, for example, 

chimaerins can be activated when phosphatidylserine or phosphatidic acid 

bind to them and can be inactivated when lysophosphatidic acid, 

phosphatidyl-inositol lipids or arachidonic acid bind instead (161). Some 

GAPs can be inactivated by binding to other proteins such as CdGAP that 

binds to intersectin inhibiting its GAP activity (162). 

GEFs and GAPs can create a complex to regulate optimal levels of Rho 

GTPase signalling. These complexes can act on the same Rho GTPases or on 

different ones, antagonising their activity. But GEF-GAP complexes do not 

always antagonise each other’s function: they can act in different agonist 

proteins that work on the same pathway. Finally, there are some proteins 

that contain both GEF and GAP domains that can activate a Rho GTPase 

through its GEF domain meanwhile is inactivating another one through its 

GAP domain (149). 
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There are some Rho GTPases that do not cycle between GDP and GTP and 

that are not regulated by GEFs and GAPs. These include the Rnd subfamily 

(163). Rnd subfamily members differ in their structure with other Rho 

GTPases. Furthermore, three crucial residues for the intrinsic GTPase 

activity are also different, leading to a low or no intrinsic GTPase activity. 

Therefore, these proteins are constitutively active and are not regulated by 

GEFs and GAPs (164). They are then regulated at the transcriptional and 

post-translational level (165). 

1.2.1.3 GDP dissociation inhibitors (GDIs) 

There are three Rho GDIs in mammals: RhoGDI1, RhoGDI2 and RhoGDI3. 

RhoGDI1 is the most abundant and studied. It is ubiquitously localised and 

interacts with a wide range of Rho GTPases. RhoGDI2 is mainly expressed in 

haematopoietic cells. Its affinity for Rho GTPases is lower than RhoGDI1. 

RhoGDI3 contains a N-terminal extension that targets it to cellular 

membranous compartments such as the Golgi. It is expressed at low levels 

and interacts with few Rho GTPases (166). 

GDIs act on GDP-bound Rho GTPases through a two-steps mechanism. First, 

the N-terminal region of Rho GDIs binds to the switch domains of the Rho 

GTPases and limits their conformational changes, required for the nucleotide 

exchange (167). Furthermore, it also inhibits the displacement of the Mg2+, 

stabilising its interactions with the nucleotide and the Rho GTPase. Second, 

these conformation changes lead to the isoprenyl group at the C-terminal 

region of the Rho GTPases, required for their linking to the plasma 

membrane(168,169)(156,157), to swap from the membrane to a hydrophobic 

pocket at the C-terminal region of the GDI (168–171). This hydrophobic 

pocket protects the isoprenyl group from water. If this did not occur, this 

exposure would disrupt the proper folding of Rho GTPases and would lead to 

proteasome-dependent degradation (172). Therefore, GDIs also stabilise and 

maintain the free cytosolic GTPase pool in the cell. GDIs can also bind to GTP-

bound Rho GTPases, although their affinity is much lower. GDI interacts 
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with the GAP-GTPase complex and inhibits the GAP-promoted hydrolysis 

(173,174).  

The regulation of the binding of GDIs with Rho GTPases must be tightly 

controlled since there are only three GDI isoforms. Dissociation of Rho 

GTPases from GDIs has to be followed by their association with membranes 

(172). GDI-GTPase complexes can be disrupted by acidic lipids, which 

enhances the GTPase binding to GEFs and the exchange of GDP into GTP, 

activating them (175). This is the case of the Rac1-RhoGDI1 complex: lipid 

rafts recruit it into integrin clusters at the membranes and then liposomes 

dissociate the complex (176). The GDI-GTPase complex can be also 

dissociated by other protein interactions such as ezrin, radixin, and moesin 

(ERM) proteins (177). Post-translational modifications are also involved in 

this disruption, for example, phosphorylation of RhoGDI1 in Ser101 reduces 

its affinity for Rac1 (178), while phosphorylation in Ser34 reduces it for RhoA 

(179). 

1.2.2 RhoA 

RhoA shares more than 88% amino acid identity with its homologous family 

members RhoB and RhoC (Figure 1.9). In contrast to RhoA and RhoC, RhoB 

is not present in all vertebrates analysed to date and its C-terminal region is 

also subject to palmitoylation as well as geranylation, conferring it a 

localisation into endosomes as well as at the plasma membrane (180–182). 

RhoA and the two highly related proteins, RhoB and RhoC are the main 

regulator of stress fibres (183). They interact with downstream effectors to 

produce several cellular functions such as regulation of cytoskeleton, 

transcription, cell transformation and cell cycle progression (184). The two 

Rho-associated coiled-coil kinases (ROCKs) 1/2 are the best characterised 

effectors of RhoA, RhoB and RhoC (185,186). ROCK proteins are 

serine/threonine kinases that share overall 65% of identity (187). Both 

ROCKs contain a N-terminal kinase domain followed by a Rho-binding  



Figure 1.9 Rho GTPase family tree.

Phylogenetic tree based on alignment of the amino-acid sequences of the 20
Rho GTPase proteins. Adapted from (182).
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domain (RBD) (188), which interacts with the switch regions of active Rho 

GTPases (189), and a C-terminus that targets ROCK to the membranes and 

binds to the N-terminus autoinhibiting it (190). The ROCK substrate most 

studied is the myosin phosphatase target subunit 1 (MYPT1), a regulatory 

subunit of the myosin light chain phosphatase (MLCP), which binds to the 

myosin light chain (MLC) and dephosphorylates it, inhibiting its actomyosin 

contraction (191,192). Rho/ROCK then phosphorylates MYPT1, which 

decreases the activity of MLCP and leads its dissociation from myosin, 

enhancing actomyosin contraction (193). Other important ROCK substrates 

are the LIM-kinases (LIMK) 1/2, which phosphorylate cofilin inhibiting it 

(194) (Figure 1.10). Therefore, Rho/ROCK activates LIMK to inhibit actin 

depolymerization and actin-severing through cofilin inhibition, increasing 

and stabilising actin filaments (195). Rho/ROCK pathways are then involved 

in several cellular functions such as the formation and contraction of stress 

fibres during cell migration (196), the contraction of endothelial cells during 

vascular permeability (197) and the formation and contraction of the 

contractile ring during cell division (198). 

Another important RhoA and RhoC effector is the formin mDia1. mDia1 

forms autoinhibited dimers that are activated by RhoA and RhoC (199,200). 

mDia1 is involved in the formation of stress fibres and their connection to FAs 

(201) (Figure 1.10). mDia1 is also a downstream effector of RhoB. RhoB 

regulates endosomal trafficking through mDia1 and mDia2 by polymerising 

an actin coat around endosomes inducing their association to subcortical actin 

fibres (202,203).  

RhoA/mDia1 pathway is also involved in the maturation and maintenance of 

the cell-cell junctions adherens junctions (AJs) (204), contrary to the 

RhoA/ROCK pathway, which drives to the actomyosin contraction required 

for AJ disassembly (205). mDia1 can interact with microtubules at their plus 

ends stabilising them (206). Due to its roles in actin polymerisation and 

stabilisation of microtubules, mDia1 is important for cell migration. 
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Figure 1.10 Rho GTPase signalling.

Rho GTPases signal in different pathways. RhoA activates mDia1, which

polymerises actin filaments and assembles AJs. RhoA also activates ROCK,

which in turn activates LIMK, which inhibits ADF/cofilin; inhibits MLCP,

which inhibits actomyosin contraction; and disassembles AJs. Therefore,

ROCK stabilises actin filaments and enhances actomyosin contraction. Rac1

activates WAVE, which in turn activates the Arp2/3 complex and enhances

AJs assembly. Rac1 also activates PAK1, 2 and 3. PAK inhibits MLCK, which

enhances actomyosin contraction; and activates LIMK, which inhibits

ADF/cofilin. Therefore, PAK inhibits actomyosin contraction and stabilises

actin filaments. Cdc42 activates N-WASP, which activates the Arp2/3

complex. Cdc42 also activates formins, which polymerise actin filaments. It

also activates the Par3/Par6/aPKC complex, which enhances AJ assembly.

Cdc42 also activates PAK1, 2 and 3, acting like Rac1.
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1.2.3 Rac1 

Rac1 is the major regulator of lamellipodium dynamics. It activates several 

downstream effectors to perform these actin rearrangements. Activated Rac1 

binds to its effector insulin receptor tyrosine kinase substrate p53 (IRSp53), 

which induces the binding between Rac1 and WAVE proteins (207). Rac1 

activates WAVE, which activates the Arp2/3 complex, enhancing the actin 

branching at the lamellipodia (208,209). Beside cell migration, the 

Rac1/WAVE pathway is also involved in the generation and maintenance of 

cell-cell junctions such as AJs and tight junctions (TJs), inhibiting cell 

migration (210) (Figure 1.10). Rac1 activity is different in these cell-cell 

junction cell areas, it is higher at AJs (more basal) than at TJs (more apical). 

Moreover, Rac1 activity is higher at the leading edge than at the rear edge. 

These differences involve Rac1 in the establishment of the apical-basal and 

front-rear polarity of the cell (211,212). 

Rac1 has other important effectors, the p21-activated kinases (PAKs) 1, 2 and 

3 (213). PAKs are serine/threonine kinases composed of a N-terminal region, 

which binds to Rac1 and Cdc42 via their Cdc42- and Rac-interactive binding 

(CRIB) domain, and a C-terminal kinase domain (214). PAK phosphorylates 

and activates LIMK that inhibits cofilin (215). PAKs can also phosphorylate 

the myosin light chain kinase (MLCK) inhibiting it. Therefore, MLC is not 

phosphorylated and the actomyosin contraction is not produced (216) (Figure 

1.10). Due to these mechanisms, the Rac1/PAK pathway promotes the 

stabilisation of actin filaments at the lamellipodia (75,215). Rac1/PAK 

pathway also controls the formation and maintenance of FAs that bind the 

new created cell protrusions to the ECM, creating the necessary forces for cell 

migration (217). Rac1 also helps to the FA dynamics through the 

phosphorylation of myosin II in a protein kinase C (PKC)-dependent manner 

(218). Rac1 also promotes microtubule growth and turnover through PAK. 

Additionally, the growth of microtubules activates Rac1, which induces 

lamellipodial protrusions at the leading edge. Therefore, there is a crosstalk 
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between actin cytoskeleton and microtubules involved in the regulation of cell 

migration (219,220). 

1.2.4 Cdc42 

Cdc42 is the main regulator of filopodia (221). Cdc42 is involved in both 

filopodium formation models (95). In the convergent elongation model, Cdc42 

activates neural (N)-WASP, which in turn activates the Arp2/3 complex, 

polymerizing new actin filaments (222,223). In the tip nucleation model, 

Cdc42 activates the clusters of the formin mDia2 located at the cell 

membrane, nucleating actin filaments (224–226) (Figure 1.10). 

In addition to acting as an antenna in migrating cells, filopodia also produce 

cell-cell contacts involved in cell polarity. E-cadherin complexes of AJs cluster 

at the filopodium tip contacts (227), recruiting and activating Cdc42 there via 

phosphoinositide 3-kinase (PI3K) (228). The ternary complex composed of 

partitioning-defective protein (Par) 6, Par3 and atypical PKC (aPKC) is also 

recruited at the filopodium tips (229). Cdc42 binds to Par6 and enhances the 

activity of aPKC (230) leading to the maturation of AJs and TJs (231) and 

establishing the apical-basal polarity (229) (Figure 1.8). The Cdc42/Par/PKC 

pathway also regulates the front-rear polarity in migrating cells. In this case, 

integrins at the leading edge activate Cdc42, which in turn activates PKC. 

PKC reorganises the cellular components via the microtubule-related 

proteins dynein and adenomatous polyposis coli protein (232,233). 

PAKs are other effectors of Cdc42. Cdc42/PAK pathway phosphorylates 

MLCK inactivating it, and then, inhibiting actomyosin contraction (216). 

Cdc42/PAK pathway also phosphorylates LIMK, that leads to the inactivation 

of cofilin (215) (Figure 1.10). Therefore, Cdc42 also contributes to the 

stabilisation of actin filaments. 
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1.3 srGAP2 

The Slit-Robo GTPase-activating proteins (srGAPs) are GAP proteins of Rho 

GTPases. srGAPs contain three domains and a functional C-terminal 

extension; an N-terminal Fes-Cip4 Homology (FCH)-BAR (F-BAR) domain, a 

central RhoGAP, the C-terminal Src homology 3 (SH3) domain and a C-

terminal extension (234) (Figure 1.11.A). F-BAR domains bind to the plasma 

membrane like dimers and induce invaginations in cells. However, the F-BAR 

domains of srGAPs induce filopodium-like protrusions (235). The F-BAR 

domain is responsible for the binding to the plasma membrane through 

electrostatic interactions and for the dimerization of the srGAP (236). The 

RhoGAP domain is responsible for the regulation of Rho GTPase activity 

(158).  The SH3 domain mediates the interaction with many proteins such as 

receptors (Robo1) and actin polymerization regulators (WAVE1). 

Furthermore, the SH3 domain together with the C-terminal extension can 

interact with the F-BAR domain leading to monomerization and 

autoinhibition of the srGAP (235).  The C-terminus can also interact with the 

protein binding site of the SH3 domain, decreasing non-specific interactions 

of srGAPs with other proteins. When srGAPs dimerise and are activated, this 

interaction disappears and the SH3 domain can bind to other proteins (234).  

There are four members of the srGAP protein family in mammals: srGAP1, 

srGAP2, srGAP3 and srGAP4. They share the same structure, but they have 

different stimuli, targets and effects on the cell. To date, it is known that 

srGAP1 targets Cdc42 and RhoA, inactivating them; srGAP2 targets Rac1 

and Cdc42; srGAP3 inactivates Rac1 and Cdc42; and srGAP4 inactivates 

Rac1, Cdc42 and RhoA. The F-BAR domain of srGAP2 produces more 

filopodia than the one of srGAP1 and srGAP3. Furthermore, srGAP2 is 

recruited by a wide range of lipids, such as phosphatidylserine and 

phosphatidylinositol (4,5)-biphosphate (PIP2), whereas srGAP1 and srGAP3 

are recruited only by PIP2 (237).  
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Figure 1.11 srGAP2 isoforms.

A. srGAP2 is composed of a F-BAR domain, a central RhoGAP, a SH3

domain and a functional C-terminal extension. Humans have four srGAP2

isoforms: srGAP2A, srGAP2B, srGAP2C and srGAP2D. srGAP2A is the

ancestral isoform. srGAP2B arose from a partial duplication of the first 9

exons of srGAP2A with some mutations and an additional carboxy-terminal.

Later, srGAP2C and srGAP2D arose from srGAP2B with some mutations.

srGAP2D also lacks the third exon. B. The defective F-BAR of srGAP2C

interacts with the F-BAR domain of srGAP2A, creating an insoluble and

inactive complex that is degraded via the proteasome.
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srGAP2 has four isoforms due to a series of incomplete gene duplications: 

srGAP2A, srGAP2B, srGAP2C, srGAP2D (Figure 1.11.A). srGAP2B arose as 

a partial duplication of srGAP2A with some mutations. It is a truncated 

paralogue that only contains a part of the F-BAR domain. Later, srGAP2C 

and srGAP2D appeared from the duplication of srGAP2B with other 

mutations. Furthermore, srGAP2D lacks the third exon. The paralogues 

srGAP2B, srGAP2C and srGAP2D are only expressed in humans; not even in 

primates (238). srGAP2C inhibits all the functions of srGAP2A. This is 

because srGAP2C has a defective F-BAR domain that compromises its 

membrane-scaffolding ability and its solubility (239). When the heterodimer 

srGAP2A-srGAP2C is formed, the defective F-BAR of srGAP2C disrupts the 

ability of the F-BAR of srGAP2A to bind to the membrane. This leads to the 

creation of an insoluble and inactive complex that it is degraded via the 

proteasome (Figure 1.11.B) (240). srGAP2A limits synaptic density and 

enhances the maturation of synapses, but when srGAP2C binds to it, these 

functions are inhibited, leading to a rise in synapse density and an extended 

maturation (235). The inhibition of srGAP2A by srGAP2C contributes to the 

appearance of human-specific features in the neural system and contributes 

to our better cognition (238,240,241). Very little is known about the functions 

of srGAP2B and srGAP2D. 

srGAP2 is also involved in the contact inhibition of locomotion (CIL), used by 

fibroblasts to stop cell protrusions during migration. Upon contact with 

another cell, srGAP2 is activated and localises in a band at the tips of the 

protrusions. srGAP2 then inhibits Rac1, also localised in this band. Rac1 

polymerises actin filaments at the protrusions, therefore, its inactivation by 

srGAP2 inhibits the growing of these protrusions and the direction of the 

migration changes (242). 

srGAP2 plays a dual role in cancer. It has been observed that there is a 

decrease or absence of srGAP2 in over half of osteosarcoma samples and that 

this loss produce a more aggressive phenotype (243). However, it has been 
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also observed that in the triple-negative breast cancer, srGAP2 is upregulated 

in early stage recurrence (244).  

1.4 Endothelium and endothelial cells 

The circulatory system uses blood vessels to transport blood, nutrients and 

oxygen throughout the body. It also transports the catabolic waste for 

excretion. There are three kinds of blood vessels: arteries, veins, and 

capillaries. Arteries and veins are composed of three layers: the inner layer 

or tunica intima, the middle layer or tunica media and the outer layer or 

tunica adventitia. The outer layer mainly consists of collagen fibres and 

elastic fibres. The middle layer is composed of vascular smooth muscle cells, 

collagen and elastic fibres and an external elastic lamina. In veins, the middle 

layer is thinner than in arteries, and contains more collagen fibres and less 

muscle cells and elastic fibres. The inner layer consists of a layer of 

endothelial cells called endothelium supported by an extracellular matrix 

and, in arteries, also an internal elastic lamina. In veins, the inner layer can 

contain valves to prevent backflow of blood. By contrast, capillaries only 

consist of a thin endothelium layer surrounded by a basement membrane 

composed of extracellular matrix proteins such as collagen or laminin. The 

endothelium also constitutes the inner layer of lymphatic vessels, therefore, 

it is in direct contact with blood and lymph (185,245). It plays an important 

role in angiogenesis, permeability, regulation of vascular tone, leukocyte 

trafficking and immunity. It is composed of a thin layer of endothelial cells, 

characterised by their plasticity. Endothelial cells (ECs) can adapt their 

number and arrangement to their different microenvironments. They are 

crucial for the remodelling of the blood vessels, therefore, they also play a role 

in tissue growth and repair (246). ECs rearrange to create new blood vessels 

during vasculogenesis and angiogenesis. 
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1.4.1 Vasculogenesis 

Vasculogenesis is the physiological process through which precursor ECs 

develop de novo blood vessels during early embryogenesis (247). During 

embryonic development, three germ layers are formed, which form the 

different body organs: ectoderm, mesoderm and endoderm. The ectoderm 

creates the outer components of the body such as hair, skin, but also the 

mammary glands and part of the nervous system. The endoderm forms the 

digestive tract, the lungs and the thyroid. The mesoderm creates bone, the 

skeletal muscle, connective tissue, the urogenital system and the 

cardiovascular system (248). Angioblasts differentiated from mesoderm 

aggregate to create the “blood islands” (249), composed of hematopoietic stem 

cells surrounded by endothelial precursor cells (250). These will differentiate 

and rearrange to form the primitive vascular plexus (251) (Figure 1.12.A). 

Endoderm secretes a series of growth factors that act on mesodermal cells in 

a paracrine manner to differentiate them to angioblasts. These growth factors 

belong to the vascular endothelial growth factor (VEGF) family (249). VEGFs 

bind to their receptors (VEGFRs) and together regulate both angiogenesis 

and vasculogenesis. There are seven members in the VEGF family: VEGF-A, 

VEGF-B, VEGF-C, VEGF-D, placental growth factor (PLGF), VEGF-E and 

snake venom (sv)VEGF (Figure 1.13). All the VEGFs have eight cysteine 

residues; six of them form 3 S-S intramolecular bonds and the two remaining 

form 2 S-S intermolecular bonds which produce the VEGF homodimer 

essential to bind to the VEGFRs (252). There are three VEGFRs: VEGFR1 (or 

Flt-1), VEGFR2 (or KDR/Flk-1) and VEGFR3 (Flt-4) (253). VEGFRs are 

tyrosine kinase receptors (TKRs). They are composed of seven Ig-like 

extracellular domains, a transmembrane domain, a juxtamembrane domain, 

a double-lobed intracellular kinase domain and a C-terminal tail (254) 

(Figure 1.13). When VEGF binds to the Ig-like extracellular domain, the 

receptor homo- or heterodimerises. This dimerization induces conformational 

changes which expose the ATP-binding site in the intracellular kinase 

domain, and then, ATP binds to it. Therefore, the tyrosine residues of the  
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Figure 1.12 Stages of vasculogenesis and angiogenesis.

A. Endoderm secretes pro-angiogenic factors such as VEGF-A that binds to
VEGFR2 of mesodermal cells inducing their differentiation to angioblasts,
which create the blood islands. Blood islands rearrange to create the
primitive vascular plexus. B. Quiescent vessels from the primitive vascular
plexus are surrounded of pericytes (blue) and ECM (purple lines), which
support the vessel structure. C. ECM is broken and pericytes are released in
response to pro-angiogenic factors such as VEGF-A. ECs can then move and
migrate towards the chemotactic stimuli, creating the sprout. D. Sprouting
cells are selected into tip cell or stalk cells. The tip cell migrates towards the
chemotactic stimuli and stalk cells follow in its wake. E. Stalk cells migrate
and proliferate creating a tube. ECs start to create the vascular lumen. F.
Later, the tip cell contacts with another tip cell, which inhibits the sprouting.
The formation of the lumen is completed and the vessel maturates. Pericytes
and ECM proteins are recruited and surround the new vessel. Adapted from
(265).



44

mVEGFR1

sVEGFR1

VEGFR2 VEGFR3

PlGF VEGF-B VEGF-A VEGF-C VEGF-DVEGF-E

Figure 1.13 VEGF ligands and their VEGF receptors.

VEGFRs are composed of seven Ig-like extracellular domains, a
transmembrane domain, a juxtamembrane domain, a double-lobed
intracellular kinase domain and a C-terminal tail. VEGF ligands dimerise
and specifically activate their VEGF receptors. Adapted from (254).
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kinase domain are phosphorylated and they transmit the signal to 

downstream transducers (255,256). The two VEGFRs most involved in 

vasculogenesis and angiogenesis are VEGFR2 and VEGFR1.  

VEGFR2 is expressed in endothelial cells. It can form homodimers, or 

heterodimers with VEGFR1. Its tyrosine kinase domain transduces the signal 

with more efficiency than VEGFR1. VEGFR2 is specifically activated by 

VEGF-E but also by VEGF-C and VEGF-A, although VEGF-C has higher 

affinity for VEGFR3 and VEGF-A for VEGFR1 (257) (Figure 1.13).  

VEGFR1 is expressed in endothelial cells and also in macrophages. VEGFR1 

is spliced to both soluble (sVEGFR1, it is a truncated form) and membrane 

(mVEGFR1) isoforms (258). It also forms homodimers, although they are up 

to tenfold less abundant than those of VEGFR2. Therefore, the majority of 

VEGFR1 in endothelial cells exists in heterodimer with VEGFR2. VEGFR1 

is specifically activated by PlGF and VEGF-B, but it can also be activated by 

VEGF-A (257) (Figure 1.13). Due to the higher affinity of VEGFR1 to bind 

ligands and to its propensity to form heterodimers, it was thought its only 

function was to help VEGFR2 to bind their ligands in endothelial cells. 

However, it has been found that VEGFR1 also activates several pathways 

itself although its kinase activity is weaker than VEGFR2 (259). 

During vasculogenesis, the VEGF-A secreted by the endoderm binds to 

VEGFR2 expressed in mesodermal cells inducing the differentiation of the 

angioblasts, which will create the blood islands. VEGFR2 is also responsible 

for the differentiation and rearrangement of blood islands into the primitive 

vascular plexus (260,261). VEGFR1 supresses the activity of VEGFR2. It 

plays a role later, after the cell differentiation and migration. VEGFR1 

induces the organisation and assembly of the endothelial cells into functional 

blood vessels (262). 

Other cell adhesion proteins that play an important role in vasculogenesis are 

the vascular endothelial (VE)-cadherin, the platelet-endothelial cell adhesion 

molecule 1 (PECAM-1) and fibronectin with its receptor α5β1 integrin 
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(250,262). VE-cadherin and PECAM-1 are involved in the formation of the 

AJs in the ECs of the primary vascular plexus (251). Fibronectin and α5β1 
integrins are crucial for vasculogenesis, they regulate endothelial cell 

migration and survival (263) and it is well known that their deletions cause 

early lethal vascular defects in mice (264,265). 

1.4.2 Angiogenesis 

Once the primitive vascular plexus has been created during vasculogenesis, 

new blood vessels grow from it to create the mature vasculature during 

angiogenesis. Angiogenesis is then the physiological process through which 

pre-existing blood vessels create new ones via “sprouting” or 
“intussusception” (247,264).  In sprouting, chords of ECs grow out from an 

existing vessel toward an angiogenic stimulus, therefore, it adds blood vessels 

where previously there were none (266). In the intussusception model, the 

endothelial wall extends into the lumen to split the pre-existing blood vessel 

in two (267). The different stages of angiogenesis are degradation of the 

basement membrane, sprout formation, directed migration, proliferation, 

lumen formation and maturation (Figure 1.12) (250). 

1.4.2.1 Basement membrane degradation 

Sprouting is controlled by the balance between pro-angiogenic signals such 

as VEGF and factors that induce quiescence such as ECM proteins or VEGF 

inhibitors (268). Hypoxia from new tissues induces angiogenesis by the 

induction of pro-angiogenic factors to increase the perfusion. ECs of blood 

vessels are wrapped by mural cells (pericytes and vascular smooth muscle 

cells) and both are surrounded by a basement membrane composed of ECM 

proteins such as laminin and collagen IV (Figure 1.12.B). The basement 

membrane prevents the free movement of mural cells and ECs. Therefore, 

before sprouting, the basement membrane must be broken to allow mural 
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cells to deliver and ECs to rearrange (Figure 1.12.C). ECs must loss their 

polarity and acquire an invasive phenotype (265). 

Pro-angiogenic factors such as VEGF and the fibroblast growth factor (FGF) 

induce the expression of proteases such as matrix metalloproteinases (MMPs) 

and plasminogen activators (269,270). The basement membrane degradation 

is led by these proteases. This degradation is tightly regulated by their 

respective inhibitors such as tissue inhibitor of metalloproteinases (TIMPs) 

or plasminogen activator inhibitor 1 (PAI-1) (271,272). Proteases also 

enhance EC sprouting by releasing pro-angiogenic factors such as FGF, 

VEGF or the transforming growth factor (TGF)-β (268,272).  

VE-cadherin is the main cell-cell adhesion molecule of ECs. It is indirectly 

associated with VEGFR2, which stabilises the AJ (273). When VEGF-A binds 

to VEGFR2, VE-cadherin is phosphorylated. Phosphorylated VE-cadherin is 

internalised by clathrin-coated pits, disrupting AJs and promoting cell 

migration (274). VE-cadherin junctions can also be cleaved by MMPs, 

inducing EC migration (275). 

1.4.2.2 Directed migration and proliferation 

Sprouting requires the specification of ECs into migrating cells, “tip cells” and 
proliferating cells, “stalk cells”. Tip cells are polarised and mainly migrate, 
leading the growing sprout, but they minimally proliferate, whereas stalk 

cells proliferate, create tubes and branches and the nascent vascular lumen; 

however, they do not migrate (266) (Figure 1.12.D). This specification 

depends on the balance between pro-angiogenic factors such as VEGF and 

suppressors of EC proliferation such as the delta-like ligand 4 (DLL4)/Notch 

signalling (276). During sprouting VEGF-A binds to VEGFR2 inducing the 

tip cell phenotype as well as the formation of filopodia in these cells (277). 

Inhibition of VEGFR2 is associated with sprouting defects. Furthermore, 

VEGF-A/VEGFR2 increases the expression of DLL4 at the plasma membrane 

of tip cells (278–280). DLL4 binds to the Notch receptors of the neighbouring 
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cells, which will downregulate VEGFR2 expression and upregulate VEGFR1 

expression, inducing the stalk phenotype (281,282). Expression of VEGFR1 

limits VEGF-A availability, decreasing the binding of VEGF-A to VEGFR2, 

which results in the inhibition of the tip cell phenotype and the formation of 

filopodia (282,283) (Figure 1.14). Therefore, the tip cell will be the one with 

higher efficiency in inhibiting the tip cell phenotype of its neighbouring cells. 

Tip cells will have higher expression of VEGFR2 and DLL4 and stalk cells of 

VEGFR1. However, the tip position is not fixed, several ECs act as the tip cell 

along the sprouting (284). 

Tip cells use chemotactic signals such as VEGF-A, semaphorins, netrins or 

ephrins to guide sprouts (285–287). VEGF-A binds to VEGFR2, resulting in 

the activation of Rac1, essential for the formation of lamellipodia, required 

for EC migration (288). Furthermore, VEGF-A through VEGFR2 also induces 

the expression of α5 integrins at the protrusions of the tip cells. These 

integrins create FAs with fibronectin or vitronectin in vitro, which also 

facilitate EC migration (289,290). Integrins also signal between the ECM and 

the cell, which allows the protrusions to sense and respond to the 

microenvironment. For example, in response to VEGF and FGF, integrins 

also enhance cell migration and survival by recruiting Rac1 and Cdc42 (291–
293). Most semaphorin 3 members (Sema3s) bind to their receptors plexins 

and inhibit integrin activation, impairing EC adhesions and migration (294). 

Neuropilins (Nrp) 1 or 2 are co-receptors with plexins for Sema3s, enhancing 

their signalling. Nrps are also co-receptors with VEGFRs for VEGF-A, Nrp-1 

binds to the VEGF-A/VEGFR2 complex enhancing EC migration (295). 

Therefore, Sema3s and VEGF-A compete for Nrp binding in ECs. Netrin-1 

binds to its receptor neogenin and activates RhoA, which induces stress fibre 

formation and contraction, stimulating EC migration in vitro (296). However, 

studies in vivo and in vitro have shown that netrin-1 can also inhibit 

sprouting by their binding to uncoordinated 5 (UNC5) receptor, inhibiting 

endothelial cell migration and angiogenesis (297). Studies in vivo showed that 

silencing of netrin-1 in zebrafish leaded to a disappearance of blood vessels,  
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Figure 1.14 Tip and stalk cells selection.

During sprouting, a tip cell is selected to lead the migration of the stalk cells
and extension of the sprout. A. The cell that more effectively inhibits the tip
cell phenotype of the neighbouring cells will be the tip cell. This cell takes
the tip cell phenotype and starts the migration. B. The tip cell migrates
toward the pro-angiogenic signal. C. VEGF-A (yellow) binds to VEGFR2
(green) of the tip cell, inducing the expression of DLL4 (purple) at the cell
surface. DLL4 binds to the Notch receptors (garnet) of the neighbouring cell.
This leads to the decrease of the expression of VEGFR2 and the increase of
the expression of VEGFR1, which inhibits the tip cell phenotype. Adapted
from (276).
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supporting the proangiogenic role of netrin-1 (298). This suggests that there 

are several mechanisms that mediate the diverse effects of netrin-1 in 

endothelial cells (286). It has been suggested that the concentration of netrin-

1 may be the responsible; high levels are thought to generate antiangiogenic 

signals by its binding to UNC5, and lower levels are thought to produce 

proangiogenic signal by its binding to other unknown receptors (298). Ephrin-

B2 binds to its receptors expressed at the tip cell filopodia, regulating 

VEGFR2 endocytosis. VEGFR2 endocytosis enhances the VEGF-induced tip 

cell filopodium extension (287). 

Tip cells have strong cell-cell adhesions with stalk cells, which are pulled 

along the tip cell migration. This must be followed by the proliferation of the 

stalk cells to maintain the stability of the sprout. Proliferation of stalk cell is 

induced by several pathways such as Notch/Wnt signalling (268) (Figure 

1.12.E). DLL4/Notch signalling upregulates the expression of the Notch-

regulated ankyrin repeat protein (Nrarp) in stalk cells. Nrarp inhibits Notch, 

which was arresting the cell cycle, and enhances Wnt signalling, which 

induces stalk cell proliferation and stabilisation of endothelial connections 

(299). 

Tip cells need to stop their migration upon their encounter with tip cells of 

other sprouts to form new vascular connections. They produce contact 

inhibition of locomotion (CIL) to supress this migration (300). VE-cadherin 

plays a crucial role in CIL. VE-cadherin increases actomyosin contractility by 

ROCK. Actomyosin contractility controls the recruitment of more VE-

cadherin at the cell-cell contact sites. Recruited VE-cadherin antagonises the 

VEGF-A/VEGFR2 signalling, therefore, it supresses the EC migration 

mediated by Rac1. (301,302).  

1.4.2.3 Lumen formation and maturation 

The new created vessels require the creation of a vascular lumen to establish 

the blood flow. This occurs simultaneously with the sprouting (303). Two 
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mechanism of lumenisation have been described; “cell hollowing” and “cord 
hollowing”. In the cell hollowing process, endothelial cells pinocytose 
extracellular space creating intracellular vacuoles in an integrin-dependent 

manner. These integrins activate Rac1 and Cdc42, which control actin 

cytoskeleton, required for the formation of the vacuoles. These vacuoles fuse 

each other to create an intracellular large space. Later, these intracellular 

spaces fuse with similar intracellular spaces of neighbouring cells, creating 

the vascular lumen (304,305) (Figure 1.15.A). In the cord hollowing process, 

endothelial cells first establish an apico-basolateral polarity (288). The apical 

surface will be at the site of cell-cell contact and will form the lumen. VE-

cadherin moves to the cell-cell contacts at the apical (luminal) membrane and 

recruits adhesive glycoproteins such as podocalyxin or CD34 there (306). The 

extracellular domain of these glycoproteins is highly glycosylated providing a 

negative charge to the proteins. The negative charges produce electrostatic 

repulsive signals between the membranes of neighbouring cells, resulting in 

the opening of the lumen (307). F-actin bound to the cytoskeletal crosslinker 

moesin is recruited at the apical membrane. VEGF-A interacts with VEGFR-

2 activating ROCK through RhoA, which phosphorylates MLC of myosin II, 

recruiting it to F-actin. The force generated by the actomyosin complex 

produces EC shape changes that open the extracellular space between 

neighbouring cells creating the vascular lumen (306,308) (Figure 1.15.B).  

A new lumenisation mechanism has been described recently, called “inverse 
membrane blebbing”. In this mechanism, the blood flow produces a pressure 
in the apical membrane, which induces inverse membrane blebbing into the 

cytosol. The inverse blebs expand along the growing sprout. Blebs growing at 

a different direction recruit F-actin and myosin II, which lead bleb retraction, 

ensuring an unidirectional lumen expansion (309) (Figure 1.15.C).  

ECs use the three mechanisms during developmental and postnatal 

angiogenesis. The mechanism employed depends on the blood flow, size of the 

vessel and the extracellular environment. For example, cell hollowing is  

  



52

A.

B.

C.

Figure 1.15 Vascular lumen formation.

Lumen formation is driven by three mechanisms; cell hollowing, cord
hollowing and inverse membrane blebbing. A. In the cell hollowing, ECs
pinocytose extracellular space creating vacuoles. These vacuoles fuse each
other creating an intracellular large space. The intracellular large spaces of
neighbouring cells fuse creating the lumen. B. In the cord hollowing, ECs
stablish an apical-basolateral polarity. VE-cadherin (purple) moves to the
cell-cell contacts and recruits glycoproteins such as CD34 (garnet). Their
negative charges repel the neighbouring membranes opening the lumen. F-
actin (blue line) bound to moesin (green circle) is recruited there. VEGF-A
(yellow) binds to VEGFR2 (green) and activates myosin II bound to the F-
actin, producing forces which will generate the opening of the lumen. C. In
the extracellular membrane blebbing, the blood flow produces a pressure
(pink arrows) in the apical membrane, which induces inverse membrane
blebbing into the cytosol. Blebs growing at a different direction recruit F-
actin and myosin II (light blue), which lead bleb retraction, ensuring an
unidirectional lumen expansion. Adapted from (299).
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frequently used when single ECs initiate morphogenesis and they do not have 

contact with neighbouring cells (310). 

Upon perfusion, nutrients and oxygen promote the decreasing of the levels of 

VEGF-A, shifting the angiogenic phenotype of EC toward a quiescent one 

(311). This suppression of endothelial sprouting and proliferation enhances 

the stabilisation and maturation of the new vascular tubes. Differentiation 

and recruitment of mural cells are required for vessel maturation. During 

sprouting, these were inhibited by VEGF-A, but during maturation, the low 

levels of VEGF-A and the expression of platelet derived growth factors 

subunit B (PDGFB) and its receptor β (PDGFR-β), induce them. PDGFB is a 

homodimer secreted by the ECs of the new tubes that acts as a proliferative 

and chemotactic factor for pericytes and vascular smooth muscle cells, which 

express its receptor PDGFR-β. Therefore, PDGFB induces the proliferation of 

mural cells followed by their migration to the new vessels (312–314). The 

transforming growth factor-β (TGF-β) released from ECs binds to its receptor 
ALK5, expressed in mural cells. This stimulates the differentiation and 

migration of mural cells to the vascular tube (315). It also induces the 

production and release of ECM proteins by mural and ECs, inducing vessel 

maturation (316). Recruited pericytes surround the endothelial tube 

supporting its structure (317). Furthermore, they also stabilise the new 

vessels by inhibiting the activity of MMPs (318) and releasing ECM 

components (319).  

The adhesion between mural and endothelial cells is crucial for the 

maturation of the new vessels. It is mainly regulated by two pathways; 

angiopoietin 1 (Ang-1)/ Tyrosine kinase with immunoglobulin-like and EGF-

like domains 2 (Tie-2), and Sphingosine-1-Phosphate (S1P) and its receptors 

S1P2 and S1P3. Ang-1 released by mural cells binds to the Tie-2 receptors 

expressed in ECs, inducing the adhesion between mural and ECs and 

reducing vascular leakage and the anti-inflammatory activity (320,321). ECs 

also express S1P, which binds to its receptors S1P2 and S1P3 also expressed 

in ECs (322). S1P regulates the trafficking of neural (N)-cadherin to the 
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contact sites between mural and endothelial cells (323). Endothelial N-

cadherin is essential for the normal expression of VE-cadherin, but also for 

vascular development and embryonic survival (324).  

1.4.3 Endothelial barrier and permeability 

Endothelial cells align side by side creating an endothelial monolayer. The 

main function of the endothelium is to create a barrier along the blood vessels 

that separates all tissues from blood flow. This barrier is important to restrict 

the transport of solutes, water and blood cells from the vascular lumen to the 

surrounding tissues (Figure 1.16.A). The endothelium is also responsible for 

the control of the vascular tone, maintenance of vessel integrity, permeability, 

regulation of vascular inflammation and prevention of thrombosis 

(246,325,326). In physiological conditions, endothelium is highly regulated; 

its integrity is preserved and permeability is limited. A disruption of this 

integrity occurs in several pathological conditions, including inflammation 

and sepsis. 

1.4.3.1 Transport across endothelial barrier 

There are two types of transport across endothelial barrier; transcellular and 

paracellular transport (325). 

1.4.3.1.1 Transcellular transport 

In the transcellular transport, luminal macromolecules such as albumin are 

internalised into the cell through vesicle-mediated endocytosis at the apical 

membrane. These vesicles cross the cell by transcytosis and they fuse with 

the basolateral membrane to exocytose their content (327,328). 

Endocytosis and exocytosis are mediated by caveolae. Caveolin-1 (Cav-1) is 

recruited at the lipid rafts of the luminal membrane and phosphorylated by 

the Src kinase, inducing the formation of the caveolae (329,330). At the same  
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Figure 1.16 Endothelial permeability.

A. Endothelium separates solutes, water and blood cells from the vascular
lumen to the surrounding tissues. There are two types of transport across
the endothelial barrier; transcellular and paracellular transport. B. In the
transcellular transport, Cav-1 (garnet) is recruited at lipid rafts of the
luminal membrane and macromolecules (yellow) bind to their receptors
(green) also at the lipid rafts. The phosphorylation of Src kinase induces the
formation of the caveolae that it is closed by dynamin and intersectin (blue)
at the neck. Vesicles remain bound at the membrane by interaction between
v-SNARE (pink) with t-SNARE (purple), until NSF (dark green) disrupts the
docking. Kinesins or dyneins (red) transport the vesicles along microtubules
(brown) from the apical to the basolateral membrane, where they are
exocytosed. C. In the paracellular transport, macromolecules pass through
cell-cell interfaces, sealed by TJs and AJs. TJs are formed by occludin (dark
blue), claudins (garnet) and JAMs (orange). AJs are formed by VE-cadherins
(green). When actin cytoskeleton contracts, FAs act as a fulcrum, physically
pulling apart TJs and AJs, increasing the endothelial paracellular
permeability.
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time, the transported macromolecules bind to their receptors, for example, 

albumin binds to the gp60 albumin receptor, triggering the caveolae 

formation (331). Dynamin and intersectin are then recruited at the neck, 

acting there to fully form and close the vesicle (332). Vesicles remain bound 

to the inner surface of the membrane by the binding between the Soluble N-

ethylmaleimide (NEM)-sensitive factor (NSF) Attachment Proteins (SNAP) 

Receptors (v-SNARE) with the membrane-bound target (t)-SNARE, until 

NSF disrupts the docking (333,334). Cytoplasmic vesicles bind to 

microtubules motor molecules such as kinesin or dynein, which transport 

them from the apical to the basolateral membrane. When vesicles arrive to 

the basolateral membrane, they dock to the membrane by the SNAREs and 

fusion with the membrane, releasing all the content to the extravascular 

space (327) (Figure 1.16.B). 

1.4.3.1.2 Paracellular transport 

In the paracellular transport, macromolecules and water selectively pass 

through the cell-cell interfaces. Cell interfaces are joined by intercellular 

junctions, which form a seal, restricting the free passage of molecules between 

cells. Intercellular junctions are crucial to maintain the integrity and to 

regulate the permeability of the endothelium (335). They are formed from 

multiprotein complexes that contain transmembrane proteins and 

cytoplasmic proteins, linking membrane proteins with the cytoskeleton. Two 

types of cell-cell junctions are mainly involved; TJs and AJs (336,337). There 

are other proteins involved in endothelial permeability that are not grouped 

in any of these junctions such as PECAM-1 (Figure 1.17). PECAM-1 is a 

transmembrane glycoprotein that binds to another PECAM-1 expressed in 

the neighbouring cells creating the adhesion. It is expressed on all cells within 

the vascular compartment although it is enriched at interendothelial 

junctions of vascular endothelial cells, regulating vascular integrity, 

remodeling, angiogenesis and neutrophil diapedesis (338,339). FAs are also 

involved in paracellular transport by forming a fulcrum that transmits  
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Figure 1.17 Endothelial cell-cell junctions.

The main transmembrane proteins in endothelial cell-cell junctions are
grouped in tight junctions (TJs) and adherens junctions (AJs), except
PECAM-1 (brown), which is not grouped in any junction. TJs are formed by
occludin (dark blue), claudins (garnet) and JAMs (orange) linked to the actin
cytoskeleton (blue) by the complex composed of ZO-1 (pink) and cingulin
(light orange). AJs are formed by VE-cadherins (green), linked to the actin
cytoskeleton by a complex formed by α- and β- catenins (purple), p120-
catenin (yellow) and vinculin (grey), and nectins (red), linked to the actin
cytoskeleton by afadin (dark green). Adapted from (337).
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cytoskeletal tension to cell-cell junctions (340) (Figure 1.16.C). The structure 

and the composition of all these junctions varies between blood vessels 

depending on the organ-specific requirements (341). 

TJs are composed of transmembrane proteins such as occludin, claudins and 

junction adhesion molecules (JAMs) (Figure 1.17). The extracellular domains 

of these proteins bind to the extracellular domains of the same proteins 

expressed in adjacent ECs, creating the seal (342,343). Claudins, mainly 

claudin 5, are critical for endothelial permeability (344). The JAM family, 

composed by JAM-A, B and C, supports TJ assembly and function, increasing 

the barrier function (345). Occludin, claudins and JAMs are connected to the 

actin cytoskeleton through their interaction with the cytoplasmic proteins 

zona occludens (ZO)-1, 2 and 3 and cingulin, which directly bind to F-actin 

(346). The linking between TJs and the actin cytoskeleton is crucial for the 

assembly and maintenance of the junction, necessary for the maintenance of 

the endothelial barrier function (347).  

Endothelial AJs are mainly composed of the transmembrane protein VE-

cadherin, only expressed in endothelial cells (348). AJs are also composed of 

nectins (349) (Figure 1.17). The extracellular domain of VE-cadherins and 

nectins binds to the extracellular domain of another VE-cadherin or nectin 

expressed in a neighbouring EC, creating the seal, as in TJs (350). AJs and 

TJs are interconnected by ZO proteins (346). Furthermore, AJs regulate the 

expression and organisation of the TJ proteins, therefore there is a crosstalk 

between AJs and TJs (351). The binding between VE-cadherins and nectins 

of neighbouring cells is dependent on extracellular Ca2+. When Ca2+ interacts 

with the extracellular domains of VE-cadherin and nectin, it induces a 

conformational change required for the homotypic binding between the 

extracellular domains (352). VE-cadherins form complexes with cytoplasmic 

proteins such as α- and β-catenins, p120-catenin and vinculin, which connect 

AJs to the actin cytoskeleton (342,353). Nectin binds to afadin, an actin-

filament-binding protein which connects nectin to the actin cytoskeleton 
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(354). As in TJs, the connection of AJs with the actin cytoskeleton is essential 

for the maintenance of the junction (347).  

FAs link the basolateral cell membrane to the ECM, attaching cells to the 

basement membrane and maintaining endothelial barrier integrity (355). The 

main components are the transmembrane receptors integrins. The 

extracellular domains of integrins bind to the ECM components such as 

fibronectin, collagen or laminin, whereas the intracellular domains interact 

with actin cytoskeletal proteins such as α-actinin, paxillin, talin or vinculin, 

which bind to F-actin creating complexes that stabilise FAs (356). It has been 

shown that the presence of FAs in ECs is context dependent. For example, 

FAs are abundant in sub-confluent human umbilical vein endothelial cells 

(HUVEC), however, they are rare in confluent HUVEC in vitro (357). 

Furthermore, although FAs highly manifest in cultured endothelial cells on 

2D ECM substrates, its existence in 3D matrices and in endothelial cells in 

vivo is limited (358). It has been recently identified that FAs anchor to F-actin 

in ex vivo adult arteries, but not in the vasculature of the umbilical cord or 

veins (359). 

As TJs, AJs and FAs are connected to the actin cytoskeleton, changes in the 

cytoskeleton forces directly affect the endothelial barrier maintenance and 

function. When actin cytoskeleton contracts due to the phosphorylation of 

myosin by MLCK, FAs act as a fulcrum, then, the cytoskeletal tension acts on 

cell-cell junctions, physically pulling them apart and increasing the 

endothelial paracellular permeability. Conversely, actin cytoskeleton 

relaxation decreases endothelial permeability (360,361). 
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1.4.3.2 Signalling pathways 

1.4.3.2.1 Permeability factors 

Molecular regulators that increase endothelial permeability include growth 

factors and inflammatory cytokines such as VEGF, thrombin, histamine and 

bradykinin (Figure 1.18). 

In addition to being the main angiogenic factor, VEGF is also a permeability 

factor. The binding of VEGF to VEGFR2 induces the phosphorylation of the 

Src kinase. Src kinase phosphorylates VE-cadherin, inducing its 

internalization, then disrupting AJs (362). Src kinases also disrupt FAs 

through the phosphorylation of focal adhesion kinases (FAKs) (363). VEGF 

also induces the increasing of intracellular Ca2+, which is a cofactor of Ca2+-

dependent enzymes such as PKC (364). Therefore, VEGF induces the 

activation of PKC, which results in the activation of MLCK (361). PKC also 

induces the activation of RhoA, which inhibits MLCP through ROCK (365). 

Activation of MLCK and inactivation of MLCP enhance actomyosin 

contraction, inducing the disassembly of AJs and FAs (347,366).  

Thrombin is a protease that cleaves fibrinogen into fibrin in the clotting 

process. It also induces endothelial permeability by its binding to the 

protease-activated receptors (PARs) (367). The binding of thrombin to PAR-1 

induces the activation of RhoA, increasing actomyosin contractility and then, 

increasing endothelial permeability (368,369). Thrombin also leads to the 

increase of intracellular Ca2+, which binds to calmodulin activating it, which 

in turn activates MLCK, also increasing actomyosin contractility (370).  

Histamine binds to its H1 receptor activating phospholipase C (PLC), 

resulting in the increasing of intracellular Ca2+. Ca2+ induces permeability by 

the activation of MLCK through calmodulin (371). Ca2+ also activates PKC, 

which phosphorylates the endothelial nitric oxide synthase (eNOS), 

activating it (372,373). eNOS generates NO, which enhances the catalysis of 

GTP into cyclic guanosine monophosphate (cGMP). cGMP activates the  
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Figure 1.18 Permeability pathways.

Molecular factors that increase endothelial permeability include thrombin,

VEGF, histamine and bradykinin. Thrombin increases intracellular Ca2+ by

its binding to its receptor PAR-1. Ca2+ activates calmodulin that in turn

activates MLCK, producing actomyosin contraction. Thrombin activates

RhoA that also enhances actomyosin contraction by the inhibition of MLCP.

VEGF activates the Src kinase, which disrupts AJs and FAs. VEGF also

increases intracellular Ca2+ that activates PKC. PKC enhances actomyosin

contraction by RhoA or by the production of NO through eNOS, which

activates PKG that in turn activates MLCK. Histamine and bradykinin

activate PLC that increases intracellular Ca2+, which induces actomyosin

contraction by the activation of PKC or calmodulin. Bradykinin also

enhances endothelial disruption by the synthesis of leukotrienes,

prostanglandins and thromboxane A2 through PLA2.
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protein kinase G (PKG), which induces permeability thought the activation 

of MLCK (371). 

Bradykinin increases the intracellular Ca2+ by its binding to the bradykinin 

B2 receptor, therefore bradykinin also induces permeability through MLCK 

and eNOS (374). Bradykinin activates the phospholipase A2 (PLA2) to produce 

arachidonic acid (AA) (375). AA together with lipoxygenase and 

cyclooxygenase-1 (COX-1) produces leukotrienes, prostanglandins, and 

thromboxane A2, which induce endothelial barrier dysfunction and leukocyte 

diapedesis during inflammatory conditions (347). 

1.4.3.2.2 Barrier protectors 

There are also molecules that act as barrier protectors, restoring barrier 

function such as S1P, activated protein C (APC) or Ang-1. 

S1P has a dual role in permeability; at higher concentrations it enhances 

endothelial permeability; however, at low concentrations it mediates barrier-

protective effects via Rac1 activation. Usually, S1P is at low concentrations 

in the blood. Its exposure to ECs induces the recruitment of its receptor S1P1 

at the lipid rafts in the luminal EC membrane. The binding of S1P to its 

receptor activates intracellular signalling molecules, resulting in the 

activation of Rac1. Rac1 strengthens cell-cell junctions and FAs, decreasing 

the paracellular permeability (369,376,377).  

Protein C is a proenzyme member of the coagulation system present in the 

blood. It binds to the endothelial cell protein C receptor (EPCR) that 

complexes with thrombin, which cleaves protein C catalysing its conversion 

to APC (378). APC bound to EPCR colocalises with S1P1 enhancing its 

signalling and resulting in the activation of Rac1. Thrombin can also cleave 

EPCR, shedding it and then inhibiting the APC signalling (379).  

The binding of Ang-1 to its receptor Tie-2 prevents the hyperpermeability 

produced by permeability factors such as bradykinin, histamine or VEGF 

(380). For example, it induces the sequestration of the Src kinase, crucial for 
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the hyperpermeability induced by VEGF (381). Ang-1 also enhances the S1P 

signalling, leading to the activation of Rac1 (382). Another protective 

mechanism is the activation of the PI3K signalling, which causes a 

transcriptional downregulation of Ang-2, an antagonist of Ang-1 (383). 

1.4.3.2.3 RhoA, RhoB and RhoC in endothelial permeability 

Despite the high homology between RhoA, RhoB and RhoC, they 

differentially control actin cytoskeletal dynamics and cell-cell junctions, 

playing different roles in endothelial permeability.  

RhoA has been well described to drive actin contraction after the stimulation 

of endothelial cells with permeability factors such as thrombin, TNF-α or 
histamine, which induce loss of cell-cell junctions and increase of permeability 

(197,367,384).  

RhoB decreases VE-cadherin at cell-cell junctions, therefore, it is a negative 

regulator of the endothelial barrier function in both basal and stimulated 

conditions. Furthermore, loss of RhoB reduces phosphorylation of MLC in 

endothelial cells, decreasing the formation of stress fibres; and this protective 

effect for the endothelial monolayer is enlarged in combination of the loss of 

RhoA, meaning that RhoA and RhoB are the main regulators of thrombin-

induced permeability (385,386). RhoB also negatively regulates the 

membrane extension that follows to thrombin-induced cell contraction during 

barrier recovery by inhibiting Rac1 trafficking to the plasma membrane and 

retaining it into late endosome compartments. It has been observed that 

reduction of RhoB accelerates the recovery of the endothelial barrier since 

endothelial cells have greater capacity to create membrane extensions and 

stable junctions (387,388).  

RhoC is the highest expressed RhoGTPase in human endothelial cells (389). 

RhoC is localised in the cytoplasm as well as at cell-cell junctions. Stimulation 

with thrombin induces the activation of RhoC and its loss from cell-cell 

junctions, which occurs synchronous with the induction of actin contraction 
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and formation of intercellular gaps, suggesting that RhoC controls 

endothelial barrier function (389). Furthermore, it is suggested that RhoC 

works together with Rac1 and Cdc42 in the recovery of the endothelial barrier 

integrity after its disruption by a stimulus (385). 

1.4.3.3 Pathological conditions: inflammation 

The leukocyte transendothelial migration (TEM) is tightly controlled to 

maintain an adequate immune function. In healthy conditions, it is restricted 

to specialized tissues such as thymus, lymph nodes and bone narrow. 

However, in inflammatory conditions, endothelial cells are activated 

expressing chemoattractant and adhesive molecules. These molecules 

enhance the attachment of leukocytes to the endothelium, which penetrate 

the endothelial monolayer infiltrating the tissues (390,391). When ECs 

activate during inflammation, they produce rapid responses independent of 

new gene expression (type I activation), or slow responses dependent on new 

gene expression (type II activation) (392) (Figure 1.19.A. and B.). 

Type I activation is triggered by ligands that bind to GPCRs such as 

thrombin, histamine and bradykinin (392). These ligands induce the increase 

of intracellular Ca2+ through PLC, which activates PLA2, which produces AA. 

AA is converted into prostaglandin I2 (PGl2), a strong vasodilator that relaxes 

smooth muscle cells. Intracellular Ca2+ also induces the synthesis of NO, 

which synergises the function of PGl2, relaxing smooth muscle cells. 

Relaxation of smooth muscle cells increases the blood flow (393,394). Ca2+ also 

activates MLCK through calmodulin, increasing actomyosin contraction and 

then disrupting TJs and AJs. At the same time, RhoA is activated, which 

induces the phosphorylation of MLC by inhibiting MLCP, disrupting the 

junctions (395). The opening of the junctions promotes vascular leakage. 

Furthermore, phosphorylation of MLC by MLCK also enhances the exocytosis 

of Weibel–Palade bodies (WPB), exposing P-selectin on the cell surface (396). 

P-selectin recruits and extravasates leukocytes, initiating diapedesis (397) 

(Figure 1.19.A). 
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Figure 1.19 Types of EC activation.

There are two types of EC activation; the type I and the type II. A. Type I
transport is activated by ligands that bind to GPCRs such as histamine.
These ligands increase intracellular Ca2+, which stimulates the production of
the vasodilators NO and PGl2, the latter through PLA2. Ca

2+ also activates
calmodulin that in turn activates MLCK, phosphorylating MLC. MLC-P is
also produced by the inhibition of MLCP by RhoA, also activated by these
ligands. MLC-P increases actomyosin contraction, disrupting TJs and AJs,
and induces the fusion of WPB to the membrane, exposing P-selectin, which
recruits leukocytes initiating diapedesis. B. Type II transport is activated by
inflammatory cytokines such as IL-1 or TNF. These cytokines induce the
transcription of genes through NF-κB and AP1. These genes codify for
proinflammatory proteins such as MLCK, COX2 E-selectin, V-CAM1 and
chemokines. MLCK stimulates the disruption of TJs and AJs. COX2 converts
AA into PGl2. Chemokines are bound to heparan sulphate proteoglycans at
the membrane to attract leukocytes that will bind to E-selectin and V-CAM1,
initiating diapedesis. Adapted from (392).



   
   
 

67 
 

Type II activation is triggered by inflammatory cytokines such as interleukin-

1 (IL-1) or tumour necrosis factor (TNF) (392). Their binding to their receptors 

induces the formation of complexes that activate the mitogen-activated 

kinase kinase kinases (MAPKKKs). MAPKKKs lead to the activation of the 

transcription factor nuclear factor-κB (NF-κB) and activating protein 1 (AP1) 

(398), which induce the transcription of genes codifying for proinflammatory 

proteins such as E-selectin, vascular cell adhesion molecule 1 (V-CAM1), 

chemokines or COX2 (395). COX2 converts AA into PGl2, which increases the 

blood flow (399). The synthetized chemokines are bound to heparan sulphate 

proteoglycans at the plasma membrane and attract leukocytes, which will 

bind to the E-selectin and V-CAM1 expressed at the membrane of ECs, 

promoting the leukocyte recruitment and diapedesis (392). NF-κB also 

induces the transcription of genes involved in actin reorganisation such as 

MLCK, disrupting TJs and AJs, and then, increasing vascular leakage (400) 

(Figure 1.19.B). 

An uncontrolled inflammation will derivate in more severe pathological 

conditions such as atherosclerotic disorders, cancer or sepsis (401–403). 

1.4.4 Animal models for angiogenesis 

The most common used in vivo angiogenesis models are mice and zebrafish. 

Mouse models are the main in vivo model used in biomedical research. As the 

human and murine vasculatures are highly similar, mouse models have been 

very valuable in defining the role of angiogenesis and the angiogenic factors 

in the human vasculature. Mice have been genetically manipulated for most 

of the genes important for angiogenesis and vascular biology. These 

genetically manipulated mice include mice overexpressing angiogenic factors 

or conditional or total knockouts (404,405). One robust model to study 

molecular biology of angiogenesis and lymphangiogenesis is the cornea model 

since cornea is an avascular tissue in which a pellet containing angiogenic 

factors can be inserted. Therefore, all the vessels detected in the cornea could 
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be considered new, and due to the transparency of the cornea, the angiogenic 

response can be monitored by taking pictures of the eye (406). An excellent 

model to study angiogenesis in response to hypoxia is the hind limb ischemia 

model, in which all arteries supplying oxygenated blood to the limbs are 

ligated, inhibiting the blood supply to the limbs (407). To study the 

angiogenesis in tumours, xenograft or transplant models are the most widely 

used due to the fast onset and progression of the tumour, where human 

tumour cells are transplanted into severely compromised immunodeficient 

mice or athymic nude mice. Furthermore, these mice can be genetically 

manipulated to overexpress or have deficiency in angiogenesis related genes 

(408). 

The other main in vivo model to study angiogenesis is zebrafish. The 

advantages of the zebrafish with respect to other models are that they 

embryos develop outside of the uterus and that its pigmentation can be 

chemically or genetically restrained, maintaining the transparency. 

Therefore, the angiogenic response during development can be easily followed 

by imaging. Moreover, zebrafish are easy and cheap to maintain, they produce 

many eggs during the breeding cycle, their embryonic development is much 

faster, and they can uptake chemicals through the water, avoiding invasive 

procedures for their study (409).  

One approach that has been widely used to identify several genes with 

essential functions in angiogenesis and vascular maturation is unbiased 

screens of mutant embryos randomly generated by chemicals, radiation of the 

insertion of genes (404,410). These screens have been used in combination 

with the uptake of chemicals added to the water to study new drugs for 

vascular pathologies (411). Another model are transgenic zebrafish strains 

expressing fluorescent markers in endothelial cells, which can be observed 

under the microscope to monitor angiogenesis in real time during 

development (412). Furthermore, the zebrafish genome has been fully 

sequenced, therefore, it can be easily modified by injecting synthetic RNA-

like molecules called morpholinos, which targets specific mRNAs leading to 
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their degradation. Morpholinos have been widely used to produce knockouts 

of particular genes involved in vascular functions to study angiogenesis (413).  

Another in vivo model to study angiogenesis is chick embryos. Chick embryos 

have been extensively used due to their abundant vasculature rapidly 

generated during development and to their easy and cheap manipulation. 

Their chorioallantoic membrane and yolk sac have been widely used for the 

study of the effect of angiogenic factors in different stages of angiogenesis and 

tumour angiogenesis due to their easy real-time monitorisation (414–416). 

1.5 Project aims 

VEGFR1 is known to work together with VEGFR2 in regulating endothelial 

cell homeostasis and angiogenesis. However, the signalling pathway and 

function of VEGFR1 in endothelial cells are still poorly understood. This 

study aimed to characterise VEGFR1 signalling in endothelial cells through 

the identification of novel partners after its targeted stimulation.  

Previous work in the lab identified srGAP2 as a specific interactor of 

VEGFR1, and p115RhoGEF, Daple and integrator 3 (INTS3) as interactors 

of srGAP2. This study sought to define the interaction between srGAP2 and 

p115RhoGEF, Daple and INTS3 to further characterise srGAP2 signalling 

and function in endothelial cells, and in doing so, further elucidate the 

signalling pathway and function of VEGFR1. 
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 Materials and Methods 

2.1 Materials 

2.1.1 Stock solutions 

Table 2.1 Stock solutions 

Solution Components 

2X Laemmli sample buffer 

124 mM Tris pH 6.8, 10 mM EDTA, 

20% (v/v) glycerol, 4% (w/v) SDS, 200 

mM DTT, 0.2% (w/v), bromophenol 

blue, pH 6.8 

10X PBS 
137 mM NaCl, 2.7 mM KCl, 100 mM 

Na2HPO4, 2 mM KH2PO4, pH 7.4 

10X TBS 200 mM Tris-Cl, 1.5 M NaCl, pH 7.6 

50X Tris-acetate EDTA (TAE) 

buffer 

0.04 M Tris base, 0.02 M glacial 

acetic acid, 1 mM EDTA, pH 8.5 

PBS-Tween 0.1% (v/v) Tween-20, 1X PBS 

TBS-Tween 0.1% (v/v) Tween-20, 1X TBS 

2.1.2 Primary antibodies 

Table 2.2 Primary antibodies 

Target Type Application Supplier 

β-actin Mouse, mAb WB 1:5000 Proteintech, 66009-1 

Phospho-Akt Rabbit, mAb WB 1:1000 
Cell Signaling 

Technology, 4058 

Phospho-

Cofilin 
Rabbit, pAb WB 1:1000 

Cell Signaling 

Technology, 3311S 

Daple Rabbit, pAb 
WB 1:1000 

IF 1:200 

Bethyl Laboratories Inc, 

A302-951A 
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eNOS Mouse, mAb WB 1:1000 Abcam, ab76198 

GFP Rabbit, mAb WB 1:1000 
Cell Signaling 

Technology, 2555S 

Giantin Rabbit,pAb IF 1:200  
Previously Covance, PRB-

114C 

Histone H2A Rabbit, mAb WB 1:1000 
Cell Signaling 

Technologies, 12349S 

IgG isotype 

control 
Rabbit, pAb IP 

Cell Signaling 

Technology, 2729S 

IMP1 Rabbit, mAb WB 1:1000 
Cell Signaling 

Technology, 8482 

INTS3 Rabbit, pAb WB 1:1000 
Protein Technologies, 

16620-1 

Lamin A/C Rabbit, pAb WB 1:1000 
Cell Signaling 

Technology, 2032 

Phospho-

MAPK 
Rabbit, mAb WB 1:1000 

Cell Signaling 

Technologies, 4377 

Phospho-MLC2 Rabbit, pAb WB 1:1000 
Cell Signaling 

Technologies, 3671S 

Phospho-

MYPT1 
Rabbit, pAb WB 1:1000 Merck, ABS45 

Phospho-

PAK1/2 
Rabbit, pAb WB 1:1000 

Cell Signaling 

Technologies, 2601 

p115-RhoGEF Rabbit, mAb WB 1:1000 
Cell Signaling 

Technologies, 3669 

srGAP2 Rabbit, mAb WB 1:1000 Abcam, ab124958 

srGAP2 8F2 Rabbit, pAb WB 1:1000 Homemade 

srGAP2 9F2 Rabbit, pAb WB 1:5000 Homemade 

srGAP3 Rabbit, mAb WB 1:1000 
Protein Technologies, 

20224-1-AR  
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Phospho-

Tyrosine 
Mouse, mAb WB 1:2000 

Cell Signaling 

Technologies, 9411S 

α-Tubulin Mouse, mAb WB 1:5000 Sigma-Aldrich, T5168 

VE-cadherin Mouse, mAb IF 1:200 BD Pharmingen, 555661 

VEGFR1 Rabbit, mAb WB 1:1000 Abcam, 32152 

VEGFR1 Goat, pAb IF 1:200 R&D systems, AF321 

Phospho-

VEGFR1 
Rabbit, pAb WB 1:1000 R&D systems, AF4170 

VEGFR2 Rabbit, mAb WB 1:1000 
Cell Signaling 

Technologies, 2479S 

Phospho-

VEGFR2 
Rabbit, mAb WB 1:1000 

Cell Signaling 

Technologies, 2478S 

ZO-1 Rabbit, pAb IF 1:200 
Thermo Fisher Scientific, 

61-7300 

2.1.3 Secondary antibodies 

Table 2.3 Secondary antibodies 

Target Conjugation Host Application Supplier 

Mouse 

IgG 
HRP Donkey WB 1:10000 

Jackson 

ImmunoResearch, 715-

035-150 

Rabbit 

IgG 
HRP Donkey WB 1:10000 

Jackson 

ImmunoResearch, 711-

035-152 

Mouse 

IgG 

Alexa 

Fluor® 488  
Goat IF 1:200 Invitrogen, A11029 

Rabbit 

IgG 

Alexa 

Fluor® 488  
Goat IF 1:200 

Thermo Fisher 

Scientific, A-11034 
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Rabbit 

IgG 

Cy™2 
AffiniPure 

Donkey IF 1:200 

Jackson 

ImmunoResearch, 711-

225-152 

Goat IgG 
Alexa 

Fluor® 594  
Donkey IF 1:200 

Thermo Fisher 

Scientific, A-11058 

Rabbit 

IgG 

Alexa 

Fluor® 594  
Donkey IF 1:200 

Thermo Fisher 

Scientific, A-21207 

2.1.4 Cell culture 

2.1.4.1 Cell lines 

Table 2.4 Cell lines used in cell culture 

Cell type Source 

Colon carcinoma cells (RKO) 
Gift from Tracey Collard, 

University of Bristol 

Colorectal adenocarcinoma cells 

(SW480) 

Gift from Tracey Collard, 

University of Bristol 

Colorectal adenocarcinoma cells 

(SW620) 

Gift from Tracey Collard, 

University of Bristol 

Colorectal adenocarcinoma cells 

(HT-29) 

Gift from Tracey Collard, 

University of Bristol 

Conditionally Immortalised 

Glomerular Endothelial Cells 

(CiGEnC) 

Gift from Dr Simon Satchell, 

University of Bristol 

Human Embryonic Kidney 293 

epithelial cells (HEK293-T) 

American Type Culture Collection 

(ATCC) 

Human Umbilical Vein Endothelial 

Cells (HUVEC) 

Freshly isolated, Lonza (pooled 

donor, C2519A) 
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2.1.4.2 Cell culture media 

Table 2.5 Cell media used in cell culture 

Media Type Supplier Components 

DMEM Cell Growth 

Medium (DCGM) 

Sigma-

Aldrich 

Dulbecco’s Modified Eagle’s 

Medium (DMEM) with 4500 mg/L 

glucose and sodium bicarbonate, 

D5796, supplemented with 10% 

(v/v) FBS, 100 U/mL penicillin and 

100 g/mL streptomycin 

DMEM Colon Cancer 

Cell Growth Medium  

Sigma-

Aldrich 

Dulbecco’s Modified Eagle’s 

Medium (DMEM) with 4500 mg/L 

glucose and sodium bicarbonate, 

D5796, supplemented with 10% 

(v/v) FBS, 1% L-glutamine, 100 

U/mL penicillin and 100 g/mL 

streptomycin 

Endothelial Cell Basal 

Medium (ECBM) 

Sigma-

Aldrich 

Dulbecco’s Modified Eagle’s 
Medium (DMEM) Nutrient Mixture 

F-12 Ham with L-glutamine and 

sodium bicarbonate D8062, 

supplemented with 0.1% (v/v) fatty 

acid-free bovine serum albumin, 

100 U/mL penicillin and 100 g/mL 

streptomycin 

Endothelial Cell 

Growth Medium 

(EGM-2) 

Lonza 

Endothelial cell Basal Medium 2 

(EBM-2) CC-3156, supplemented 

with BulletKit CC-4176 but 

excluding VEGF 
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Endothelial Cell 

Growth Medium 

(EGM-2 MV) 

Lonza 

Endothelial cell Basal Medium 2 

(EBM-2) CC-3156, supplemented 

with BulletKit CC-4147 but 

excluding VEGF 

Fibroblast Cell Basal 

Medium 

Sigma-

Aldrich 

Dulbecco’s Modified Eagle’s 

Medium (DMEM) with 4500mg/L 

glucose and sodium bicarbonate, 

D5796, supplemented with 0.1% 

(v/v) fatty acid-free bovine serum 

albumin, 1% L-glutamine, 100 

U/mL penicillin and 100 g/mL 

streptomycin 

HIFA-2 Medium Lonza 

Endothelial cell Basal Medium 2 

(EBM-2) CC-3156, supplemented 

with hydrocortisone, GA-1000 and 

ascorbic acid from BulletKit CC-

4147 and 10 ng/mL FGF and 20 

ng/mL IGF 

Neutralising Media 
Sigma-

Aldrich 

Dulbecco’s Modified Eagle’s 
Medium (DMEM) Nutrient Mixture 

F-12 Ham with L-glutamine and 

sodium bicarbonate D8062, 

supplemented with 10% (v/v) FBS, 

100 U/mL penicillin and 100 g/mL 

streptomycin and GA1000 

OptiMEM 

Thermo 

Fisher 

Scientific 

Reduced Serum Medium, 31985-047 
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2.1.4.3 Cell culture reagents  

Table 2.6 Reagents used in cell culture 

Reagent Supplier 

Angiotensin II Sigma-Aldrich, A9525 

Collagen (Bovine, Type I) Advanced BioMatrix, 5409 

Chloramphenicol Sigma-Aldrich, C0378 

Dimethylsulphoxide (DMSO) Hybri-

Max 
Sigma-Aldrich, D2650 

Dulbecco’s Phosphate Buffered 
Saline (PBS) 

Sigma-Aldrich, D8537 

Dulbecco’s Phosphate Buffered 
Saline, with calcium chloride and 

magnesium chloride 

Sigma-Aldrich, D1283 

Fatty Acid-Free Bovine Serum 

Albumin 
Sigma-Aldrich, A7030-10G 

Fetal Bovine Serum (FBS) Sigma-Aldrich, F9665 

Fibronectin (0.1%) Sigma-Aldrich, F0895 

Fluorescein isothiocyanate–dextran 
Sigma-Aldrich, 40 kDa, FD40-

100MG 

Gentamicin/Amphotericin Solution 

(GA-1000) 
Thermo Fisher Scientific, R01510 

Gelatin (2%) Sigma-Aldrich, G1393 

Histamine dihydrochloride Sigma-Aldrich, H7250 

Hydrogen peroxide 30% VWR, 23622.260 

L-Glutamine Sigma-Aldrich, G7513 

Lipopolysaccharides from 

Escherichia coli O111:B4 
Sigma-Aldrich, L4391-1MG 

OptiMEM (1X) + GlutaMAX 

reduced serum medium 
Life Technologies, 51985-026 

Penicillin-Streptomycin Invitrogen, 15070-063 
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Tetracyclin Sigma-Aldrich, 87128 

Thrombin GE Healthcare, 27-0846-01 

Trypsin-EDTA (0.05%) Life Technologies, 25300054 

Recombinant Human FGF2 (146 aa) R&D systems, 233-FB/CF 

Recombinant Human LR3 IGF-1 R&D systems, 8335-G1 

Recombinant Human PlGF-1 Peprotech, 100-06 

Recombinant Human TNF-alpha 

Protein 
R&D systems, 210-TA-020 

Recombinant Human VEGF-A165 Peprotech, 100-20 

Recombinant Human/Mouse Wnt-5a R&D systems, 645-WN-010 

2.1.5 DNA cloning 

2.1.5.1 DNA cloning reagents 

Table 2.7 Reagents used for DNA cloning 

Reagent Supplier 

10X ThermoPol Reaction Buffer New England Biolabs, B9004S 

Ampicillin sodium salt Sigma-Aldrich, A9518 

Deep Vent DNA polymerase New England Biolabs, M0258S 

dNTP mix Bioline, BIO-39044 

Ethidium bromide solution Thermo Fisher Scientific, 1239-45-8 

Gel Loading Dye, Purple 6X New England Biolabs, B7024S 

HyperLadder 1kb Bioline, BIO-33025 

IPTG Apollo Scientific, 367-93-1 

LB-Agar Fisher Scientific, BP9734-500 

LB-broth Sigma-Aldrich, L7275 

LMP agarose Sigma-Aldrich, A9414 

SuRE/Cut Buffer B Sigma-Aldrich, 11417967001 

SuRE/Cut Buffer H Sigma-Aldrich, 11417991001 

T4 DNA Ligase Sigma-Aldrich, 15451300 
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T4 DNA Ligase Reaction Buffer New England Biolabs, B0202S 

UltraPure DNase/RNase-Free 

Distilled Water 
Thermo Fisher Scientific, 10977-035 

X-Gal BDH Prolabo, 437132J 

XL1-Blue competent cells Agilent Technologies, 200249 

2.1.5.2 PCR primers 

All primers were obtained from Eurofins MWG Operon and reconstituted to 

a stock concentration of 50 µM in UltraPure DNase/RNase-Free Distilled 

Water. 

Table 2.8 Primers used for PCR 

Primer Sequence 

EcoRI-EGFP AAG AAT TCA TGG TGA GCA AGG GCG AG 

EGFP-XbaI TTA TCT AGA TTA CTT GTA CAG CTC GTC CAT 

2.1.6 siRNA and DNA transfections 

2.1.6.1 Mammalian cell transfection reagents 

Table 2.9 Reagents used for mammalian cell transfections 

Reagent Supplier 

GeneFECTOR Venn Nova, R-0001-01 

Lipofectamine 2000 Reagent  Invitrogen, 11668-019 

MISSION siRNA Universal 

Negative Control #1 
Sigma-Aldrich, SIC001 

2.1.6.2 siRNA oligonucleotides 

All siRNAs were obtained from Eurofins MWG Operon and reconstituted to a 

stock concentration of 100 µM in the supplied siMAX Universal buffer (30 mM 
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HEPES, 100 mM KCl, 1 mM MgCl2 at pH 7.3). Aliquots of working 

concentration (20 µM) were stored at -20⁰C. 

Table 2.10 siRNAs used for mammalian cell transfections 

Target gene Sense strand sequence 

Daple 

9: GUG ACA UGC UGA AGC GCA A  

10: AUU AAA UGC CUU ACG AAG A 

11: GCA AGA AGU CAG AGC GCC U 

12: UGG AUU UAG UGG ACG GCA U 

P115-RhoGEF 

1: AGA ACG AGC UGG AGA CAA A 

2: CAA CGU CGC CUU UGA ACU U 

3: GGU GUG CUC UCA UCA CUG A 

4: UGA CGU GGC GGG UGA CUA A 

srGAP2 

A: CUG CUG GAA UCU CCU CUU ATT 

B: CCA AUG CAU CUG UCU UCA ATT 

A-1: GGA CUA CAG CAU GAA GGA A 

10: CCA UCA UCA UCC AGC AUG A 

11: GUA CUA CAU CCA UGA CCU A 

srGAP3 
A: UGA ACG AGA UAU CAA UUC A 

B: CCA UCA UCA UCC AUC AUG A 

2.1.6.3 Mammalian expression constructs  

Table 2.11 DNA constructs used for mammalian cell transfection 

Construct Details Source 

Empty pLVX  
Clontech Laboratories, 

Inc. 

pBlueScript vector  
Clontech Laboratories, 

Inc. 

pEGFP N-terminal  
Clontech Laboratories, 

Inc. 
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srGAP2-myc 
Full-length srGAP2 with 

C-terminal myc-tag 

In house, made by 

Harry Mellor 

srGAP2-EGFP-

pLVX 

Full-length srGAP2 with 

C-terminal EGFP-tag into 

a PLVX vector 

In house, made by Alba 

Lopez Rioja 

EGFP-VEGFR1-

pLVX (Lentiviral 

vector map showed 

in Figure 2.1) 

Full-length VEGFR1 with 

N-terminal EGFP-tag 

into a PLVX vector 

In house, made by 

Asha Bayliss 

EGFP-pLVX 
EGFP-tag into a pLVX 

vector 

In house, made by 

Asha Bayliss 

pAX2  
Clontech Laboratories, 

Inc 

pMD2G  
Clontech Laboratories, 

Inc 

Venus-srGAP2 
Full-length srGAP2 with 

N-terminal venus-tag 

Gift from Dr Rocks, 

Max-Delbrück Centre 

for Molecular Medicine 

F-BAR-GFP 

Amino acids 1-501 of 

srGAP2 with C-terminal 

GFP-tag 

In house, made by 

Esmerelda Bosma 

GFP-GAP 

Amino acids 486-673 of 

srGAP2 with N-terminal 

GFP-tag 

In house, made by Jo 

Widdicombe 

GFP-SH3 

Amino acids 730-785 of 

srGAP2 with N-terminal 

GFP-tag 

In house, made by Jo 

Widdicombe 

  



Figure 2.1 Lentiviral EGFP-VEGFR1 vector map.

Representative map of the lentiviral EGFP-VEGFR1 construct.

81
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GFP-C-terminal 

Amino acids 786-1070 of 

srGAP2 with N-terminal 

GFP-tag 

In house, made by Jo 

Widdicombe 

GFP-IMP1 
Full-length IMP1 with N-

terminal GFP-tag 

Gift from Jan 

Christiansen, 

Copenhagen Biocenter 

 

2.1.7 Viral transduction 

2.1.7.1 Viral transduction reagents 

Table 2.12 Reagents used for viral transduction 

Reagent Supplier 

0.2 µm filter Sigma-Aldrich, 16534K 

Polyethylenimine (PEI) Sigma-Aldrich, 408727-100ML 

Puromycin Sigma-Aldrich, P8833 

2.1.8 Protein analysis 

2.1.8.1 Western blotting reagents 

Table 2.13 Reagents used for western blotting 

Reagent Supplier 

30% Acrylamide (w/v) stock solution 

(acrylamide:bisacrylamide ratio 37.5:1) 
Severn Biotech Ltd, 20-2100-05 

Amersham Hyperfilm MP GE Healthcare, 28-9068-44 

Ammonium Persulfate (APS) Sigma-Aldrich, A3678 

Bovine Serum Albumin (BSA) Sigma-Aldrich, A9647-100G 

ECL Western Blotting Substrate Promega, W1015 

Immobilon-P polyvinyl fluoride (PVDF) 

transfer membrane 
Merck Millipore, IPVH00010 
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N,N,N’,N’-Tetramethylethylenediamine 

(TEMED) 
Fisher Bioreagents, BP150-20 

PageRuler Plus Prestained Protein 

Ladder 
Thermo Fisher Scientific, 26619 

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific, 23227 

Whatman Grade 3MM Chr Cellulose 

Chromatography Paper Sheet 
GE Healthcare, 3030-917 

2.1.8.2 Western blotting solutions 

Table 2.14 Solutions used for western blotting 

Solution Components 

Blocking buffer 
5% (w/v) dry skimmed milk or BSA, 1X PBS-

Tween or TBS-Tween 

Running buffer 192 mM glycine, 25 mM Tris base, 1% (w/v) SDS 

Strip buffer 
2% (w/v) SDS, 0.06 M Tris pH 6.8, 0.1 M β-

mercaptoethanol 

Transfer buffer 192 mM glycine, 25 mM Tris base 

2.1.8.3 Immunoprecipitation reagents 

Table 2.15 Reagents used for immunoprecipitation 

Reagent Supplier 

EZ-Link™ Sulfo-NHS-LC-Biotin Thermo Fisher Scientific, 21335 

GFP-Trap®_A Chromotek, gta-20 

Nonidet P-40 (NP40) Sigma-Aldrich, I3021 

Protease Inhibitor tablets Sigma-Aldrich, 58830 

Protein A-Sepharose beads Sigma-Aldrich, P9424 

Protein G-Sepharose beads Sigma-Aldrich, P3296 

Streptavidin, agarose beads Millipore, 16-126 
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2.1.8.4 Immunoprecipitation solutions 

Table 2.16 Solutions used for immunoprecipitation 

Solution Components 

Surface biotinylation lysis 

buffer 

150 mM NaCl, 10 mM Tris, 1% NP40, 1 

mM EDTA, 10 mM NaF, 2 mM Na3VO4, 

1X protease inhibitor cocktail, 1 mM 

DTT, pH 7.4 

Immunoprecipitation and 

GFP-trap lysis buffer 

150 mM NaCl, 20 mM HEPES, 1% 

NP40, 1 mM EDTA, 10 mM NaF, 2 mM 

Na3VO4, 1X protease inhibitor cocktail, 

pH 7.4 

2.1.8.5 Nuclear and cytoplasmic extraction reagents 

Table 2.17 Reagents used for nuclear and cytoplasmic extraction 

Reagent Supplier 

Harvest buffer 

10 mM HEPES pH 7.9, 50 mM 

NaCl, 0.5 M sucrose, 0.1 mM EDTA, 

0.5% Triton X-100, 1X protease 

inhibitor cocktail  

2.1.9 Immunofluorescence 

2.1.9.1 Immunofluorescence reagents 

Table 2.18 Reagents used for immunofluorescence 

Reagent Supplier 

1,4-Diazabicyclo[2.2.2]octane 

(DABCO) 
Sigma-Aldrich, D27802 
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4’,6-Diamidino-2-phenylindole 

dihydrochloride, 
Sigma-Aldrich, A9647 

Cover glasses VWR, 631-0149 

Microscope slide Academic Science, N/A132 

Mowiol 4-88 Calbiochem, 475904 

Paraformaldehyde (PFA) Thermo Fisher Scientific, P/0840/53 

Sodium Borohydride Sigma-Aldrich, 452882 

Triton X-100 Sigma-Aldrich, X100 

2.1.9.2 Fluorescent reagents 

Table 2.19 Fluorescent reagents 

Target Application Supplier 

CellTracker™ Green 
CMFDA Dye 

IF 0.5 µM Thermo Fisher Scientific, C7025 

Alexa Fluor 488 Phalloidin IF 1:200 Life Technologies, A12379 

2.1.9.3 Mowiol mounting solution 

2.4 g Mowiol 4-88 was mixed with 6 mL water and 6 mL glycerol and rotated 

for 2 h. After this, 12 mL Tris-HCl (200 mM, pH 8.5) was added and the 

solution was incubated at 50ºC with agitation until the Mowiol 4-88 had 

dissolved. The solution was then filtered through a 0.45 µM pore filter and it 

was stored at 4ºC. 2.5% (w/v) DABCO was added to the solution and dissolved 

by vortexing before each use. 

 



   
   
 

86 
 

2.1.10 Antibody purification 

2.1.10.1 Antibody purification reagents 

Table 2.20 Reagents used for antibody purification 

Reagent Supplier 

Minisart Syringe Filter Sartorius Stedim Biotech 

Poly-Prep Chromatography 

Columns 
Bio-Rad, 731-1550 

Sulfolink Coupling Resin Thermo Fisher Scientific, 20401 

2.1.10.2 Antibody purification equipment 

Table 2.21 Equipment used for antibody purification 

Equipment Supplier 

Avanti J-25 High-Performance 

Centrifuge 
Beckman Coulter, 363102 

JA-20 Fixed-Angle Rotor Beckman Coulter, 334831 

NanoDrop Lite Thermo Fisher Scientific, ND-LITE-PR 

Oak Ridge Polysulfone 

Centrifuge Tubes 
Thermo Fisher Scientific, 3137-0050 

2.1.10.3 Antibody purification solutions 

Table 2.22 Solutions used for antibody purification 

Solution Components 

Blocking buffer 50 mM cysteine in coupling buffer 

Coupling buffer 
50 mM Tris pH 8.5, 5 mM EDTA, 

pH 8.5 



   
   
 

87 
 

2.1.10.4 Antibody precipitation peptides 

Table 2.23 Peptides used for antibody precipitation 

Target Sequence 

N-terminal srGAP2 TSPAKFKKDKEIIAC-amide 
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2.2 Methods 

2.2.1 Cell culture 

2.2.1.1 Conditions of incubation 

HUVEC, CiGEnC, HEK293-T and cancer colon cells were incubated with 

EGM-2, EGM-2 MV, or DMEM Colon Cancer Cell Growth Medium (DCGM) 

respectively at 37ºC (CiGEnC at 33ºC, and at 37ºC 24 h prior an experiment) 

in 5% (v/v) CO2.  

Prior to plating the HUVEC, the dish surface was coated. For coating, plastic 

tissue culture dishes were incubated with 5 µg/mL fibronectin in 1X PBS for 

at least 30 min at 37ºC. Alternatively, sterilised glass coverslips were coated 

with a solution containing 30 µg/mL of collagen I, 50 µg/mL fibronectin and 

0.1% gelatin for 30 min at 37ºC before being washed three times with PBS to 

remove the excess of coat. 

2.2.1.2 Cell culture 

Cells were grown on 10 cm dishes at 80-90% confluency and usually split at 

a ratio of 1:5. In order to passage the cells, medium was removed and cells 

were washed twice with 1X PBS. 1 mL trypsin-EDTA was added and 

incubated for 1-2 min at 37ºC (CiGEnC at 33ºC) in order to detach the cells. 

Four times the volume of neutralising medium for HUVEC and CiGEnC or 

their own media for HEK293-T and colon cancer cells were added to 

neutralise the trypsin. Cells were resuspended in their respective medium 

and seeded onto a new dish whilst swirling the plate. The passage used for 

experiments was between 4-8 for HUVEC or 30-40 for CiGEnC. 
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2.2.1.3 Stimulation of cells with growth factors 

Cells were seeded onto a 6-well plate and incubated 24 h at 37ºC (CiGEnC at 

33ºC). Cells were washed with ECBM for HUVEC and CiGEnC or Fibroblast 

Cell Basal Medium for HEK293-T and colon cancer cells and incubated with 

1.8 mL of these basal medium per well for 1 h at 37ºC (CiGEnC at 33ºC). 

Meanwhile, growth factors were mixed with these basal media in their proper 

concentration. 200 µL of the growth factor solutions were added into the wells. 

At the end of the time course, the 6-well plate was placed on ice and cells were 

processed for western blotting or immunofluorescence. 

2.2.2 Cryopreservation of cells 

Medium was removed from confluent cells and they were washed with PBS. 

For a 10 cm dish, 1 mL trypsin-EDTA was added and incubated for 1-2 min 

at 37ºC in order to detach the cells and then, four times the volume of sterile 

neutralizing medium was added to neutralise the trypsin. The cell suspension 

was centrifuged at 1200 rpm for 5 min and the pellet resuspended in 2 mL of 

cold freezing medium and placed in 2 cold sterile cryovials. The freezing 

medium was composed of 20% (v/v) FBS, 10% (v/v) DMSO, and 70% cell 

culture medium. These cryovials were stored at -80ºC for 24 h to slowly freeze 

and then placed into liquid nitrogen for long-term storage. 

2.2.3 Permeability assays using Transwell plates 

HUVEC were seeded at 5x104 cells/mL onto 10 cm dishes. The following day, 

they were transfected as described below. 5 h later the transfection, HUVEC 

were seeded at 3x105 cells/mL in the upper compartment of the Transwell 

insert (Sigma-Aldrich, CLS3460) previously triple coated and 1.3 mL of EGM-

2 medium was added into the lower compartment. HUVEC were incubated 

24 h at 37ºC. Next day, EGM-2 medium was changed for HIFA-2 medium and 

incubated overnight at 37ºC. Next day, 1 mg/mL of FITC-Dextran and 1 U/mL 
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of thrombin were added to the upper compartment. Samples of 50 µL were 

taken at intervals from the lower compartment to measure the FITC-dextran 

signal with a fluorescence plate reader (Infinite M200 Pro). 

2.2.4 Imaging barrier function using the IncuCyte ZOOM 

System 

HUVEC were seeded at 5x104 cells/mL onto 10 cm dishes. The following day, 

they were transfected as described below. 5 h later the transfection, HUVEC 

were seeded at 3x105 cells/mL (for a cell monolayer) or at 104 cells/mL (for 

spare cells) onto a 24 well ImageLock Microplate (Essen BioScience, 4365) 

previously coated with fibronectin. HUVEC were incubated 24 h at 37ºC. Next 

day, EGM-2 medium was changed for HIFA-2 medium and incubated 

overnight at 37ºC. Next day, the microplate was placed in the IncuCyte ZOOM 

System and cells were treated with permeability-inducing agents. Images 

were taken every 5 min for 6 h using the 20x objective.  

2.2.5 Cloning 

2.2.5.1 PCR 

A mixture of 50 µL was prepared for each polymerase chain reaction. This 

mixture was composed of 1X ThermoPol Reaction Buffer, 0.2 mM of dNTPs, 

1 µg of the template DNA, 1 µM (final concentration) of forward primer and 1 

µM of reverse primer. 0.5 µL of Deep Vent polymerase was added to the 

mixture after 5 min of a hot start at 95ºC. The PCR mixture underwent 35 

cycles of denaturation, annealing and elongation. For separation, PCR 

mixture was heated at 95ºC for 30 s, for annealing it was lowered at 55ºC for 

30 s and for elongation it was heated to 72ºC for an appropriate length of time 

(1 min per kilobase). After the last cycle, the mixture was heated at 72ºC for 

8 min for the last elongation step. Finally, the mixture was held at 4ºC. 
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2.2.5.2 Restriction enzyme digestion 

The digestion mixture was composed of 1X of the appropriate restriction 

buffer, 1 µL of each restriction enzyme, 1 µg of DNA and then filled up to 20 

µL with DNase/RNase free H2O. The mixture was incubated at 37ºC in a 

water bath for 1 h and the products were analysed by agarose gel 

electrophoresis. 

2.2.5.3 Agarose gel electrophoresis 

After PCR or digestion, the products were separated by an agarose gel 

electrophoresis. 1% (w/v) LMP agarose gels were used when it was followed 

by a ligation reaction. 

LMP-agarose was added to 1X TAE buffer and then heated using a microwave 

until it had dissolved. The mixture was left to cool before adding 0.6 µg/mL 

ethidium bromide. The agarose was then poured into the cast and left to set. 

The electrophoresis tank was filled with 1X TAE buffer and the agarose gel 

was placed into it. Samples mixed with 6X DNA loading dye were loaded into 

the wells next to the 5 µL of the molecular weight marker Hyperladder I. 

Samples were electrophoresed at 75 V for 1 h and the DNA bands were 

visualised using UV light. 

2.2.5.4 Ligation 

The separate DNA bands were removed from the agarose gel using a scalpel 

blade. The slices were then placed into a microcentrifuge tube and heated at 

80ºC to melt them. 4 µL of the gel solution was mixed with 14 µL 

DNase/RNase free H2O and this mixture was heated again at 80ºC to melt it. 

2 µL of 10X ligase buffer was added and it was left to cool before adding 2 µL 

of the T4 DNA ligase enzyme. Finally, the mixture was mixed and incubated 

overnight at 4ºC. 
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2.2.5.5 Bacterial transformation 

200 µL of competent XL-1 Blue E. coli were placed on ice and mixed with 

either 1 µg of DNA plasmid or the 20 µL of the ligation mixture. The 

transformation mixture was incubated on ice for 30 min before the heat shock 

at 42ºC in a water bath for 45 s. Samples were then placed on ice for 2 minutes 

and 800 µL of LB was added before incubating at 37ºC for 1 h with agitation. 

After this, 250 µL of this mixture was spread on LB agar plates containing 

the appropriate antibiotic. Finally, the plates were incubated overnight at 

37ºC. 

2.2.5.6 DNA plasmid purification 

A single colony was transferred to a tube with 5 mL of LB with the 

appropriate antibiotic by picking with a sterile tip and resuspended it with 

the LB. The bacteria were incubated overnight at 37ºC with agitation. Next 

day, 2 mL of the bacteria were used to purify the DNA using the GeneJET 

plasmid miniprep kit (Thermo Fisher Scientific, K0503) according to the 

manufacture’s protocol. 

For larger DNA purifications, 1 mL of the bacteria culture was added to 100 

mL of LB with the appropriate antibiotic and incubated overnight at 37ºC 

with agitation. Next day, the DNA was purified using PureLink HiPure 

Plasmid Filter Midiprep Kit (Thermo Fisher Scientific, K210014) according 

to the manufacturer’s protocol. 

2.2.6 Mammalian cell transfection 

2.2.6.1 siRNA transfection 

HUVEC were seeded at 5x104 cells/mL and incubated for 24 h at 37ºC. Cells 

were then transfected with 20 µM (stock concentration) siRNA 

oligonucleotides using geneFECTOR. For a 6-well plate, 3 µL of siRNA 
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oligonucleotide was mixed with 97 µL OptiMEM in one microcentrifuge tube 

and 6 µL of geneFECTOR was mixed with 94 µL OptiMEM in another one 

per well. The solution with siRNA was added to the solution with 

geneFECTOR and the resulting solution was gently mixed and incubated for 

5 min at room temperature. Medium from cells was removed and the cells 

were washed twice with 1X PBS and then 1 mL OptiMEM was added to each 

well. Finally, the siRNA solution was pipetted dropwise into the wells whilst 

swirling the plate. Cells were incubated for 3 h at 37ºC, then the solution was 

removed and replaced with fresh EGM-2 medium. Cells were incubated for 

48 h at 37ºC and then used for the experiments. 

2.2.6.2 DNA transfection of endothelial cells 

HUVEC were seeded at 6x104 cells/mL and incubated for 24 h at 37ºC. For a 

12-well plate, 2 µg of DNA oligonucleotide was mixed with 125 µL OptiMEM 

in one microcentrifuge tube and 1 µL of Lipofectamine 2000 was mixed with 

125 µL OptiMEM in another one per well. Both solutions were incubated for 

5 min at room temperature and then they were mixed together and incubated 

for 20 min at room temperature. Cells were washed with OptiMEM and 1 mL 

of HUVEC medium was added per well. Mixtures were added to cells 

dropwise while swirling and they were incubated for 5 h at 37ºC. Finally, 

medium was replaced for 1 mL HUVEC medium. 

2.2.7 Generation of stable cell lines 

2.2.7.1 Production of lentiviral particles 

Human Embryonic Kidney 293 epithelial cells (HEK293-T cells) from the 

American Type Culture Collection were seeded onto 6cm dishes. They were 

transfected when the confluency was 80-90%. The transfection mixture was 

composed of 2 solutions: one contained 2 mL OptiMEM, 4 µg pMD2G, 12 µg 

pAX2 and 16 µg of the DNA construct with pLVX; the other one contained 5 
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mL OptiMEM and 1 µL of 10 mM polyethylenemine (PEI) The two solutions 

were mixed and then incubated at room temperature for 20 min. HEK239-T 

cells were washed twice with OptiMEM, the mixture was then added and 

incubated at 37ºC for 6 h. After the incubation, the medium was replaced by 

DCGM and cells were incubated at 37ºC for 48 h before collecting the virus. 

The medium containing the virus was collected 48 and 72 h after the 

transfection of HEK239-T cells. Medium was collected using a syringe and 

was passed through a 0.2 µm pore filter. Filtered medium was placed into 

microcentrifuge tubes before stored them at -80ºC, or directly added to 

HUVEC. New DCGM was added to the HEK239-T cells. 

2.2.7.2 Transduction of HUVEC/CiGEnC/SW620 cells 

HUVEC and SW620 cells were seeded at 6x104 cells/mL and CiGEnC were 

seeded at 12x104 cells/mL onto 6 cm dishes and incubated for 24 h at 37ºC 

before transduction. At 80% confluency, cells were transduced by replacing 

their medium by the medium collected containing the virus. Cells were 

incubated at 37ºC for 6 h. Medium was then replaced by EGM-2 medium for 

HUVEC, EGM-2 MV for CiGEnC or DMEM Colon Cancer Cell Growth 

Medium for SW620 cells and cells were incubated overnight at 37ºC or at 33ºC 

in the case of CiGEnC. The following day, this transduction process was 

repeated. 

The following day after the last transduction, cell medium was replaced by 

EGM-2, EGM-2 MV or DMEM Colon Cancer Cell Growth medium containing 

2 µg/mL of puromycin. Cells were incubated overnight at 37ºC. Medium was 

then replaced with fresh EGM-2, EGM-2 MV or DMEM Colon Cancer Cell 

Growth Medium containing 2 µg/mL of puromycin and cells were incubated 

overnight at 37 ºC. Untransduced cells died within 2 days of puromycin 

treatment. 
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2.2.8 Protein analysis 

2.2.8.1 SDS-PAGE 

Proteins were separated on 10% acrylamide gels. 15 mL of the 10% running 

gel solution was prepared consisting of 0.375 M Tris (pH 8.8), 33% (v/v) of 30% 

acrylamide stock solution (acrylamide:bisacrylamide ratio 37.5:1), 0.1% (w/v) 

SDS, 0.0125% (w/v) APS and 0.05% (v/v) TEMED. Once the solution was 

prepared, it was poured between two assembled glass plates to fill three 

quarters of the glass. 0.01% (w/v) SDS was poured in the top to equal the level 

of the running gel and to avoid the gel from drying and left to polymerize for 

about 30 min. 5 mL of the stacking gel solution was prepared consisting of 

0.125 M Tris (pH 6.8), 13.34% (v/v) of 30% acrylamide (w/v) stock solution 

(acrylamide:bisacrylamide ratio 37.5:1), 0.1% (w/v) SDS, 0.0125% (w/v) APS 

and 0.1% (v/v) TEMED. 0.01% (w/v) SDS was removed by absorbing with 

absorbent paper, the stacking gel solution was poured to the top to fill the 

whole space between the glasses and immediately a comb was inserted and 

left to polymerize. 

Once the gel was polymerised, the gel cassettes were placed in a Bio-Rad 

electrophoresis chamber filled with running buffer. The comb was removed 

and the wells were washed with running buffer by injecting a syringe to 

remove bubbles and unpolymerised acrylamide. Samples prepared in 2X 

Laemmli sample buffer were heated at 95ºC for 5 min and loaded into the 

wells next to the 5 µL of PageRuler Plus prestained protein ladder. Gels were 

subject to electrophoresis at 10 mA constant current until samples were into 

the running gel and then at 120 V constant voltage. 

2.2.8.2 Western blotting 

Once proteins had been separated by electrophoresis, they were transferred 

onto an Immobilion-P polyvinyl fluoride membrane (PVDF) using the Bio-Rad 

Mini Trans-Blot electrophoretic transfer cell. In order to achieve this, 



   
   
 

96 
 

membranes were immersed in 100% methanol for 10 s and washed with 

transfer buffer for 10 min. The transfer tank was filled with cold transfer 

buffer with a magnetic stirrer to ensure mixing of the buffer. The membrane 

was then placed on the top of the electrophoresis gel with filter paper on both 

sides and they were placed into the transfer cell into the transfer tank. The 

transfer was carrying out at 40 V for 80 min or at 20 V overnight. 

Once the proteins had been transferred onto the membrane, it was blocked in 

blocking buffer for 1 h with agitation at room temperature. Membranes were 

then washed with PBS-Tween/TBS-Tween and placed them into a bag where 

the primary antibody diluted in PBS-Tween/ TBS-Tween was poured. Bags 

were incubated overnight at 4ºC with agitation. Next day, membranes were 

washed three times with PBS-Tween/TBS-Tween, the first wash was for 15 

min and the other two for 5 min each. After, membranes were incubated with 

horseradish peroxidase-conjugated secondary antibody diluted in PBS-

Tween/TBS-Tween for 1 h with agitation at room temperature. Membranes 

were washed three times with PBS-Tween/TBS-Tween, the first wash was for 

15 min and the other two for 5 min each. Finally, the enhanced 

chemiluminescence /ECL reagents were mixed at a ratio of 1:1 and incubated 

with the membranes for 1 min. The signal was then detected by exposure to 

Hyperfilm. 

2.2.8.3 Stripping antibody 

Membrane was incubated in strip buffer for 30 min in the water bath at 65ºC. 

After, it was rinsed five times with PBS-Tween and washed five times for 5 

min with agitation. 
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2.2.9 Immunoprecipitation 

2.2.9.1 Immunoprecipitation of endogenous protein and GFP-trap affinity 

purification 

Cells were grown in 10 cm dishes at 80-90% confluency. Cells were then 

washed 3 times with ice-cold 1X PBS and placed on ice. They were lysed with 

1 mL ice-cold immunoprecipitation/GFP-trap lysis buffer and harvested by 

scraping. Lysates were transferred to microcentrifuge tubes and incubated on 

ice for 5 min agitating occasionally for immunoprecipitation or rotated at 4ºC 

for 20 min for GFP-trap purification. They were then centrifuged at 15000 x 

g for 20 min for immunoprecipitation or at 20000 x g for 12 min for GFP-trap 

purification, both at 4ºC. Input samples were prepared by mixing 15 µL of 

lysates with 15 µL 2X Laemmli sample buffer with DTT and heating them at 

95ºC for 5 min. The remaining lysates of only the immunoprecipitation were 

incubated with either 0.1 µg antibody against the protein of interest or 0.1 µg 

control IgG at 4ºC for 20 min. Meanwhile protein G Sepharose or GFP-trap A 

beads were equilibrated; 20 µL compact beads per sample. To achieve this, 

beads were washed three times in 1 mL ice-cold immunoprecipitation/GFP-

trap lysis buffer. The packed beads were then resuspended at 1:1 with ice-

cold immunoprecipitation/GFP-trap lysis buffer and they were split in 

microcentrifuge tubes. Lysates were added to the beads and rotated them at 

4ºC for 1 h. Supernatant was removed and beads were washed three times 

with 1 mL ice-cold immunoprecipitation/GFP-trap lysis buffer. At the end of 

the final wash, the supernatant was aspirated. Finally, the protein of interest 

together the interacting proteins were eluted from beads by heating at 95ºC 

for 5 min in 70 µL 2X Laemmli sample buffer with DTT to analyse them by 

western blotting. 
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2.2.9.2 Immunoprecipitation of biotinylated proteins 

Cells were grown in 6 cm dishes at 80-90% confluency. Cells were then placed 

on ice, washed twice with ice-cold 1X PBS and incubated in 1.5 mL 0.2 mg/mL 

Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific, 21335) diluted in 1X PBS for 

30 min at 4°C on the rocker. Cells were washed three times with 1X PBS and 

lysed in 560 µL in ice-cold surface biotinylation lysis buffer. Cells were 

scraped for 1 min and the lysates were centrifuged at 13000 x g for 12 min at 

4ºC. Input samples were prepared by mixing 60 µL of lysates with 30 µL 3X 

Laemmli sample buffer with DTT and heating them at 95ºC for 5 min. 30 µL 

Streptavidin-agarose beads were used per sample, they were equilibrated by 

spin them and washed them three times with ice-cold surface biotinylation 

lysis buffer. The packed beads were then resuspended in 225 µl ice-cold 

surface biotinylation lysis buffer per sample and they were split in 

microcentrifuge tubes. Lysates were added to the beads and rotating them at 

4ºC for 1 h. They were centrifuged and 60 µl of supernatant was mixed with 

30 µL 3X Laemmli sample buffer and heated at 95ºC for 5 min (non-

biotinylated proteins). Beads were washed three times with ice-cold surface 

biotinylation lysis buffer. At the end of the final wash, the supernatant was 

aspirated. Finally, the biotinylated proteins were eluted from beads by 

heating at 95ºC for 5 min in 70 µL 2X Laemmli sample buffer with DTT to 

analyse them by western blotting. 

2.2.10 Nuclear and Cytoplasmic extraction 

One 10 cm dish of HUVEC cells was seeded at 5x104 cells/mL and incubated 

at 37ºC for 48 h. Cells were washed with ice-cold 1X PBS and lysed by 

scraping them in 1 mL Harvest buffer. They were incubated for 5 min on ice 

and one aliquot of 40 µL was collected as the total protein fraction. The 

remainder was centrifuged for 10 min at 93 x g at 4ºC. One aliquot of 40 µL 

was collected as the cytoplasmic and membrane protein fraction. The 

remainder was discarded, and the nuclear pellet was resuspended in 50 µL of 
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Harvest buffer. This is centrifuged for 10 min at 93 x g at 4ºC. The 

supernatant was discarded, and the pellet was resuspended in 50 µL of 1x 

Laemmli Sample Buffer. The total protein fraction and the cytoplasmic and 

membrane protein fraction were resuspended in 20 µL of 3x Laemmli Sample 

Buffer. 

2.2.11 Rho G-LISA activation assays 

HUVEC were seeded at 5x104 cells/mL onto 10 cm dishes. The following day, 

they were transfected as described above. 5 h later the transfection, HUVEC 

were seeded at 3x105 cells/mL onto a 6-well plated previously coated with 

fibronectin and incubated 24 h at 37ºC. Next day, EGM-2 medium was 

changed for HIFA-2 medium and incubated overnight at 37ºC. Next day, cells 

were stimulated with 1 U/mL of thrombin and harvested by scrapping after 

several time-points. Samples were processed the same day using the Rho G-

LISA activation assay kit (Cytoskeleton Inc., BK124) and followed its 

protocol.  

2.2.12 Immunofluorescence 

2.2.12.1 Cell staining 

Cells were seeded onto coverslips in 12-well plates. Coverslips were processed 

in these wells. Cells were washed with 1X PBS and fixed in fresh 4% PFA for 

15 min at room temperature. They were washed three times with 1X PBS and 

permeabilised in 0.2% Triton X-100 for 5 min at room temperature. After, 

cells were washed three times with 1X PBS and treated with fresh 0.1% 

sodium borohydride for 5 min at room temperature to quench the 

autofluorescence. Primary antibodies were diluted in 1% BSA/PBS and 

centrifuged for 30 min at 15000 x g at 4ºC.  Then, cells were washed three 

times with 1X PBS and primary antibodies were added to the coverslips and 

incubated for 1 h at room temperature. Secondary antibodies were diluted in 
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1X PBS and centrifuged for 15 min at 15000 x g at 4ºC.  Cells were washed 

three times with 1X PBS and secondary antibodies were added to the 

coverslips and incubated for 45 min at room temperature. Cells were washed 

three times with 1X PBS and were incubated with DAPI for 5 min at room 

temperature. Finally, coverslips were washed three times with 1X PBS before 

mounting on glass slides using Mowiol with 2.5% DABCO solution. Slides 

were incubated overnight at room temperature in dark before examining 

them on the microscope. 

2.2.13 Purification of antibody 

2.2.13.1 Coupling the recombinant peptide 

1 mg of peptide per sample was dissolved in 1 mL coupling buffer. Sulfolink 

Coupling Gel was equilibrated in the same buffer (1 mL slurry bed per 

sample) and washed four times with 12mL of coupling buffer by centrifuging 

at 3000 rpm for 3 min. After the last step, coupling buffer was removed, and 

the 2 mL of peptide was added and the mixture was incubated at room 

temperature for 15 min with agitation.  The mixture was then incubated at 

room temperature for 30 min without mixing to bind the peptide to the gel. 

The gel was washed four times with 10 mL of coupling buffer and then 2 mL 

of fresh 50 mM cysteine in coupling buffer was added incubating at room 

temperature for 15 min with rotation and later at room temperature for 30 

min without mixing. The gel was washed three times with 10 mL of 1 M NaCl 

and three times with 10 mL of coupling buffer. Finally, 5 mL of coupling 

buffer was added and the mixture was stored at 4ºC overnight. 

2.2.13.2 Affinity purification of polyclonal antisera 

Serum with the antibody was transferred into Oak Ridge tubes and 

centrifuged at 17500 x g for 30 min at 4ºC. The supernatant was filtered using 

a syringe with a 0.45 µm filter and after with a 0.2 µm filter. Some coupling 
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buffer from the Sulfolink gel was removed and the remainder was 

resuspended, then the gel was divided between the different samples with 

serum. The mixture was incubated at room temperature for 1 h 30 min with 

rotation. Meanwhile, the required amount of 1 M Tris pH 9.5 to neutralise 

100 mM glycine pH 2.5 was determined and this amount of 1 M Tris pH 9.5 

is added into 7 microcentrifuge tubes per sample. The mixture of the gel with 

the bound antibodies was transferred to a Poly-Prep Chromatography 

column. The column was washed with 10 mL PBS per 1 mL of slurry bed until 

the column was dry and then it was washed with 5mL of 0.5 M NaCl in PBS. 

The column is rinsed with 5 mL PBS and the flow is discarded through to let 

the column dry. 100 mM glycine pH 2.5 was added to elute the antibody into 

the 1.5 mL microcentrifuge tubes containing 1 M Tris pH 9.5 in 1 mL fractions 

and they were kept on ice and stored at 4ºC. 
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 Investigating the role of VEGFR1 in 

endothelial cells 

3.1 Introduction 

VEGFR1 has been largely shown to work together with VEGFR2 in 

regulating endothelial cell homeostasis and angiogenesis (417). However, the 

signalling pathway downstream of VEGFR1 has been poorly studied 

compared to VEGFR2; few specific VEGFR1 interactors have been identified 

and its role in endothelial cells has not yet been fully characterised. A limiting 

factor is the difficulty of studying VEGFR1 alone since the majority of 

VEGFR1 in endothelial cells heterodimerises with VEGFR2 and these 

heterodimers regulate VEGFR2 signalling (418–420). Despite this, it has 

been found that VEGFR1 also activates certain signalling proteins itself such 

as PLC-γ and PI3K, although its kinase activity is weaker than VEGFR2 

(421,422). These signalling events are still not fully understood and the full 

signalling pathways of VEGFR1 have not been mapped. The first goal of my 

PhD was to try to identify novel signalling partners of activated VEGFR1 to 

further elucidate its role in endothelial cells. 

In work carried out in the lab before I began my PhD, Dr Caroline McKinnon 

performed a first mass spectrometry of VEGFR1 complexes isolated from 

conditionally immortalised ECs stable expressing EGFP-VEGFR1. Primary 

endothelial cells such as the Human Umbilical Vein Endothelial Cells 

(HUVEC) are difficult to maintain in cell culture due to early onset of 

senescence, therefore, they are not suitable for long term culture. Satchell et 

al. (423) addressed this limitation by the generation of conditionally 

immortalised glomerular endothelial cells (CiGEnC). CiGEnC contain a 

temperature-sensitive simian virus 40 large tumour antigen (tsSV40LT), 

which is active at 33ºC, preventing replication-induced senescence, and which 

can be switched off at 37ºC, leading to a mature primary phenotype in cells. 

CiGEnC keep morphological features, behaviour and markers of primary 
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endothelial cells at early passages, making them a good alternative option to 

primary endothelial cells. In the lab, CiGEnC were transduced with an 

EGFP-VEGFR1 construct to make a stable cell line. VEGFR1 complexes were 

isolated from unstimulated cells using a GFP-Trap purification, followed by 

mass spectrometry. EGFP-VEGFR1 was generating by the addition of an 

EGFP to the N-terminus of the lentiviral VEGFR1-pLVX construct. EGFP 

was added at the N-terminus of VEGFR1 to prevent possible further 

disruptions in the binding of its downstream effectors to its C-terminal kinase 

domains, which are crucial for the identification of new interactors, which is 

the aim of the study.  

The first objective of my project was to repeat this proteomic screen, but this 

time under the stimulation of VEGFR1 to allow me to identify novel partners 

specifically involved in VEGFR1 signalling. I chose to stimulate cells with the 

placental growth factor 1 (PlGF-1), a specific ligand of VEGFR1 homodimers 

(254,417,424). This targeted stimulation was designed to avoid the activation 

of VEGFR1/VEGFR2 heterodimers, which would result in the identification 

of non-specific VEGFR1 interactors. Furthermore, in this second proteomic 

screen, I wanted to identify the physiological interactors of the endogenous 

VEGFR1. For this reason, I chose to use HUVEC instead of CiGEnC since 

they are primary endothelial cells.  

3.2 Results 

3.2.1 Assessing of VEGFR1 activation by PlGF-1 in HUVEC 

Before carrying out the proteomic screen, I needed to carry out a series of 

optimisation experiments. First, I needed to optimise the timings and 

concentration of PlGF-1 for an optimum activation of VEGFR1.  I used 

stimulation with VEGF-A for comparison, which activates both VEGFR1 and 

VEGFR2 (417,425,426). HUVEC were treated with PlGF-1 and VEGF-A to 

stimulate VEGFR1. Cells were lysed and phospho-VEGFR1 and total 
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VEGFR1 protein levels were tested by Western blot analysis. My results 

showed that both growth factors, PlGF-1 and VEGF-A, seemed to activate 

VEGFR1 after 5 and 2 min of stimulation respectively (Figure 3.1.A). 

However, the total levels of VEGFR1 were also lightly increased after 5 min 

of PlGF-1 stimulation. Therefore, I could not conclude if the increase of 

phosphorylated VEGFR1 as due to the activation by PlGF-1 or to the higher 

levels of VEGFR1. I decided to repeat the experiment to answer this question 

and to confirm that PlGF-1 activated VEGFR1. However, in this second 

repeat, PlGF-1 did not activate VEGFR1, and VEGF-A only slightly (Figure 

3.1.B). These results were unexpected since PlGF-1 is an established ligand 

of VEGFR1. Next, I stimulated VEGFR2 with VEGF-A and PlGF-1 to test 

that the assay was working. HUVEC were lysed and phospho-VEGFR2 and 

total VEGFR2 protein levels were tested by Western blot analysis. As 

expected, VEGF-A, but not PlGF-1, activated VEGFR2 after 2 min of 

stimulation (Figure 3.1.C). Therefore, one possibility for the lack of VEGFR1 

activation could be that the PlGF-1 I used was inactive, and for this reason I 

did not observe results, in contrast to previous published studies. 

In the papers where VEGFR1 was well activated by PlGF-1, authors 

overexpressed the receptor (427–430). Therefore, I determined to also 

overexpress VEGFR1 in HUVEC followed by the stimulation with PlGF-1. 

However, HUVEC were unable to be transduced with the EGFP-VEGFR1 

lentiviral construct (data not shown). Since I could not overexpress VEGFR1 

in HUVEC, I decided to concentrate it by an immunoprecipitation to further 

examine its activation by Western blot analysis. First, I needed to test several 

VEGFR1 antibodies to use the one that immunoprecipitated VEGFR1 most 

efficiently. The selected antibody would be used to concentrate VEGFR1 by 

immunoprecipitation for this stimulation assay and also for a proteomic 

screen. HUVEC were lysed and VEGFR1 was immunoprecipitated from the 

lysates using the different antibodies. Results are shown in Figure 3.2. The 

four different VEGFR1 antibodies that I tested gave either no signal in the 

immunoprecipitate or gave bands at a wrong molecular weight for VEGFR1 
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Figure 3.1 VEGF-A165 induces phosphorylation of VEGFR1 and VEGFR2 in

HUVEC after 2 min of treatment.

HUVEC were lysed upon 0, 2, 5, 10, 20 and 60 min of treatment with 50

ng/mL of recombinant PlGF-1 and with 40 ng/mL of recombinant VEGF-A165.

A. and B. Phospho-VEGFR1 and total VEGFR1 protein levels were analysed

by Western blot analysis. n=2, the results are part of tests and are

preliminary data, not verified through repeats A. VEGF-A165 and PlGF-1

induced phosphorylation of VEGFR1 after 2 and 5 min of treatment. B.

VEGF-A165 induced phosphorylation of VEGFR1 after 5 min of treatment but

not PlGF-1. C. Phospho-VEGFR2 and total VEGFR2 protein levels were

analysed by Western blot analysis. VEGF-A165 induced phosphorylation of

VEGFR2 after 2 min of treatment but not PlGF-1. n=1, the results are part

of tests and are preliminary data, not verified through repeats.
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Figure 3.2 Test of different VEGFR1 antibodies for immunoprecipitation.

HUVEC were lysed followed by an immunoprecipitation using different

VEGFR1 antibodies. Immunoprecipitation with IgG was used as control. A

Western blot was performed to validate the immunoprecipitation ability of

the different antibodies. None of the antibodies immunoprecipitated

VEGFR1. n=1, the results are part of tests and are preliminary data, not

verified through repeats.
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that were also detected in the immunoprecipitation with the negative control 

antibody IgG. Therefore, none of the antibodies worked for VEGFR1 

immunoprecipitation. 

Due to the failure to activate VEGFR1 by PlGF-1 in HUVEC, I decided to 

change to another cell line to carry out my experiments and perform the 

tandem mass tags (TMT) mass spectrometry. Later, I would extrapolate the 

new results to HUVEC and the novel detected interacting proteins would be 

checked in HUVEC by a reverse immunoprecipitation assay. 

3.2.2 VEGFR1 in colon cancer cells 

It has been well established that VEGFR1 is highly expressed in colon cancer 

cell lines and its function is crucial for the migration and invasion of these 

cells (431,432). It is also known that VEGF-A and PlGF-1 activate VEGFR1 

in colon cancer cell lines, increasing their proliferation (426). Furthermore, 

high levels of VEGFR1 and their ligands, VEGF-A and PlGF-1, are associated 

to poor prognosis in patients with colorectal cancer (433,434). Therefore, I 

decided to use colon cancer cell lines for my experiments due to its endogenous 

VEGFR1 overexpression and its strong activation with PlGF-1. 

The first experiment carried out was a Western blot to analyse the 

endogenous levels of VEGFR1 in different colon cancer cell lines to select the 

cell lines that better expressed VEGFR1 for my experiments. Miss Tracey 

Collard lysed fourteen types of colon cancer cell lines (four from adenomas 

and ten from carcinomas) and separated the proteins of their lysates by SDS-

PAGE. I analysed total VEGFR1 protein levels by Western blotting. Results 

are shown in Figure 3.3.A. All the cell lines tested expressed endogenous 

VEGFR1 and there were not differences in the expression between adenoma 

and carcinoma cell lines. Furthermore, there were not significant differences 

among the carcinoma cell lines either. Therefore, I decided to select the cell 

lines HT29, SW480, SW620 and RKO for my experiments due to the high 

VEGFR1 expression and the heterogeneity among them. HT29 cell line is a  
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Figure 3.3 Analysis of the expression of VEGFR1 and phospho-VEGFR1 in

several colon cancer cell lines.

A. Several colon cancer cell lines were lysed and total VEGFR1 protein levels

were analysed by Western blot analysis. The protein levels of VEGFR1 were

not different between adenoma and carcinoma cell lines. n=1, the results are

part of tests and are preliminary data, not verified through repeats. B.

HUVEC, HT29, RKO, SW480 and SW620 cells were lysed upon 0 and 10 min

of treatment with 50 ng/mL of recombinant PlGF-1. A Western blot was

performed to analyse the protein levels of phospho-VEGFR1 and total

VEGFR1. No changes were detected in the levels of phospho-VEGFR1 after

stimulation with PlGF-1. RKO cells had higher levels of phospho-VEGFR1

and total VEGFR1. No significative changes were observed in the levels of

phospho-VEGFR1 and total VEGFR1 among the other cell lines. n=1, the

results are part of tests and are preliminary data, not verified through

repeats.
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human colorectal adenocarcinoma cell line with epithelial morphology, 

although these cells do not express any typical characteristics of intestinal 

epithelial cells (435). SW480 and SW620 cell lines are poorly differentiated 

human colorectal adenocarcinoma cell lines with epithelial morphology that 

derivate from different stages in the same patient; SW480 cell line from the 

main tumour and SW620 from the metastasis (436). The RKO cell line is a 

poorly differentiated human colon carcinoma cell line also with epithelial 

morphology (437). These cells have been widely used to study VEGFRs and 

their ligands in colon cancer cells; HT29, SW480 and RKO cell lines in studies 

showing that VEGFR1 promotes tumour cell migration and survival (438–
441) and SW620 in studies using the VEGF-A trap bevacizumab to block the 

VEGF-mediated cell proliferation (442,443).  

Once the colon cancer cell lines were selected, the activation of VEGFR1 after 

PlGF-1 stimulation was analysed to determine if it was high enough to carry 

out the TMT mass spectrometry and find novel downstream effectors of the 

VEGFR1 signalling pathway. HUVEC, HT29, RKO, SW480 and SW620 cell 

lines were stimulated with PlGF-1 for 10 min and the levels of phosphorylated 

and total VEGFR1 were analysed by Western blotting. Results are shown in 

Figure 3.3.B. VEGFR1 phosphorylation did not considerably change after 

stimulation with PlGF-1 in any cell line, with the possible exception of 

SW480, where there was a small increase. There were no obvious differences 

in the levels of total and phosphorylated VEGFR1 among the cell lines, except 

for the RKO cell line, which had higher levels of both. Further experiments 

failed to reveal a significant and consistent phosphorylation of VEGFR1 (data 

not shown). Overall, I concluded that the stimulation of VEGFR1 with PlGF-

1 did not increase the detected levels of phosphorylated VEGFR1. 

At the same time, I examined the location of VEGFR1 in the different colon 

cancer cell lines to compare it with the location in HUVEC. Several studies in 

HUVEC and previous work in the lab have shown that most of the 

endogenous VEGFR1 is located at the Golgi, and that only a minor part is 

located at the plasma membrane (444). VEGFR1 at the Golgi would not be 
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able to bind to exogenous growth factors and so could not be activated. I 

wanted to examine the location of VEGFR1 in these cancer cells to see if their 

low response to PlGF-1 correlated with the location of VEGFR1 at the Golgi.   

HUVEC, HT29, RKO, SW480 and SW620 cell lines were fixed and the 

location of VEGFR1 was analysed by immunofluorescence. Since giantin is 

located at the Golgi, its staining was used as a Golgi marker. Results are 

shown in Figure 3.4. HUVEC and RKO cell lines showed a compact Golgi, in 

contrast to HT29, SW480 and SW620 cell lines, which possessed a fragmented 

Golgi. VEGFR1 was mainly located at the Golgi in HUVEC and in the RKO 

cell line.  VEGFR1 was also mainly localised to the Golgi in HT29 and SW480 

cells, although their Golgi was fragmented compared to the other cell lines.  

SW620 cells also had VEGFR1 at the Golgi, but had a higher level of diffuse 

staining that likely corresponds to the surface pool. I concluded that one 

reason for the low level of activation of VEGFR1 in response to growth factor 

treatment is the relatively high proportion of receptor held inside the cell at 

the Golgi.  SW620 cells appeared to have the highest amount of VEGFR1 at 

the cell surface, therefore, I chose this cell line for subsequent optimisation. 

In parallel work, I had been trying to find suitable antibodies to 

immunoprecipitated endogenous VEGFR1 from cell lysates.  Unfortunately, 

despite testing four commercial antibodies, I was unable to find one that 

would successfully immunoprecipitate VEGFR1 (Figure 3.2).  As this made it 

impossible for me to isolate endogenous VEGFR1 from SW620 cells, I decided 

to transduce them with EGFP-VEGFR1, and then, to use a GFP-Trap 

immunoprecipitation prior the TMT mass spectrometry. As I could not detect 

an activation of VEGFR1 by PlGF-1 in any of these colon cancer cell lines, I 

hoped that overexpression of EGFP-VEGFR1 might improve this, as it had 

been shown to work in other studies (426,440). I chose the SW620 cell line 

over the others since according to the previous experiments, its endogenous 

VEGFR1 was not overactivated and most of it was located at the Golgi as it 

was in HUVEC. Before performing the proteomic screen, I carried out an 

optimisation experiment to test that the transduction of EGFP- VEGFR1 
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Figure 3.4 Location of endogenous VEGFR1 in HUVEC and several colon
cancer cell lines.

Endogenous location of VEGFR1 in HUVEC and several colon cancer cell
lines (HT29, RKO, SW480 and SW620) was analysed by
immunofluorescence. Staining of Giantin was used as a Golgi marker.
VEGFR1 is coloured in red and Giantin in green. In HUVEC and RKO cells,
VEGFR1 colocalised with Giantin. In HT29, SW480 and SW620 cells, some
VEGFR1 aggregates were closed to Giantin aggregates, but other VEGFR1
aggregates were around the cells. n=1, the results are part of tests and are
preliminary data, not verified through repeats. Scale bar = 10 μm.
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worked and that the receptor could be activated. As the activation of VEGFR1 

by PlGF-1 was undetectable, I used VEGF-A instead. SW620 cells transduced 

with a lentiviral EGFP-VEGFR1 construct were stimulated for 10 min with 

VEGF-A followed by a Western blot against phospho-VEGFR1, VEGFR1 and 

GFP. EGFP-transduced SW620 cells were used as control. Results are shown 

in Figure 3.5. Bands for total VEGFR1 were detected in the immunoblot of 

both SW620 transduced cells, although the bands of SW620 stably-expressing 

EGFP-VEGFR1 were slightly increased. As the molecular weight of EGFP-

VEGFR1 was around 30kDa higher than the one of endogenous VEGFR1, two 

bands should have been detected in the lysates of SW620 cells stably-

expressing EGFP-VEGFR1; the one for endogenous VEGFR1 and the one for 

EGFP-VEGFR1. Nevertheless, only one was observed; the one for endogenous 

VEGFR1. In the immunoblot against phospho-VEGFR1, bands for the 

endogenous phospho-VEGFR1 were detected in all the samples, being 

considerably increased the bands in the lysates of SW620 cells stably-

expressing EGFP-VEGFR1. However, as in the VEGFR1 immunoblot, no 

higher bands for EGFP-VEGFR1 were detected. Furthermore, the levels of 

phospho-VEGFR1 did not increase after stimulation with VEGF-A, meaning 

that the stimulation with VEGF-A did not induce a detectable activation of 

VEGFR1. In the immunoblotting against GFP, a band for EGFP was found in 

the lysates of control EGFP-transduced CiGEnC, meaning that the 

transduction of EGFP worked, but no bands for EGFP-VEGFR1 appeared in 

the lysates of SW620 cells stably-expressing EGFP-VEGFR1. One 

explanation for the survival of cells transduced with the lentiviral EGFP-

VEGFR1 construct after the puromycin continued selection but the failure in 

expressing EGFP-VEGFR1 would be that the promoter for the EGFP-

VEGFR1 gene was silenced but the promoter for the puromycin resistance 

was still expressed (Figure 2.1). Therefore, cells could survive to puromycin 

because they had its resistance, but they did not express EGFP-VEGFR1. 

EGFP-VEGFR1 expression might be toxic for these cells and hence the cells 

that survived turned off the promoter. Thus, these transduced cells were not 

suitable to carry out proteomics and find new interactors. 
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Figure 3.5 Transduction of EGFP-VEGFR1 in SW620 cells.

SW620 cells stably-expressing EGFP-VEGFR1 were lysed upon 0 and 10 min

of treatment with 40 ng/mL of recombinant VEGF-A165. A Western blot was

performed to test the transduction of SW620 with EGFP-VEGFR1. EGFP-

transduced SW620 cells were used as control. No band for EGFP-VEGFR1

was detected. n=1, the results are part of tests and are preliminary data, not

verified through repeats.
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At this point of my project, after performing all these optimisation 

experiments in primary endothelial cells and colon cancer cells and not 

obtaining optimal conditions to carry out the proteomic screen, I decided to 

change to CiGEnC. I came back to CiGEnC because they had been used 

previously in the lab to successfully overexpress EGFP-VEGFR1 and more 

importantly, they were the cells that Dr Caroline McKinnon used to carry out 

the first proteomic analysis of VEGFR1. 

3.2.3 Prior optimisation to TMT mass spectrometry 

In preparation for TMT mass spectrometry, I transduced EGFP-VEGFR1 into 

CiGEnC to further examine the activation of VEGFR1. As my previous 

attempts to activate VEGFR1 with PlGF-1 or VEGF in other cell types had 

proven unsuccessful, I compared pervanadate treatment with growth factor 

stimulation to see if I could activate the receptor in another way. I used 

pervanadate because it is a protein-tyrosine phosphatase inhibitor that 

blocks the dephosphorylation of phosphorylated tyrosines, inducing an 

artificially phosphorylation of proteins that contain these tyrosines (445). 

Therefore, as VEGFR1 is a tyrosine kinase receptor, pervanadate should 

artificial enhance its phosphorylation. CiGEnC were transduced with EGFP-

VEGFR1 and then stimulated by PlGF-1, VEGF-A or pervanadate. Cells were 

lysed and phospho-VEGFR1, total VEGFR1 protein levels and GFP were 

tested by Western blot analysis. Results are shown in Figure 3.6. Although 

there were a lot of non-specific bands in the immunoblot against GFP, bands 

at the molecular weight of EGFP-VEGFR1 were detected, meaning that 

CiGEnC were successfully transduced. However, no bands for EGFP-

VEGFR1 were found in the immunoblot against total VEGFR1. In contrast to 

PlGF-1 and VEGF-A that did not increase VEGFR1 phosphorylation, a high 

increase in VEGFR1 phosphorylation was detected after 5 min of stimulation 

with pervanadate. Therefore, pervanadate was the best option to use in the 

TMT mass spectrometry.  
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Figure 3.6 Phosphorylation of VEGFR1 with PlGF-1, VEGF-A165 and
pervanadate.

CiGEnC stably-expressing EGFP-VEGFR1 were lysed upon 0, 5, 10, 30 and
60 min of treatment with 50 ng/mL of recombinant PLGF-1, 40 ng/mL of
recombinant VEGF-A165 and 1 mM of pervanadate. A Western blot was
performed to test phosphorylation of VEGFR1. Pervanadate-induced
phosphorylation of VEGFR1 was detected after 5 min and cell death or
detachment after 60 min (not shown). n=1, the results are part of tests and
are preliminary data, not verified through repeats.
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Once I had confirmed that CiGEnC were successfully transduced and that 

VEGFR1 was activated by pervanadate, I performed a GFP-Trap 

immunoprecipitation to check that phosphorylated EGFP-VEGFR1 

immunoprecipitated correctly. CiGEnC stably-expressing EGFP-VEGFR1 

were stimulated with pervanadate followed by a GFP-Trap 

immunoprecipitation. Levels of phospho-VEGFR1, phospho-tyrosine, total 

VEGFR1 and GFP were analysed by western blotting to test whether 

phosphorylated EGFP-VEGFR1 could be immunoprecipitated and to identify 

possible non-specific immunoprecipitations. Results are shown in Figure 3.7. 

Bands for total VEGFR1 were detected in both pull-downs of CiGEnC stably-

expressing EGFP-VEGFR1, but not in the control CiGEnC stably-expressing 

EGFP. Furthermore, two bands for VEGFR1 were found in the lysates of 

CiGEnC stably-expressing EGFP-VEGFR1, one corresponding to endogenous 

VEGFR1 and a higher one corresponding to the transduced EGFP-VEGFR1. 

This meant that EGFP-VEGFR1 had been successfully transduced and 

immunoprecipitated. The immunoblot against GFP also confirmed that since 

there were bands in the pull-downs of CiGEnC stably-expressing EGFP-

VEGFR1 at the molecular weight of EGFP-VEGFR1. Furthermore, a strong 

single band was detected for phosphorylated EGFP-VEGFR1 in the 

immunoblots against phospho-VEGFR1 and phospho-tyrosine of the pull-

down of CiGEnC stably-expressing EGFP-VEGFR1 after stimulation with 

pervanadate. Moreover, no non-specific bands were detected in either 

phospho-VEGFR1 or phospho-tyrosine immunoblots. This result confirmed 

that EGFP-VEGFR1 was activated after 10 min of treatment with 

pervanadate and that this phosphorylated EGFP-VEGFR1 was specifically 

and successfully immunoprecipitated. 
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Figure 3.7 GFP-traps are specific for EGFP-VEGFR1 and phospho-VEGFR1.

CiGEnC stably-expressing EGFP or EGFP-VEGFR1 were lysed upon 0 and

10 min of treatment with 1 mM of pervanadate. A GFP-trap

immunoprecipitation was performed followed by a Western blot to validate

the specificity of GFP-trap for EGFP-VEGFR1 and phospho-VEGFR1.

EGFP-transduced CiGEnC were used as control. A single band of the correct

molecular weight corresponding to phospho-VEGFR1 was detected. n=1, the

results are part of tests and are preliminary data, not verified through

repeats.
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3.2.4 Identification of novel VEGFR1 interactors by TMT mass 

spectrometry 

After I had optimised the transduction and stimulation of EGFP-VEGFR1 

and verified its immunoprecipitation, I performed the TMT mass 

spectrometry to identify new interactors of VEGFR1. CiGEnC stably-

expressing EGFP-VEGFR1 were stimulated with pervanadate for 10 min and 

lysed, followed by a GFP-Trap immunoprecipitation. All samples were 

processed by Dr Kate Heesom in the Proteomics Facility at the University of 

Bristol. The relative abundances of coimmunoprecipitated proteins were 

compared between the EGFP-VEGFR1 samples and the control EGFP 

samples. Results from this single experiment are shown in Table 3.1. As 

expected, VEGFR1 was found to be the most abundant identified protein, 

thus the protein had successfully immunoprecipitated. Among the identified 

proteins that increased their enrichment after pervanadate stimulation were 

included ribosomal proteins and the Insulin-like growth factor 2 mRNA-

binding protein 1 (IMP1). These results were unexpected since none of the 

already-known VEGFR1 interactors, such as VEGFR2, PLC-γ or PI3K, were 
detected (418,446). Furthermore, no proteins involved in these pathways or 

in angiogenesis, a process where it is well known that VEGFR1 plays a role, 

were identified; in contrast ribosomal proteins were found. However, the 

identified protein IMP1 could be of interest.  

IMP1 is an RNA-binding protein that regulates cell RNA localisation, 

stability and translation (447). IMP1 controls the localisation of several 

mRNAs whose proteins are involved in actin dynamics and cell-cell junctions 

such as β-actin, α-actinin, the ARP2/3 complex and E-cadherin (448,449). 

Therefore, if IMP1 was validated as a real interactor of VEGFR1, VEGFR1 

would be involved in many important cellular processes such as actin 

dynamics, cell migration and invasiveness. 
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Protein Peptides
Enrichment 

0 min PV

Enrichment 

10 min PV

VEGFR1 40 22.015 30.776

cDNA FLJ57527, highly similar 

to 60S ribosomal protein
2 50.421 72.947

Ribosomal protein S10 variant 2 31.368 42.105

Insulin-like growth factor 2 

mRNA-binding protein 1 

(IMP1)

1 18.294 28

60S ribosomal protein L8 1 35.324 44.912

40S ribosomal protein S18 1 32.375 44.75

Apolipoprotein B (Including 

Ag(X) antigen), isoform CRA_a
1 33.769 42.846

Table 3.1 VEGFR1 interactors identified by TMT mass spectrometry.

CiGEnC stably-expressing EGFP or EGFP-VEGFR1 were lysed upon 0 and
10 min of treatment with 1 mM of pervanadate. A GFP-trap
immunoprecipitation was performed followed by TMT mass spectrometry.
Immunoprecipitated proteins in EGFP-VEGFR1 cell lysates were compared
to proteins immunoprecipitated in EGFP cell lysates. VEGFR1 is highlighted
in bold. Included in the list were ribosomal proteins and the Insulin-like
growth factor 2 mRNA-binding protein 1 (IMP1).
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3.2.5 Investigating whether IMP1 is a VEGFR1 binding partner 

After IMP1 was identified as a VEGFR1 interactor by proteomics, further 

validation experiments were required to confirm that IMP1 was a specific 

interactor of VEGFR1. First, I carried out an immunoprecipitation assay to 

verify that IMP1 coimmunoprecipitated with VEGFR1 and that this 

interaction increased after stimulating cells with pervanadate as it was 

shown in the proteomic screen. CiGEnC stably-expressing EGFP-VEGFR1 

were stimulated with pervanadate and lysed, followed by a GFP-Trap 

immunoprecipitation. The levels of IMP1 and VEGFR1 were analysed by 

western blotting. Results are shown in Figure 3.8. Bands for total VEGFR1 

were detected in the immunoprecipitates of CiGEnC stably-expressing EGFP-

VEGFR1, meaning that it had been successfully immunoprecipitated. This 

was also confirmed in the immunoblot against GFP, where there were bands 

at the molecular weight of EGFP-VEGFR1. However, in both immunoblots, 

the levels of EGFP-VEGFR1 in the pervanadate-stimulated pull-down 

seemed to be lower than in the non-stimulated pull-down. IMP1 

coimmunoprecipitated with VEGFR1 in both pull-downs of CiGEnC stably-

expressing EGFP-VEGFR1; with and without pervanadate stimulation. 

However, the levels of coimmunoprecipitated IMP1 were the same in both 

pull-downs, whereas the levels of immunoprecipitated VEGFR1 were much 

higher in the non-stimulated pull-down. This result had three possible 

explanations: 

• That the detected amount of IMP1 is the total amount of IMP1 that 

binds to an only minor part of the total VEGFR1 into the cell. 

Therefore, more VEGFR1 immunoprecipitated would not increase the 

coimmunoprecipitated IMP1.  

• That more IMP1 bound to VEGFR1 when it was stimulated. For this 

reason, the levels of IMP1 were the same although the levels of 

VEGFR1 after pervanadate stimulation were lower. 
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Figure 3.8 Validation of IMP1 as a VEGFR1 interactor by

immunoprecipitation.

CiGEnC stably-expressing EGFP or EGFP-VEGFR1 were lysed upon 0 and

10 min of treatment with 1 mM of pervanadate. A GFP-trap

immunoprecipitation was performed followed by a Western blot to validate

IMP1 as a VEGFR1 interactor. EGFP-transfected CiGEnC were used as

control. IMP1 was detected in the immunoprecipitation of the EGFP-

VEGFR1 lysates. n=1, the results are part of tests and are preliminary data,

not verified through repeats.
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• That IMP1 is not a VEGFR1 interactor and it was found in the TMT 

mass spectrometry results because non-specifically bound to 

something used during the assay other than VEGFR1.  

 

As the previous immunoprecipitation did not elucidate whether IMP1 was a 

VEGFR1 interactor, I decided to perform a reverse immunoprecipitation to 

confirm the results from the proteomic screen. To do this, HEK293-T cells 

were transfected with a GFP-IMP1 construct (gift from Prof Jan 

Christiansen). I used HEK293-T cells since they contained endogenous 

VEGFR1 and they could be easily transfected. Transfected HEK293T-cells 

were lysed, followed by a GFP-Trap immunoprecipitation. The levels of IMP1, 

VEGFR1 and GFP were analysed by western blotting. Results are shown in 

Figure 3.9. In the immunoblot against IMP1, bands for IMP1 were detected 

in the lysate and pull-down of HEK293-T transfected with GFP-IMP1, 

meaning that IMP1 was successfully transfected and immunoprecipitated. 

However, a smaller non-specific band also appeared in the lysates and the 

pull-downs of the HEK293-T transfected with GFP-IMP1 and the control 

HEK293-T transfected with EGFP. In the immunoblot against GFP, a band 

for GFP-IMP1 was also found, but not the smaller band, confirming that this 

band was a non-specific band detected by the IMP1 antibody. In the 

immunoblot against VEGFR1, bands for coimmunoprecipitated VEGFR1 

were found in both pull-downs, the one for HEK293-T transfected with GFP-

IMP1 and the one for control HEK293-T transfected with EGFP. 

Furthermore, the levels of coimmunoprecipitated VEGFR1 in the pull-down 

of control HEK293-T cells transfected with EGFP were higher than the levels 

in the HEK293-T transfected with GFP-IMP1. This meant that IMP1 did not 

specifically bind to VEGFR1 and that it was identified in the proteomic screen 

because it bound to something else used during the assay other than 

VEGFR1. Therefore, IMP1 was not an interactor of VEGFR1. 
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Figure 3.9 IMP1 is a non-specific interactor of VEGFR1.

HEK293-T cells transfected with EGFP or GFP-IMP1 were lysed followed by

a GFP-trap immunoprecipitation. A Western blot was performed to validate

IMP1 as a VEGFR1 interactor. EGFP-transfected HEK293-T cells were used

as control. VEGFR1 was detected in the immunoprecipitation of both, EGFP

and GFP-IMP1 lysates. n=1, the results are part of tests and are preliminary

data, not verified through repeats.
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3.3 Discussion 

This project aimed to identify novel interactors of activated VEGFR1 to 

further characterise its role in endothelial cells. However, I could not 

elucidate this question due to several experimental challenges: the low levels 

of VEGFR1 activation; the absence of antibodies for the immunoprecipitation 

of the receptor; the inefficiency of the transduction of VEGFR1 and the non-

specificity of the interactors found by the TMT mass spectrometry. 

3.3.1 Difficulty of VEGFR1 to get activated 

My main issue was the low levels of phosphorylated VEGFR1 after the 

stimulation with PlGF-1 and VEGF. I wanted to stimulate endothelial cells 

with PlGF-1 since it specifically activates VEGFR1; allowing me to perform 

proteomic assays to identify specific partners of VEGFR1 but not VEGFR2. 

However, VEGFR1 did not get activated with these growth factors in any of 

the cell lines used. One of the reasons could be that as most of VEGFR1 is 

located at the Golgi and that only a minor part is located at the plasma 

membrane (444), only this small portion of surface VEGFR1 was exposed to 

the growth factors and hence activated. Therefore, the signal released from 

this activated VEGFR1 was not enough to be detectable. It is known that 

stimulation with VEGF induces the translocation of VEGFR1 from the Golgi 

to the plasma membrane (258,450). I performed an assay to corroborate 

whether this translocation also occurred with PlGF-1 (data not shown). 

Therefore, more VEGFR1 would be located in the surface in contact with this 

growth factor and hence more VEGFR1 would be activated. However, after 

several repeats I could not obtain a clear result to answer this question. 

Continuing this idea, I also performed a surface biotinylation assay to 

concentrate the VEGFR1 located at the cell surface and, thus, intensify the 

signal of activated VEGFR1 after its stimulation with the growth factors 

(data not shown). I observed that membrane-located VEGFR1 decreased after 
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the stimulation, but phosphorylated VEGFR1 seemed not to change. This 

result could mean two possibilities. In the first one, the stimulation enhanced 

phosphorylation of VEGFR1 followed by its internalisation, therefore, 

activated VEGFR1 would never accumulate in the surface. In the second one, 

the growth factors did not induce the activation of VEGFR1; instead, they 

enhanced the internalisation of the non-activated VEGFR1. Due to these 

possibilities, this assay did not clarify the question either.  

Another reason why VEGFR1 did not get activated after the stimulation with 

PlGF-1 and VEGF, but VEGFR2 did with VEGF, could be the lower 

expression of VEGFR1 in endothelial cells compared to VEGFR2 (420,451). 

Furthermore, the kinase activity of VEGFR1 is also lower compared to 

VEGFR2. Therefore, there were not enough levels of either VEGFR1 or 

phosphorylated VEGFR1 in ECs to see a difference in its activation (446,452). 

This possibility was in agreement with previous published studies; most of 

the work in VEGFR1 activation was performed in cells overexpressing the 

receptor. For this reason, I also decided to overexpress VEGFR1 by lentiviral 

transduction. 

3.3.2 Inefficiency of the transduction of VEGFR1 

Another challenge was to overexpress VEGFR1 by lentiviral transduction. 

VEGFR1 is a big protein, 150 kDa, and large proteins are more difficult to 

overexpress by transfection or transduction. Furthermore, the cell line I first 

chose to transduce the receptor was HUVEC, a primary endothelial cell line, 

and the efficiency of transduction of primary cells is also very low. All of this 

together hindered a proper transduction of VEGFR1 in HUVEC. 

Then, I tried to transduce VEGFR1 in several colon cancer cell lines. Being 

immortalised cell lines, they are easier to transduce and then, they can be 

kept as stable cell lines. In this case, cells survived after a continued 

puromycin selection, but they did not express EGFP-VEGFR1. As the goal of 

this transduction was to overexpress EGFP-VEGFR1 to further perform a 
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GFP-Trap immunoprecipitation followed by the TMT mass spectrometry, I 

could not use these colon cancer cell lines to carry out the proteomic assay. 

This is why I decided to come back to CiGEnC, a conditionally immortalised 

endothelial cell line, which had already been used in the lab to successfully 

overexpress EGFP-VEGFR1. 

3.3.3 Non-specificity of the TMT mass spectrometry 

Once I had optimised the conditions for the proteomic screen and had 

performed the TMT mass spectrometry, the identified proteins were found to 

be non-specific. All the proteins identified in the TMT mass spectrometry are 

abundant proteins into the cell, such as the ribosomal proteins, or known 

sticky proteins, such as IMP1. Furthermore, only one or two peptides from 

each protein were identified. Therefore, I could conclude that he GFP-Trap 

pulldown did not bring down any genuine VEGFR1 interactors, only non-

specific proteins that not worth pursuing.  

As a result of all this, I decided to set aside this project and focus on srGAP2, 

a protein identified as a specific interactor of VEGFR1 in the first proteomic 

assay performed by Dr Caroline McKinnon.  
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 Characterisation of srGAP2 

interactors 

4.1 Introduction 

As explained in Chapter 3, Dr Caroline McKinnon carried out a proteomic 

screen with VEGFR1 to identify its downstream interactors and thus, 

characterise the signalling pathways through which VEGFR1 performs its 

functions in endothelial cells. To do this, CiGEnC were transduced with an 

EGFP-VEGFR1 construct and VEGFR1 complexes were isolated by a GFP-

Trap immunoprecipitation. CiGEnC stably-expressing EGFP were used as 

control. The immunoprecipitated proteins of CiGEnC stably-expressing 

EGFP-VEGFR1 were analysed by mass spectrometry and compared to that 

of CiGEnC stably-expressing EGFP (data not shown). srGAP2 was identified 

as one of the VEGFR1 interactors, which suggested a potential link between 

VEGFR1 and actin cytoskeleton.  

Dr Caroline McKinnon then validated this interaction by a GFP-Trap 

immunoprecipitation assay. In this validation assay, cells were treated with 

VEGF-A to stimulate VEGFR1 and thus, to determine any changes in the 

levels of srGAP2 bound to the receptor along its stimulation. Therefore, 

CiGEnC stably-expressing EGFP-VEGFR1 were treated with VEGF-A and 

lysed after several time-points. A GFP-Trap immunoprecipitation was 

performed followed by a Western blot against VEGFR1 and srGAP2. CiGEnC 

stably-expressing EGFP were used as control. Results are shown in Figure 

4.1. VEGFR1 was detected in all the immunoprecipitates of CiGEnC stably-

expressing EGFP-VEGFR1, but not in the one for control CiGEnC stably-

expressing EGFP. However, the levels of VEGFR1 in the non-stimulated cells 

and in the cells stimulated with VEGF-A for 10 min were higher. srGAP2 was 

detected in all the immunoprecipitates of the CiGEnC stably-expressing 

EGFP-VEGFR1, meaning that srGAP2 was a real interactor of VEGFR1. 
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Figure 4.1 Validation of srGAP2 as a VEGFR1 interactor by

immunoprecipitation.

CiGEnC stably-expressing EGFP or EGFP-VEGFR1 were lysed upon 0, 10,

30 and 60 min of treatment with 40 ng/mL of VEGF-A165. A GFP-Trap

immunoprecipitation was performed followed by a Western blot to validate

srGAP2 as a VEGFR1 interactor. Unstimulated EGFP-transfected CiGEnC

were used as control. srGAP2 was detected in the immunoprecipitation of

the EGFP-VEGFR1 lysates confirming its interaction.
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The fact that the same amount of srGAP2 bound to different levels of 

VEGFR1 had two possible explanations:  

• That the detected amount of srGAP2 is the total amount of srGAP2 

that binds to an only minor part of the total VEGFR1 into the cell. 

Therefore, more VEGFR1 immunoprecipitated would not increase the 

coimmunoprecipitated srGAP2.  

• That more srGAP2 bound to VEGFR1 when it was stimulated. For this 

reason, the levels of srGAP2 were the same although the levels of 

VEGFR1 after VEGF-A stimulation were lower. 

Further GFP-Trap immunoprecipitation assays showed that srGAP2 

specifically bound to VEGFR1 and not to VEGFR2, thus being the only 

identified interactor to show this specificity (data not shown). Therefore, in 

the lab, they were interested in characterising the role of srGAP2 in 

endothelial cells and its interaction with VEGFR1 to further elucidate 

VEGFR1 signalling. They also wanted to identify downstream interactors of 

srGAP2 to further characterise its role in endothelial cells. In work performed 

in the lab before I began my PhD, Dr Catherine Twomey carried out a first 

TMT mass spectrometry of isolated srGAP2 from HUVEC. Results are in 

Table 4.1. p115RhoGEF, Daple and integrator 3 (INTS3) were detected at 

high levels in the samples where srGAP2 antibody was used, but not in the 

control samples where IgG antibody was used. The relatively high number of 

peptides found for each of these proteins together with the lack of highly 

abundant proteins into the cells such as ribosomal proteins suggests that 

p115RhoGEF, Daple and INTS3 are genuine srGAP2-associated proteins. 

Therefore, p115RhoGEF, Daple and INTS3 were identified as interactors of 

srGAP2, although further experiments would be required to validate these 

results. These proteins are very different; they belong to different families 

and they have different functions in the cell. Therefore, srGAP2 may signal 

to several cell processes. 

p115RhoGEF, also known as Rho guanine nucleotide exchange factor 1 or 

RhoGEF1, is composed of a N-terminal regulator of G protein signalling  
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Table 4.1 srGAP2 interactors identified by TMT mass spectrometry.

Endogenous srGAP2 was immunoprecipitated from HUVEC lysates followed

by a TMT mass spectrometry. Immunoprecipitated proteins were compared

to proteins immunoprecipitated with a control IgG antibody. srGAP2 is

highlighted in bold. Included in the list were proteins involved in gene

expression, microtubule nucleation and DNA repair.

Protein Peptides Enrichment

Slit-ROBO Rho GTPase-

activating protein 2
39 20.728

Gamma-tubulin complex 

component 3 (GCP3)
39 16.837

Daple 24 13.882

P115-RhoGEF 37 12.555

Gamma-tubulin complex 

component 4 (GCP4) 
8 11.831

DNA ligase 3 (LIG3) 16 9.909 

Integrator complex subunit 3 

(INTS3) 
13 7.920
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(RGS) homology (RH) domain, a DH domain and a PH domain. The DH 

domain produces the GEF activity, which is specific for RhoA, RhoB and RhoC 

(453). The adjacent PH domain is a protein and phospholipid binding site 

(454,455). The RH domain interacts with the activated Gα12 and Gα13 proteins 

of GPCRs, stimulating their GTP hydrolysis and inactivating them (456). 

Therefore, p115RhoGEF has a dual role, it acts as a specific GEF for RhoA 

family members and a GAP for Gα12 and Gα13. p115RhoGEF mediates 

endothelial permeability induced by factors such as thrombin or angiotensin 

II through the activation of RhoA (369,457). 

Daple contains two functional motifs; a Gα-binding and activating (GBA) 

motif and a PDZ-binding motif (PBM). The GBA motif interacts and activates 

Gαi proteins of the Wnt ligand Frizzled receptors (FZDRs), linking Wnt 

stimulation with G protein activation. The PBM motif binds to the PDZ 

domain of Dishevelled (Dvl), a canonical and non-canonical Wnt scaffolding 

protein, to regulate both Wnt signalling pathways (458,459). The interaction 

of Daple with Dvl negatively regulates the canonical Wnt/β-catenin signalling 

pathway by decreasing the accumulation of β-catenin, and then, its co-

transcriptional activity, crucial for this pathway (460).  Its interaction with 

Dvl also controls the non-canonical Wnt/Rac signalling pathway by increasing 

the interaction between Dvl and PKC-λ after Wnt5a stimulation, which 
activates Rac, promoting lamellipodium formation and cell proliferation 

(461).  

INTS3 belongs to the integrator family, composed of 14 members, which form 

a single complex called the integrator complex (462). The integrator complex 

binds to the C-terminus of the RNA polymerase II and controls the small 

nuclear RNA (snRNA) and mRNA transcriptional initiation and termination 

(463,464). INTS3 is also a component of the sensor of single-stranded DNA 

(SOSS) complex. The SOSS complex works together with the integrator 

complex to promote several responses during DNA repair such as the 

activation of the cell-cycle checkpoint, homologous recombination and 

maintenance of genomic stability (465).  
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The second objective of my project was to investigate the role of srGAP2 in 

endothelial cells. I wanted to characterise its interaction with p115RhoGEF, 

Daple and INTS3 to further elucidate its downstream pathways and roles into 

ECs.  

4.2 Results 

4.2.1 Investigating whether p115RhoGEF, Daple and INTS3 are 

interactors of srGAP2 

First, I needed to validate the results from the proteomic screen and confirm 

that p115RhoGEF, Daple and INTS3 were real interactors of srGAP2. To 

confirm them, I performed a co-immunoprecipitation assay treating cells with 

a small interfering RNA (siRNA) against srGAP2 to see if the levels of co-

immunoprecipitated proteins decreased when srGAP2 was depleted into cells. 

If the levels of the co-immunoprecipitates of the identified interactors 

decrease, would mean that the binding between them and srGAP2 was 

specific, since there was less amount of srGAP2 into cells to interact with 

these proteins. On the other hand, if the levels of the co-immunoprecipitates 

do not change, would mean that they did not specifically bind to srGAP2. To 

do that, HUVEC were treated with or without an siRNA against srGAP2, 

sisrGAP2A, and lysed. An immunoprecipitation against endogenous srGAP2 

was performed followed by a Western blot against srGAP2 and the identified 

proteins p115RhoGEF, Daple and INTS3. Results are shown in Figure 4.2.A. 

The levels of srGAP2 in the lysate and immunoprecipitate highly diminished 

after the sisrGAP2A treatment, confirming that the depletion worked. 

Furthermore, the levels of co-immunoprecipitated Daple also seemed to 

decrease; indicating that this protein specifically interacts with srGAP2. The 

levels of co-immunoprecipitated INTS3 also decreased in the 

immunoprecipitate of srGAP2-depleted cells, but they were also lower in the 

lysate; suggesting that it is not an interactor of srGAP2. Furthermore, the 

levels of co-immunoprecipitated p115RhoGEF did not change after the siRNA  



133

Lysate IP:srGAP2

p115RhoGEF

srGAP2

Daple

INTS3

tubulin

130

kDa

130

55

250

100
130

100
130

Lysate IP:srGAP2

p115RhoGEF

srGAP2

Daple

INTS3

tubulin

130

kDa

130

55

250

100
130

100
130

Lysate IP

p115RhoGEF

srGAP2

Daple

INTS3

tubulin

kDa

130

130

55

250

100
130

100
130

A. 

B. 

C. 



134

Figure 4.2 Validation of srGAP2 interactors by immunoprecipitation.

A. and B. HUVEC were treated with or without an siRNA against srGAP2
(sisrGAP2A). 48 h later, cells were lysed followed by an immunoprecipitation
against srGAP2. A Western blot was performed to detect the presence of
Daple, INTS3 and p115RhoGEF. n=2, the results are part of tests and are
preliminary data, not verified through repeats. A. In the first experiment,
silencing of srGAP2 reduced the immunoprecipitation of Daple and INTS3,
but not p115RhoGEF, suggesting that the interaction of srGAP2 with Daple
and INTS3 was real. B. However, in the second experiment, silencing of
srGAP2 reduced the immunoprecipitation of p115RhoGEF, but very slightly
for Daple and INTS3, suggesting that the srGAP2 antibody used in mass
spectrometry was unspecific. C. HUVEC were lysed and an
immunoprecipitation was performed with the antibodies of the different
srGAP2 interactors followed by a Western blot to validate them as srGAP2
interactors. An immunoprecipitation with IgG was performed as control.
srGAP2 immunoprecipitated with Daple and INTS3, but not with
p115RhoGEF. However, the band for immunoprecipitated srGAP2 with
INTS3 seemed of a higher molecular weight than the band for srGAP2 in the
lysate samples. n=1, the results are part of tests and are preliminary data,
not verified through repeats.
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treatment; suggesting that it non-specifically bound to srGAP2 in the TMT 

mass spectrometry. In the lysates, no bands for Daple and p115RhoGEF were 

detected, meaning that these proteins are too diluted in the lysates to be 

detected.  

When I repeated the experiment to test for reproducibility, the depletion of 

srGAP2 also worked since its levels in the lysate and in the 

immunoprecipitation highly diminished after the cell treatment with 

sisrGAP2A (Figure 4.2.B). However, this time, the results varied from the 

previous experiment. The levels of co-immunoprecipitated p115RhoGEF 

showed the greatest decrease after the treatment with sisrGAP2A; indicating 

that p115RhoGEF specifically bound to srGAP2 in the proteomic assay. On 

the other hand, the levels of co-immunoprecipitated Daple barely changed. 

Therefore, after these two repeats, I could not conclude if Daple, INTS3 and 

p115RhoGEF were real interactors of srGAP2. More repeats would have been 

needed to determine whether Daple, INTS3 and p115RhoGEF interacted 

with srGAP2; however, due the previous unclear results, I decided to perform 

a reverse immunoprecipitation to test these interactions in a different way. 

Moreover, although the srGAP2 proteomic screen seemed very robust, it 

would have been worthy to repeat it to test the reproducibility of the results. 

In the reverse immunoprecipitation, the identified proteins were 

immunoprecipitated by their corresponding antibodies and then, co-

immunoprecipitated srGAP2 was identified by western blotting. In this case, 

HUVEC were lysed and several immunoprecipitations were performed with 

the antibodies of the different identified proteins. This was followed by a 

Western blot to validate Daple, INTS3 and p115RhoGEF as srGAP2 

interactors. Results are shown in Figure 4.2.C. p115RhoGEF presented no 

bands in its immunoprecipitate, meaning its immunoprecipitation did not 

work. On the other hand, bands for Daple and INTS3 were detected in their 

immunoprecipitates, meaning these proteins had been successfully 

immunoprecipitated. However, srGAP2 was not found to co-

immunoprecipitate with Daple and the band for co-immunoprecipitated 
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srGAP2 with INTS3 seemed to have a higher molecular weight than the band 

for srGAP2 in the lysate samples. Furthermore, it seemed that there was a 

band for srGAP2 in the control IgG immunoprecipitated. These results were 

inconclusive, but did not support Daple or INTS3 as genuine interactors.   

I then decided to change to another cell line to confirm the binding between 

Daple, INTS3 and p115RhoGEF with srGAP2 due to the failure to validate 

these interactions in HUVEC. Later, I would continue performing my 

experiments in HUVEC to identify the role of srGAP2 in ECs. 

4.2.2 Investigating the srGAP2 interactors in the HEK293-T cell 

line 

It has been established that HEK293-T cells express endogenous Daple, 

INTS3 and p115RhoGEF (461,466,467). Therefore, they were an appropriate 

alternative to HUVEC to validate the results from the proteomic assay. 

However, they do not express endogenous srGAP2, hence they must be 

transfected with an exogenous srGAP2 plasmid (468). Nevertheless, it is well 

known that HEK293-T cells are a suitable cell line to overexpress exogenous 

proteins due to their fast growth, better accommodation after the transfection 

and higher survival (469). 

The experiment performed to confirm these interactions consisted of a GFP-

Trap immunoprecipitation against an exogenous srGAP2 tagged with Venus, 

a yellow fluorescent protein (YFP) coming from a mutant GFP (470). 

HEK293-T cells were transfected with the Venus-srGAP2 plasmid and then 

a GFP-Trap immunoprecipitation was performed followed by a Western blot 

against GFP, Daple, INTS3 and p115RhoGEF. EGFP-transfected HEK293-T 

cells were used as control. Results are shown in Figure 4.3. Venus-srGAP2 

was successfully transfected and immunoprecipitated since a band was 

detected at the correct molecular weight of srGAP2 in the immunoprecipitate 

of the immunoblot against GFP. Bands for Daple and p115RhoGEF were  
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Figure 4.3 Transfected srGAP2 interacts with Daple and p115RhoGEF in

HEK293-T cells.

HEK293-T cells transfected with Venus-srGAP2 were lysed and a GFP-trap

immunoprecipitation was performed followed by a Western blot to validate

srGAP2 interactors. EGFP-transfected HEK293-T cells were used as control.

INTS3 and p115RhoGEF were detected at a higher molecular weight. Daple

was detected at a lower molecular weight. n=1, the results are part of tests

and are preliminary data, not verified through repeats.
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detected in the immunoprecipitate of srGAP2-transfected HEK293-T cells; 

however, the molecular weights of these proteins were not correct for Daple 

and p115RhoGEF. The band detected in the immunoblot for Daple seemed to 

be too low and the one for p115RhoGEF seemed to be too high. Nevertheless, 

bands at these molecular weights also appeared in the lysates of the 

immunoblots against Daple and p115RhoGEF; suggesting they could be these 

proteins after undergoing some degradation or posttranslational 

modifications. Therefore, I could not conclude whether they were real 

interactors of srGAP2. Bands for INTS3 were detected in both 

immunoprecipitates; the one of srGAP2-transfected cells and the one of 

control EGFP-transfected cells, meaning INTS3 non-specifically bound to 

srGAP2 in the TMT mass spectrometry, therefore, it was not a real interactor 

of srGAP2. Furthermore, an additional band with a higher molecular weight 

was detected in the immunoprecipitate of srGAP2-transfected HEK293-T 

cells. With these results I confirmed that INTS3 non-specifically interacted 

with the GFP-Trap immunoprecipitation. However, I could not conclude that 

p115RhoGEF and Daple were real interactors of srGAP2. 

4.2.3 Characterisation of the srGAP2 interaction sites 

If p115RhoGEF and Daple were real interactors of srGAP2, then I wanted to 

know with which domain of srGAP2 they interacted. This also gave me 

another way to test the interactions. As previously mentioned, srGAP2 

contains three domains (the F-BAR domain, a central RhoGAP domain and 

the SH3 domain) and a C-terminal extension  (234). In the lab, before I started 

my project, they cloned these individual domains tagged with GFP in separate 

plasmids; F-BAR-GFP, GFP-GAP, GFP-SH3 and GFP-C-terminal. Therefore, 

I used these plasmids to transfect HEK293-T cells followed by a GFP-Trap 

immunoprecipitation to determine with which domain of srGAP2 

p115RhoGEF and Daple interacted. 

The first experiment was to verify that the individual srGAP2 domains could 

be transfected into HEK293-T cells. To do that, HEK293-T cells were 
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transfected with the full-length Venus-srGAP2, F-BAR-GFP, GFP-GAP, 

GFP-SH3 and GFP-C-terminal plasmids. Cells were then lysed and a 

Western blot against GFP was performed. Results are in Figure 4.4.A. Bands 

for all the individual domains were detected in the immunoblot against GFP 

except for the F-BAR domain, meaning all of them except the F-BAR domain 

were successfully transfected in HEK293-T cells. Therefore, in the future 

experiments, I would transfect HEK293-T cells with all the domains except 

F-BAR. 

Once I had confirmed that HEK293-T could be transfected with these 

individual srGAP2 domains, the next step was to perform a GFP-Trap 

immunoprecipitation against them to characterise to which domain of 

srGAP2 p115RhoGEF and Daple bound. With this experiment I could also 

confirm whether they were real interactors of srGAP2. HEK293-T cells were 

transfected with the full-length Venus-srGAP2, F-BAR-GFP, GFP-GAP, 

GFP-SH3 and GFP-C-terminal plasmids. A GFP-Trap immunoprecipitation 

was performed followed by a Western blot against GFP, Daple and 

p115RhoGEF. Non-transfected HEK293-T cells were used as control. The 

results are shown in Figure 4.4.B. All the plasmids were successfully 

transfected and immunoprecipitated since bands for all of them were detected 

in the immunoprecipitates of the GFP immunoblot. However, in the 

immunoprecipitates of the full-length Venus-srGAP2 and GFP-C-terminal 

there were additional smaller bands, meaning the synthesised srGAP2 

protein and C-terminal domain underwent a further degradation. Both 

p115RhoGEF and Daple seemed to co-immunoprecipitate with the full-length 

srGAP2; but again, the bands that appeared in the immunoprecipitates were 

different to the correct molecular weights of Daple and p115RhoGEF. This 

result suggested two possibilities: 

• The bands corresponded to splice variants of Daple and p115RhoGEF 

or to these proteins after undergoing some posttranslational 

modifications or and for this reason they appeared in a different 

molecular weight. In this case, none of them would co- 
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Figure 4.4 Determining srGAP2 interaction sites.

HEK293-T cells were transfected with Venus-srGAP2 or individual srGAP2

domains linked to GFP. A. Cells were lysed followed by a Western blot to test

if the individual srGAP2 domains had been successfully transfected. Bands

for all domains were detected except for the F-BAR domain. n=1, the results

are part of tests and are preliminary data, not verified through repeats. B.

Cells were lysed and a GFP-Trap immunoprecipitation was performed

followed by a Western blot to detect to which srGAP2 domain each interactor

bound. Non-transfected HEK293-T cells were used as control.
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Immunoblotting with GFP antibody showed that all the constructs had been

successfully expressed and immunoprecipitated. Bands only appeared in

HEK293-T cells transfected with the full-length srGAP2 but at different

molecular weights. n=1, the results are part of tests and are preliminary

data, not verified through repeats.
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immunoprecipitate with none of the in individual domains of srGAP2, 

meaning they did not interact with srGAP2 through either the GAP, 

the SH3 domain or the C-terminal alone. This result had two possible 

explanations: 

o Daple and p115RhoGEF interacted with the F-BAR domain of 

srGAP2 and for this reason they did not bind to the other 

domains. 

o More than one domain was needed for the interaction between 

Daple and p115RhoGEF with srGAP2. Therefore, these proteins 

could not bind to the individual domains, they may need a 

truncated srGAP2 with more than one domain to bind. 

• These bands corresponded to a common non-specific protein since all 

the bands for Daple, p115RhoGEF and INTS3 that appeared in this 

experiment and in the previous one were at the same molecular weight. 

This non-specific protein bound to the full-length srGAP2 in the GFP-

Trap immunoprecipitation would be able to be detected by the 

antibodies of Daple, INTS3 and p115RhoGEF. Therefore, Daple, 

INTS3 and p115RhoGEF would not be real interactors. 

At this point of my project, after the failure to conclusively confirm Daple, 

p115RhoGEF and INTS3 as srGAP2 interactors, I determined to stop 

characterising the interactions of srGAP2 and I decided to directly study the 

function of srGAP2 in endothelial cells instead. 

4.3 Discussion 

In this chapter I aimed to study the interactions of srGAP2 with Daple, INTS3 

and p115RhoGEF, three potential binding proteins previously found in a 

proteomic assay, to characterise their downstream pathways. In this way, I 

hoped to identify the role of srGAP2 in endothelial cells. During the validation 

of these interactions I faced two experimental challenges. First, the 

variability that I obtained between experiments. Second, the appearance of 
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bands in the immunoprecipitates of the immunoblots against Daple, INTS3 

and p115RhoGEF at molecular weights that did not match the expected 

values. One possibility for the failure to observe co-immunoprecipitation of 

the tested proteins is that the antibodies used for my experiments were not 

optimal or specific. In particular, the antibody against p115RhoGEF did not 

appear to recognise the correct protein since a much higher band was 

detected. One experiment to test the antibody specificity would be a 

transfection with siRNAs against these proteins followed by a Western Blot 

to see whether the levels of these proteins decrease in the depleted-cell lysates 

compare to the control lysates. If the levels do not change would mean the 

antibodies are not specific and they are binding to something else. 

Due to the failure to validate these proteins as srGAP2 interactors after 

several experiments, I decided to leave aside the interactors of srGAP2 and 

focus on its role in endothelial cells. In this way, I would directly study the 

function of srGAP2 in ECs instead of elucidating it according to their 

interactors. 
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 Investigating the role of srGAP2 in 

endothelial cells 

5.1 Introduction 

As discussed in Chapter 4, after all the unconclusive results characterising 

the interactors of srGAP2, I decided to directly study the function of srGAP2 

in endothelial cells. 

In work performed in the lab before I began my PhD, Dr Catherine Twomey 

observed that srGAP2 was involved in cell contraction in endothelial cells. 

With this experiment, Dr Catherine Twomey wanted to investigate the effects 

of srGAP2 depletion on the actin cytoskeleton since it is a regulator of Rho 

GTPase function and has been shown to affect the actin cytoskeleton in other 

cell types. In those experiments, cells were stimulated with PlGF-1 since it is 

a specific ligand of VEGFR1. As discussed in previous chapters, srGAP2 was 

found to be a candidate interactor of VEGFR1; therefore, stimulating with 

PlGF-1 would allow to study the effect of the VEGFR1-srGAP2 pathway in 

isolation. To do this, HUVEC were treated with or without an siRNA against 

srGAP2, sisrGAP2A, and then they were stimulated with PlGF-1. After 10 

min of incubation with PlGF-1, cells were fixed and stained with fluorescent 

phalloidin to observe F-actin. Results are shown in Figure 5.1.A. In control 

cells, the stimulation with PlGF-1 had no effect in the actin cytoskeleton; 

however, small gaps appeared between cells after the stimulation with PlGF-

1 in the srGAP2-depleted cells. This result suggested that srGAP2 had a role 

in endothelial permeability. Therefore, srGAP2 would be involved in the 

regulation of endothelial cell-cell junction dynamics. 

Dr Catherine Twomey then repeated the experiment but this time staining 

the cells for VE-cadherin, a protein involved in cell-cell adhesions. Results are 

shown in Figure 5.1.B. Indeed, the depletion of srGAP2 disrupted the 

junctions.  In control cells, the stimulation with PlGF-1 did not change the  
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Figure 5.1 Depletion of srGAP2 in HUVEC stimulated with PlGF-1
increases cell contraction and disrupts the adherens adhesions.

HUVEC were transfected with geneFECTOR alone (control) or an siRNA
against srGAP2 (sisrGAP2A). Cells were grown to form monolayers, serum-
starved for 1 h and stimulated with or without 10 ng/ml PlGF-1 for 10 min.



Cells were fixed and stained against phalloidin (A) or VE-cadherin (B). A.
srGAP2-depleted cells created more intercellular gaps, which increased in
size and frequency after PlGF-1 stimulation. B. srGAP2-depleted cells had
the adherens junctions disrupted and this effect was exacerbated after PlGF-
1 addition. Scale bar = 10 μm.
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complexes of VE-cadherin between adjacent cells. However, in srGAP2-

depleted cells, the stimulation with PlGF-1 led to cell retraction and the 

realignment of VE-cadherin into zipper-like structures between adjacent 

cells, characteristic of dynamic junctions. The results of these two 

experiments suggested that srGAP2 had a role in junction dynamics through 

the regulation of the actin cytoskeleton. Furthermore, this function 

synergised with the effects of PlGF-1 stimulation. 

In mid 2018, Hordijk and co-workers published a screen identifying srGAP2 

as one of a number of novel regulators of thrombin-induced endothelial 

permeability (471). Authors used an siRNA screen of 270 Rho-associated 

genes combined with electrical impedance measurements to characterise 

their effect on the endothelial barrier after thrombin stimulation. The 

measurement of the electrical impedance of a cell monolayer is a real-time 

and label-free method to study cell permeability. It consists of an electrode 

placed at the bottom of the array, which provides an electric potential, and a 

sensing electrode (472). Cells are cultured on the surface of the electrode 

forming a monolayer. An ionic current is applied across the electrode and the 

attached cells behave as an insulating barrier, limiting the current flow that 

passes through them, which is measured over time by the sensing electrode. 

The current is impeded in a different manner depending on the condition of 

the cell monolayer; therefore, this assay is able to measure variations in the 

cell monolayer over time. 

Therefore, the final objective of my project was to investigate the role of 

srGAP2 in the permeability of endothelial cells. I wanted to characterise the 

upstream and downstream effectors involved in this pathway. 
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5.2 Results 

5.2.1 Optimisation of the optimal conditions for thrombin 

stimulation in the Transwell solute flux assay 

After the publication of the preliminary screen in which Hordijk and co-

workers identified srGAP2 as one of the regulators of thrombin-induced 

endothelial permeability, I decided to further investigate this new function of 

srGAP2. To do that, I used another method to measure permeability, the 

Transwell solute flux assay; a simple and well-characterised assay that easily 

and quantitatively measures permeability in cells. This assay consists of two 

chambers, an upper and a lower chamber, separated by a porous filter 

membrane inserted in a microplate well (347). Cells are cultured on the 

porous membrane creating an endothelial monolayer, which forms a barrier 

between the lower (basolateral) and upper (apical) chambers. At the 

beginning of the assay, a tracer-molecule is added to the upper chamber. After 

the experiment, its concentration is measured in the lower chamber to 

determine how much has crossed the endothelial barrier, and therefore, to 

determine permeability.  

Before carrying out the Transwell solute flux assay, I needed to optimise it. 

The first experiment was to show that thrombin increased the permeability 

of HUVEC in the Transwell solute flux assay – a well-characterised response. 

I decided to use thrombin because it had been used in the published screening 

and because it is well-established that it increases the permeability of the 

endothelial barrier (471,473,474). To do that, HUVEC were cultured in the 

Transwell inserts for 24 h until confluent. Medium was then changed for 

HIFA-2, a serum-free medium previously formulated in the lab to support 

good barrier function (475). Next day, the fluorescent flux tracer fluorescein 

isothiocyanate–dextran (FITC-dextran) was added into the upper 

compartment either alone or with thrombin. The fluorescence of the medium 

of the lower compartment was measured over a time course. Results are 
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shown in Figure 5.2.A. The addition of thrombin enhanced the rate of FITC-

dextran passage from the upper compartment to the lower compartment, 

indicating increased permeability. However, the timings and degree of the 

increase significantly varied between experiments (Figure 5.2.B). I did not 

check the confluence of the endothelial monolayer in the Transwell assays, 

therefore, for some cases, a difference in the confluence might explain the 

variability between experiments. 

Due to the substantial difference among the repeats, I tried to optimise the 

way I added the thrombin to the upper compartment. For the previous 

experiment, I had been adding 10 μL of thrombin to a final volume of 500 μL 
in the upper chamber; therefore, this small volume of thrombin may have not 

completely and homogeneously mixed and spread along the endothelial 

monolayer. Furthermore, due to the small volume of the solution added to the 

cells, it was very likely that the spreading varied among repeats, which 

caused the substantial difference among experiments. Therefore, I wanted to 

test whether the rise of the volume of thrombin added to the upper chamber 

stabilised its spreading along the cells and diminished the difference among 

experiments. To do this, HUVEC were seeded onto the Transwell inserts 

creating an endothelial monolayer. Next day, cells were cultured in HIFA-2 

for another 24 h. FITC-dextran either alone or with thrombin was added into 

the upper compartment in two different volumes, but in both of them, 

maintaining the same final concentration of thrombin in the upper 

compartment. I tried to add 10 μL, the volume that I had been using it in my 

previous experiments, and 100 μL, a higher volume that would facilitate the 
mixing and the spreading. Finally, the fluorescence of the medium of the 

lower compartment was measured after several time-points. Results are 

shown in Figure 5.2.C. The addition of the higher volume, 100 μL of HIFA-2 

medium with FITC-dextran and thrombin, caused a faster response in the 

rate of FITC-dextran passage from the upper compartment to the lower 

compartment. This result meant that the higher volume facilitated the  
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Figure 5.2 Determining the optimal conditions to stimulate HUVEC with
thrombin in the Transwell solute flux assay.

A. HUVEC were seeded onto Transwell inserts. 24 h later, medium was
changed for HIFA-2 medium and incubated overnight. Next day, FITC-
dextran and HIFA-2 either alone or with thrombin (1 U/mL final
concentration) were added at the same time into the upper compartment and
10, 20, 40 and 60 min later, the fluorescence of the medium of the lower
compartment was measured. The permeability of HUVEC monolayers was
compared with or without stimulation. Thrombin addition increased the rate
of FITC-dextran passage from the upper compartment to the lower
compartment. Values are the mean ± SEM (n=4). B. It shows the split of the
four graphs of the former quadruplicate. The rate of FITC-dextran passage
after 60 min differed among results. C. HUVEC were seeded onto Transwell
inserts. 24 h later, medium was changed for HIFA-2 medium and incubated
overnight. Next day, FITC-dextran was added into the upper compartment.
At the same time, either 10 μL or 100 μL of HIFA-2 medium either alone or
with thrombin (1 U/mL final concentration) were also added into the upper
compartment and 10, 20, 40 and 60 min later, the fluorescence of the
medium of the lower compartment was measured. The permeability of
HUVEC monolayers was compared among non-stimulated HUVEC and
stimulated HUVEC adding either 10 μL or 100 μL. HIFA-2 medium with
thrombin. The addition of 100 μL of HIFA-2 medium with thrombin gave a
faster response in the rate of FITC-dextran passage from the upper
compartment to the lower compartment. n=1, the results are part of tests
and are preliminary data, not verified through repeats. Fluorescence
measurements in RFU (Relative Fluorescence Units).
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mixing with the medium in the upper chamber and the spreading of the 

thrombin along the endothelial monolayer. 

5.2.2 Optimisation of the optimal conditions for transfection in 

the Transwell solute flux assay 

Once I had optimised the optimal conditions to stimulate HUVEC with 

thrombin in the Transwell flux assay, I needed to test whether the 

transfection with GeneFECTOR, a formulation of a polycationic and a neutral 

lipid compound, would affect the permeability of the endothelial monolayer. 

This experiment was a first test before starting with the transfections with 

siRNAs against srGAP2. To do this, HUVEC were transfected with a control 

siRNA using the GeneFECTOR lipid and seeded onto Transwell inserts 

creating a monolayer. 24 h later, medium was changed for HIFA-2 medium. 

Next day, FITC-dextran was added into the upper compartment and the 

fluorescence of the medium of the lower compartment was measured after 

several time-points. Results are shown in Figure 5.3. The transfection of the 

control siRNA increased the rate of FITC-dextran passage from the upper 

compartment to the lower compartment, what it meant that the transfection 

increased the permeability of the endothelial monolayer per se. This could be 

caused by the lipids that compose the formulation of GeneFECTOR, which 

may interfere with the lipids at the cell membrane. 

As the transfection with GeneFECTOR increased the permeability of the 

endothelial monolayer, I decided to reduce the amount that I usually added 

to the cells. To do that, I decided to test different amounts of GeneFECTOR 

to transfect an siRNA against srGAP2 to identify which was the lowest 

concentration able to deplete srGAP2 in endothelial cells to use it in the 

further experiments. HUVEC were transfected with an srGAP2 siRNA using 

the GeneFECTOR protocol but at different concentrations of lipid. Cells were 

lysed followed by a Western blot against srGAP2. Results are shown in Figure 

5.4.A. Reduction of GeneFECTOR by the half of the standard volume depleted  



Figure 5.3 Transfection of HUVEC with a control siRNA increases
permeability in the Transwell solute flux assay.

HUVEC were seeded onto a dish. Next day, control siRNA was transfected by
using the GeneFECTOR protocol. After 5 h, HUVEC were seeded onto
Transwell inserts. 24 h later, medium was changed for HIFA-2 medium and
incubated overnight. Next day, FITC-dextran was added into the upper
compartment and 10, 20, 40 and 60 min later, the fluorescence of the
medium of the lower compartment was measured. The permeability of
HUVEC monolayers was compared between transfected and non-transfected
HUVEC. Transfection of the control siRNA increased the rate of FITC-
dextran passage from the upper compartment to the lower compartment.
The rate of FITC-dextran passage after 40 and 60 min differed among
results. Values are the mean ± SEM (n=3). Fluorescence measurements in
RFU (Relative Fluorescence Units).
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Figure 5.4 Determining the optimal conditions to transfect siRNAs in
HUVEC for the Transwell solute flux assay.

A. HUVEC were seeded onto a plate. Next day, an siRNA against srGAP2
was transfected by using the GeneFECTOR protocol but using different
amounts of GeneFECTOR reagent: 0, 2, 3, 4, 5 or 6 mL. Cells were lysed
after 48 h post-transfection and probed for srGAP2 expression by
immunoblotting. Tubulin was used as loading control. Lower concentration
of GeneFECTOR (3 μL) was as effective as the standard volume (6 μL). B.
HUVEC were seeded onto a dish. Next day, cells were transfected only with
the equivalent concentration of GeneFECTOR as the 3 μL in Panel B. After 5
h, HUVEC were seeded onto Transwell inserts. 24 h later, medium was
changed for HIFA-2 medium and incubated overnight. Next day, FITC-
dextran and HIFA-2 either alone alone or with thrombin (1 U/mL final
concentration) were added into the upper compartment and 10, 20, 40 and 60
min later according with the optimisation in Figure 5.2.C. Finally, the
fluorescence of the medium of the lower compartment was measured. The
permeability of HUVEC monolayers was compared between control and
GeneFECTOR-treated HUVEC both either with or without thrombin
stimulation. Thrombin increased FITC-dextran passage from the upper
compartment to the lower compartment in cells treated with GeneFECTOR.
Values are the mean ± SEM (n=3). Fluorescence measurements in RFU
(Relative Fluorescence Units).
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srGAP2 as effectively as the standard concentration. Therefore, I used this 

lower concentration in my further experiments. 

The next step was an experiment to test that the new concentration of 

GeneFECTOR did not increase the permeability of the endothelial monolayer 

in the Transwell solute flux assay as the standard one did. Furthermore, in 

this experiment I also added thrombin, according to the previous 

optimisation, to prove that it increased the basal permeability of the 

endothelial barrier after the transfection with GeneFECTOR in a 

reproducible manner. To do that, HUVEC were or not transfected with a 

control siRNA using the GeneFECTOR protocol and cultured onto the 

Transwell inserts for 24 h until confluent. Medium was then changed for 

HIFA-2 medium and incubated overnight. FITC-dextran either alone or with 

thrombin were then added into the upper compartment and the fluorescence 

of the medium of the lower compartment was measured. Results are shown 

in Figure 5.4.B. The lower concentration of GeneFECTOR had only a small 

effect on the permeability of resting ECs; however, GeneFECTOR increased 

permeability in response to thrombin. I concluded that GeneFECTOR 

increased the permeability response, but that assaying further effects of 

srGAP2 against this background was possible. 

5.2.3 Depletion of srGAP2 in the Transwell solute flux assay 

Once I had optimised how to stimulate HUVEC with thrombin and transfect 

them with GeneFECTOR in the Transwell solute flux assay, I depleted 

srGAP2 from HUVEC to confirm whether it had a role in permeability. 

HUVEC were transfected with a control siRNA and an siRNA against 

srGAP2, sisrGAP2A. Cells were then seeded onto the Transwell inserts and 

incubated overnight until confluent. Cells were cultured in HIFA-2 medium 

and next day, HIFA-2 with FITC-dextran either alone or with thrombin were 

added into the upper compartment. Finally, the fluorescence of the medium 

of the lower chamber was measured. Results are shown in Figure 5.5. The 

depletion of srGAP2 slightly increased the FITC-dextran passage from the  



Figure 5.5 Depletion of srGAP2 does not increase HUVEC permeability after
thrombin stimulation.

HUVEC were seeded onto a dish. Next day, cells were treated with a control
and an siRNA against srGAP2 (sisrGAP2A) with the equivalent
concentration of GeneFECTOR as the 3 μL in Figure 5.3.B. After 5 h,
HUVEC were seeded onto Transwell inserts. 24 h later, medium was
changed for HIFA-2 medium and incubated overnight. Next day, FITC-
dextran and HIFA-2 either alone or with thrombin (1 U/mL final
concentration) were added into the upper compartment and 10, 20, 40 and 60
min later, the fluorescence of the medium of the lower compartment was
measured. The permeability of HUVEC monolayers was compared between
control and sisrGAP2A-transfected HUVEC both either with or without
thrombin stimulation. Thrombin equally increased FITC-dextran passage
from the upper compartment to the lower compartment in control and
srGAP2-depleted cells. Values are the mean ± SEM (n=3). Fluorescence
measurements in RFU (Relative Fluorescence Units).
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upper compartment to the lower compartment after the stimulation with 

thrombin; however, the difference did not reach statistical significance.  

Due to this unexpected result, I hypothesized that the concentration of 

thrombin that I used in my previous experiment was too high and 

overstimulated the endothelial monolayer, and for this reason, I did not 

observe a statistically significant difference between control and srGAP2-

depleted cells. Therefore, I decided to try some lower concentrations of 

thrombin. To do that, HUVEC were transfected with the control siRNA and 

the sisrGAP2A. They were seeded onto the Transwell inserts and incubated 

overnight until confluent. Medium was changed for HIFA-2 medium and next 

day, HIFA-2 with FITC-dextran either alone or with thrombin were added 

into the upper compartment. This time, I used three different concentrations 

of thrombin; 1 U/mL, as in my previous experiments, and 0.5 and 0.25 U/mL. 

Finally, the fluorescence of the medium of the lower chamber was measured 

over a time course. These lower concentrations did not increase the difference 

in permeability between control and srGAP2-depleted cells (data not shown).  

Rather than attempting to measure the rate of passage of this soluble marker 

across the endothelial monolayer, I decided to directly measure the gaps in 

the barrier themselves. Previous work carried out by Dr Catherine Twomey 

had shown that it was possible to see gaps between fixed cells using confocal 

microscopy. For this, I decided to set up an imaging-based assay to measure 

junctional dynamics in real time. To do that, I chose to use the IncuCyte 

System; a real-time live-cell imaging platform that enable the visualisation 

and quantification of cell behaviour (476).  

5.2.4 Optimisation of CellTracker Dye for live cell imaging 

One advantage of the IncuCyte System is the ability to image cells live and 

so to see changes to the junctions in real time. The system can image in 

brightfield mode or fluorescence. I hoped to use image analysis software to 

automate the analysis of gaps between cells, and so I decided to try a 
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fluorescent cell mask since this can give a good discrimination between cells 

and background. CellTracker is a fluorescent dye that freely passes through 

cell membranes and it is retained into the cells. In this way, I would be able 

to stain all whole cells conforming the endothelial barrier and to quantify the 

fluorescence that they display. Therefore, I would be able to monitor whether 

stimulation with thrombin reduces the fluorescence emitted by the 

endothelial barrier over time by creating gaps among cells, and if this 

decrease is exacerbated after srGAP2 depletion.  

I carried out a first experiment to test whether all whole cells were stained 

and whether thrombin induced these gaps in the endothelial monolayer; 

which would be quantified through the fluorescence measurement. To do that, 

HUVEC were seeded onto a 24-well ImageLock plate and incubated until 

confluent. Next day, the medium was changed for HIFA-2 medium. Next day, 

CellTracker was added to the cells at a concentration of 2 μM and changed 

for HIFA-2 after 30 min. The 24-well ImageLock plate was then introduced 

into the IncuCyte System and pictures were taken along the thrombin 

stimulation. Results are shown in Figure 5.6. CellTracker did not stain the 

cells evenly; it stained the centre of the cell but did not give good labelling of 

the cell borders. Furthermore, I saw evidence of toxicity; cells started to die 

after 40 min of thrombin addition and all of them were almost dead after 90 

min.  

Therefore, the next step was an experiment testing different concentrations 

of CellTracker and different incubation periods of time to determine which 

condition was the best to stain the whole cells without inducing cell death. To 

do that, I repeated the former experiment but this time using a range of 

CellTracker concentrations, which were incubated with cells for different 

periods of time. Results are shown in Figure 5.7.A. The incubation of cells 

with CellTracker for 60 min and overnight induced cell death, even at the 

lowest concentrations of the dye. Furthermore, the incubation with 

concentrations higher to 1 μM also induced cell death, even after 30 min of 

incubation. Therefore, the only conditions that did not cause cell death were  



Figure 5.6 Cells stained with CellTracker die after their stimulation with
thrombin.

HUVEC were seeded onto a 24-well ImageLock plate. 24 h later, medium
was changed for HIFA-2 medium. Next day, CellTracker was added into the
wells (2 μM final concentration) and incubated for 30 min. After the
incubation with CellTracker, cells were starved with HIFA-2. Then, the plate
was introduced into the IncuCyte System. An initial picture was taken before
the addition of HIFA-2 with thrombin (1 U/mL final concentration). Pictures
were taken every 10 min for 90 min. Cells died over thrombin stimulation.
n=1, the results are part of tests and are preliminary data, not verified
through repeats. Scale bar = 10 μm.
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Figure 5.7 Determining the optimal conditions of CellTracker to stain cells
for live imaging.

HUVEC were seeded onto a 24-well ImageLock plate. 24 h later, medium
was changed for HIFA-2 medium. CellTracker was added into the wells at
different final concentrations (0.1 μM, 0.5 μM, 1 μM, 2 μM and 5 μM) and
incubated for different periods of time (30 min, 60 min and overnight). After
the incubation with CellTracker, cells were starved with HIFA-2. Then, the
plate was introduced into the IncuCyte System. A. Representative pictures of
the cells at different concentrations of CellTracker for different incubation
time-points. B. Zoom of the picture of cells incubated at 0.5 μM of
CellTracker for 30 min. None of the conditions was suitable for live imaging;
high concentrations and long incubation times induced cell death and low
concentrations and short incubation times did not stain the whole cell. n=1,
the results are part of tests and are preliminary data, not verified through
repeats. Scale bar = 10 μm.
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the concentrations of 0.1 μM and 0.5 μM of CellTracker incubated for 30 min. 

However, the incubation with either 0.1 or 0.5 μM of CellTracker for 30 min 

did not stain the cells enough and the fluorescence of the cells located at the 

border of the picture was not visible (Figure 5.7.B). Therefore, none of these 

conditions was suitable for live imaging. 

5.2.5 srGAP2 depletion induces gaps in the endothelial barrier 

after thrombin stimulation 

Due to the failure to stain cells with CellTracker, I decided to image cells with 

phase contrast imaging and measure the area of the gaps created by cells 

along thrombin stimulation. In this way, I would know whether thrombin 

induces gaps among cells and whether the gaps are increased after srGAP2 

depletion. To do this, HUVEC were treated with a control siRNA and two 

srGAP2 siRNAs (sisrGAP2A and sisrGAP2B) and seeded onto a 24-well 

ImageLock plate after 5 h to create a monolayer. Next day, cells were 

incubated with HIFA-2 medium for 24 h. The plate was then introduced into 

the IncuCyte System and cells were stimulated with thrombin for 90 min. The 

stimulation with thrombin for 90 min induced the appearance of visible gaps 

between cells, which I traced by hand and then highlighted manually in green 

for a better visualization (Figure 5.8.A). Importantly, depletion of srGAP2 

increased the number and the area of these gaps (Figure 5.8.B). Depletion of 

srGAP2 significantly enhanced the creation of more numerous and bigger 

gaps among HUVEC after 40 min of thrombin stimulation compared to 

control cells (Figure 5.8.C). Furthermore, depletion of srGAP2 also slowed 

down the recovery of cells; gaps among control cells started to decrease and 

disappear after 90 min of thrombin stimulation, however, they were still 

numerous and large in srGAP2-depleted cells.  
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Figure 5.8 Depletion of srGAP2 increases the area among cells and slows
their recovery after thrombin stimulation.

HUVEC were treated with a control siRNA and two srGAP2 siRNAs
(sisrGAP2A and sisrGAP2B). After 5 h, HUVEC were seeded onto a 24-well
ImageLock plate to create a monolayer. 24 h later, medium was changed for
HIFA-2 medium and incubated overnight. Next day, the plate was
introduced into the IncuCyte System. An initial picture was taken before the
addition of HIFA-2 with thrombin (1 U/mL final concentration). Pictures
were taken every 10 min for 90 min. A. Zoom of a picture taken from the
IncuCyte System showing the increase of the area among cells (marked in
green) after thrombin stimulation. The arrows indicate the gaps created
among cells after 90 min of thrombin stimulation. Scale bar = 10 μm. B.
Representative pictures of the increase of the area among cells after
thrombin stimulation in control and srGAP2-depleted cells. Scale bar = 10
μm. C. The area among HUVEC was compared among control siRNA,
sisrGAP2A and sisrGAP2B-transfected HUVEC after the stimulation with
thrombin. The gaps between cells increased after thrombin stimulation in
srGAP2-depleted cells with both siRNAs. Depletion of srGAP2 with both
siRNAs also slowed the re-spreading of cells. Values are the mean ± SEM
(n=6). Statistical significance was determined using two-way ANOVA
followed by Tukey’s post-hoc test. * P<0.05, ** P<0.01.
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5.2.6 Optimisation of the coating used in the Transwell solute 

flux assay 

Comparing the results obtained in the IncuCyte System with the results 

obtained in the Transwell solute flux assay, a new question was raised: how 

it was possible that I did not observe a difference in the permeability of control 

and srGAP2-depleted cells after thrombin stimulation in the Transwell assay 

when I visualised a significant difference in the gaps created by these cells in 

the IncuCyte System. If depletion of srGAP2 enhanced the number and the 

area of the gaps created among cells after thrombin stimulation compared to 

control cells, it should have also enhanced, at least, the paracellular 

permeability of the endothelial monolayer; and therefore, I should have 

observed a significant difference between control and srGAP2-depleted cells 

in the Transwell assay. 

I decided to test the coating of the dishes as it was the only factor that differed 

between the two assays; the Transwell inserts were coated with the triple 

coating consisting of 30 µg/mL of collagen I, 50 µg/mL fibronectin and 0.1% 

gelatin in PBS, and the ImageLock plates were coated with the fibronectin 

coating consisting of 5 µg/mL fibronectin in PBS. To test this hypothesis, I 

decided to image HUVEC seeded onto Transwell inserts pre-coated either 

with the triple coating or fibronectin alone. Cells were then stimulated with 

thrombin and fixed after several time-points and stained with phalloidin to 

be able to observe the whole cell area. Results are shown in Figure 5.9. Cells 

barely created gaps after 10 min of incubation with thrombin regardless the 

coating; being slightly higher and more numerous in srGAP2-depleted cells. 

However, after 40 min of thrombin stimulation, huge differences appeared in 

the gaps depending on the coating. The gaps of cells seeded onto the triple 

coating were bigger and more numerous than the ones of the cells seeded onto 

the fibronectin coating; which were small and isolated. In both cases gaps 

were exacerbated in srGAP2-depleted cells compared to control cells. The 

differences between coatings were intensified after 90 min of thrombin  



Figure 5.9 The creation of gaps among cells after thrombin stimulation
depends on the coating of the well.

HUVEC were treated with a control siRNA and a srGAP2 siRNA
(sisrGAP2A). After 5 h, HUVEC were seeded onto Transwell inserts coated
with the triple coating (30 µg/mL of collagen I, 50 µg/mL fibronectin and
0.1% gelatin in PBS) or with fibronectin coating (5 µg/mL fibronectin in
PBS). 24 h later, medium was changed for HIFA-2 medium and incubated
overnight. Next day, HIFA-2 with thrombin (1 U/mL final concentration) was
added into the upper compartment and 0, 10, 40 and 60 min later, cells were
fixed with 4% PFA and stained against phalloidin. HUVEC seeded onto
fibronectin coating created moderate gaps after thrombin stimulation; which
were more similar to the gaps observed in the IncuCyte. These gaps were
also higher in srGAP2-depleted cells. n=1, the results are part of tests and
are preliminary data, not verified through repeats. Scale bar = 10 μm.
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stimulation. Cells seeded onto the triple coating created massive gaps 

disrupting the endothelial monolayer, without any apparent difference 

between control and srGAP2-depleted cells. In contrast, cells seeded onto the 

fibronectin coating created moderate gaps; which were higher in srGAP2-

depleted cells. Moreover, the behaviour of cells seeded onto the fibronectin 

coating was more similar to the one observed in the IncuCyte System. 

Therefore, I could conclude that the coating affected the way that cells 

responded to thrombin, and that cells plated on fibronectin alone were 

protected against loss of srGAP2. 

5.2.7 srGAP2 regulates thrombin-induced endothelial 

permeability 

Now that I had elucidated the reason for the difference between the results 

obtained in the two assays, I decided to repeat the Transwell solute flux 

assay, but this time coating with fibronectin. In this way, I expected to obtain 

a result in line with the IncuCyte result; an increase in the thrombin-induced 

endothelial permeability after depletion of srGAP2 compared to control cells. 

To do that, I performed the assay as previously described, but this time, I 

coated the Transwell inserts with the fibronectin coating instead of the triple 

coating. Results are shown in Figure 5.10. This time, the permeability of the 

endothelial barrier after 1 h of thrombin stimulation was higher in srGAP2-

depleted cells than in control cells. This result was in accordance with the 

IncuCyte results and with the staining of the Transwell inserts. I concluded 

that the fibronectin coating preserved the endothelial barrier against loss of 

srGAP2. 

  



Figure 5.10 Depletion of srGAP2 increases the permeability of the
endothelial monolayer after thrombin stimulation.

HUVEC were seeded onto a dish. Next day, cells were treated with or
without a srGAP2 siRNA (sisrGAP2A). After 5 h, HUVEC were seeded onto
Transwell inserts coated with the fibronectin coating. 24 h later, medium
was changed for HIFA-2 medium and incubated overnight. Next day, FITC-
dextran and HIFA-2 with thrombin (1 U/mL final concentration) were added
into the upper compartment and 10, 20, 40 and 60 min later, the fluorescence
of the medium of the lower compartment was measured. The permeability of
HUVEC monolayers was compared between control and sisrGAP2A-
transfected HUVEC. Depletion of srGAP2 in HUVEC increased the FITC-
dextran passage from the upper compartment to the lower compartment
after thrombin stimulation compared to control cells. Values are the mean ±
SEM (n=3). p-value=0.1839. Fluorescence measurements in RFU (Relative
Fluorescence Units).
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5.2.8 srGAP2 depletion slows down cell respreading after 

thrombin stimulation 

Once I had confirmed that depletion of srGAP2 enhanced endothelial 

permeability through the increase of the number and area of the gaps among 

cells, I wanted to know whether this increase was due to a weaker cell-cell 

attachment, a more extensive retraction or to a slowdown in cell respreading 

after contraction. In previous experiments, I had cultured cells to form a 

monolayer. However, in that way, these three factors were all present, 

therefore, I could not distinguish among them to determine which one was 

affected by srGAP2-depletion. Furthermore, in the endothelial monolayer, 

cells were attached to each other by cell-cell junctions, which acted as 

anchors, restraining cell contraction and then supporting the barrier 

integrity. To remove the factor of cell-cell junctions to be able to better 

understand the behaviour of cells after srGAP2 depletion, I decided to culture 

sparse cells in this experiment. In this way, I would be able to more easily 

follow the rates of retraction and respreading separately. To do that, HUVEC 

were treated with the siRNAs as usual and seeded onto a 24-well ImageLock 

plate in a non-confluent manner. Cells were then processed and stimulated 

with thrombin as previously described. Results are shown in Figure 5.11. 

Cells contracted after thrombin stimulation with the same rate and extent 

regardless of depletion of srGAP2; therefore, srGAP2 did not affect to the 

contraction rate. However, respreading after the contraction was significantly 

delayed in srGAP2-depleted cells compared to control cells. Therefore, I could 

conclude that depletion of srGAP2 specifically affected the respreading phase 

of thrombin mediated permeability. Although I could not be certain whether 

there might also be an additional role in cell junctions since I removed them 

in this experiment. 
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Figure 5.11 Depletion of srGAP2 slows re-spreading in spare cells after
thrombin stimulation.

HUVEC were treated with a control siRNA and two srGAP2 siRNAs
(sisrGAP2A and sisrGAP2B). After 5 h, HUVEC were seeded onto a 24-well
ImageLock plate to grow as sparse cells. 24 h later, medium was changed for
HIFA-2 medium and incubated overnight. Next day, the plate was
introduced into the IncuCyte System. An initial picture was taken before the
addition of HIFA-2 with thrombin (1 U/mL final concentration). Pictures
were taken every 10 min for 120 min. The cell area was compared among
control siRNA, sisrGAP2A and sisrGAP2B-transfected HUVEC after the
stimulation with thrombin. All cells equally contracted after thrombin
stimulation, however srGAP2-depleted cells re-spreaded slower than control
cells. Values are the mean ± SEM (n=4). Statistical significance was
determined using two-way ANOVA followed by Tukey’s post-hoc test. *
P<0.05, ** P<0.01, **** P<0.001, **** P<0.0001.
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5.2.9 srGAP2 depletion slows down cell polarization in 

spreading cells 

I next wanted to know whether this effect was specific to respreading after 

thrombin-induced contraction or on the contrary, whether it was a general 

effect on cell spreading. To determine this, I measured the rate of spreading 

of unstimulated HUVEC as they reattached to the substrate after 

trypsinisation. HUVEC were transfected with a control siRNA and 

sisrGAP2A and sisrGAP2B. Next day, medium was changed for HIFA-2 

medium and incubated overnight. A 24-well ImageLock plate was introduce 

into the IncuCyte and sparse HUVEC were poured onto it, imaging them from 

the beginning. Spreading was measured from the time of initial adherence of 

each cell.  Results are shown in Figure 5.12.A. No differences were observed 

in the cell spreading of the cells, regardless the depletion of srGAP2. However, 

I did observe a change in the morphology of the spreading cells. The aspect 

ratio of control cells, the ratio of cell width to cell height, was significantly 

higher after 90 min of spreading compared to srGAP2-depleted cells (Figure 

5.12.B), meaning srGAP2-depleted cells polarized slower than control cells. 

Therefore, with this experiment I could conclude that srGAP2 did not affect 

normal cell spreading; instead, its effect was specific to cell spreading after 

thrombin-induced cell contraction. I also can concluded that srGAP2 

contributes to the polarization of spreading cells. 

5.2.10 srGAP2 depletion induces gaps in the endothelial barrier 

after TNF-α stimulation 

After confirming that srGAP2 was involved in endothelial permeability by 

slowing down cell spreading after contraction, I wanted to know if its role was 

specific of the thrombin pathway or if it encompassed other permeability 

routes. It is widely known that, during inflammation, activated leukocytes 

and endothelial cells release TNF-α, which binds to the receptor TNFR-1 in 

endothelial cells, leading to the activation of the NF-κB signalling and the  
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Figure 5.12 Depletion of srGAP2 slows cell polarization in spreading cells.

HUVEC were treated with a control siRNA and two srGAP2 siRNAs
(sisrGAP2A and sisrGAP2B). 24 h later, medium was changed for HIFA-2
medium and incubated overnight. Next day, HUVEC were seeded onto a 24-
well ImageLock plate to grow as sparse cells just before introduce it into the
IncuCyte System. Pictures were taken every 3 min for 120 min. A.
Representative pictures of the spreading of control and srGAP2-depleted
cells. B. The cell area was compared among control siRNA, sisrGAP2A and
sisrGAP2B-transfected HUVEC during spreading. The area of all cells were
the same during spreading. C. The aspect ratio was compared among control
siRNA, sisrGAP2A and sisrGAP2B-transfected HUVEC during spreading.
srGAP2-depleted cells polarized slower than control cells. Values are the
mean ± SEM (n=4). Statistical significance was determined using two-way
ANOVA followed by Tukey’s post-hoc test. * P<0.05, ** P<0.01, **** P<0.001,
**** P<0.0001.
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RhoA permeability pathway (392,477,478). These two pathways trigger 

hyperpermeability of the endothelial barrier to facilitate leukocyte 

infiltration. Therefore, I decided to test whether depletion of srGAP2 also 

increased permeability on TNF-α stimulation. To do that, HUVEC were 
transfected as usual and processed as previously described. The plate was 

then introduced into the IncuCyte System and cells were stimulated with 

TNF-α for 6 h. Results are shown in Figure 5.13. Cells started to created gaps 

after 4 h of TNF-α stimulation, being significantly more numerous and bigger 

in srGAP2-depleted cells. After 6 h of TNF-α stimulation, the difference in the 
number and size of the created gaps between control and srGAP2-depleted 

cells was exacerbated. These results confirmed that srGAP2 was also involved 

in the permeability pathway of TNF-α, therefore, the role of srGAP2 in 
permeability was not specific to thrombin. 

5.2.11 srGAP2 depletion induces gaps in the endothelial barrier 

after Angiotensin II stimulation 

Angiotensin II (AngII) is a peptide hormone that binds to the angiotensin II 

type 1 receptor (AT1 receptor) in endothelial cells, producing vasoconstriction 

to ensure the homeostasis of the cardiovascular and renal system (479). AngII 

induces endothelial permeability through the activation of the RhoA/ROCK 

signalling pathway (391,480). In order to test the role of srGAP2 in the 

permeability response to this third factor, I treated control and srGAP2-

depleted cells as previously described and I imaged them with the IncuCyte 

system, but this time, I stimulated cells with AngII for 6 h. Results are shown 

in Figure 5.14. Cells started to create gaps among them after 40 min of AngII 

stimulation. After 2 h of AngII stimulation, the gaps created by srGAP2-

depleted cells were significantly more numerous and bigger than the ones 

created by control cells; although the increase in the area of the gaps produced 

by cells treated with sisrGAP2A was not as exacerbated to the one produced 

by cells treated with sisrGAP2B. With these results I could conclude that  
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Figure 5.13 Depletion of srGAP2 increases the area among cells after TNF-α
stimulation.

HUVEC were treated with a control siRNA and two srGAP2 siRNAs
(sisrGAP2A and sisrGAP2B). After 5 h, HUVEC were seeded onto a 24-well
ImageLock plate to create a monolayer. 24 h later, medium was changed for
HIFA-2 medium and incubated overnight. Next day, the plate was
introduced into the IncuCyte System. An initial picture was taken before the
addition of HIFA-2 with TNF-α (10 ng/mL final concentration). Pictures were
taken every 10 min for 360 min. The area among HUVEC was compared
among control siRNA, sisrGAP2A and sisrGAP2B-transfected HUVEC after
the stimulation with TNF-α. The area among cells increased after TNF-α
stimulation in srGAP2-depleted cells with both siRNAs. Values are the mean
± SEM (n=6). Statistical significance was determined using two-way ANOVA
followed by Tukey’s post-hoc test. * P<0.05, ** P<0.01.
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Figure 5.14 Depletion of srGAP2 increases the area among cells after AngII
stimulation.

HUVEC were treated with a control siRNA and two srGAP2 siRNAs
(sisrGAP2A and sisrGAP2B). After 5 h, HUVEC were seeded onto a 24-well
ImageLock plate to create a monolayer. 24 h later, medium was changed for
HIFA-2 medium and incubated overnight. Next day, the plate was
introduced into the IncuCyte System. An initial picture was taken before the
addition of HIFA-2 with AngII (10 μM final concentration). Pictures were
taken every 10 min for 360 min. The area among HUVEC was compared
among control siRNA, sisrGAP2A and sisrGAP2B-transfected HUVEC after
the stimulation with AngII. The area among cells increased after AngII
stimulation in srGAP2-depleted cells with both siRNAs. Values are the mean
± SEM (n=6). Statistical significance was determined using two-way ANOVA
followed by Tukey’s post-hoc test. * P<0.05, ** P<0.01.
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srGAP2 also had a function in the permeability pathway of AngII. Therefore, 

srGAP2 plays a general role in the permeability of the endothelial barrier. 

5.2.12 Characterising the effect of srGAP2 depletion in MYPT1 

phosphorylation after thrombin stimulation 

Once I had confirmed that srGAP2 played an important role in endothelial 

permeability, I wanted to characterise the pathway that it followed to carry 

out this function. A common effector in the permeability routes of thrombin, 

TNF-α and AngII is the RhoA GTPase; therefore, I hypothesised that srGAP2 

acted as a GAP of RhoA. Another potential target of srGAP2 could be RhoB 

since together with RhoA, it is one of the main mediators of thrombin- induced 

permeability (385). Furthermore, RhoB is also involved in the TNF-α 
endothelial permeability pathway (387,389). RhoC could also be a target of 

srGAP2 since it is also involved in the thrombin permeability pathway 

(385,389). To confirm my hypothesis that srGAP2 acted as a GAP of RhoA, I 

measured the activation of MYPT1 after thrombin stimulation in control and 

srGAP2-depleted cells. When thrombin binds to its receptor PAR-1 in 

endothelial cells, RhoA GTPase gets activated, which in turn activates ROCK. 

ROCK phosphorylates MYPT1, inhibiting it (367,474). Inhibited MYPT1 can 

not bind to MLC and dephosphorylate it; therefore, MLC stays 

phosphorylated producing actomyosin contraction, which would explain the 

gaps I observed among cells after thrombin stimulation. If my assumption 

was right, I would observe an increase in the phosphorylation of MYPT1 in 

srGAP2-depleted cells compared to control cells after treatment with 

thrombin. Therefore, to test this, HUVEC were treated with a control siRNA, 

sisrGAP2A and sisrGAP2B and cultured onto 6-well plates until confluent. 

Next day, cells were cultured in HIFA-2 medium overnight. Cells were then 

stimulated with thrombin and lysed after several time-points. Protein levels 

of phospho-MYPT1 were tested by Western blot analysis followed by a 

densitometric analysis. Results are shown in Figure 5.15. The activation of 

MYPT1 increased after 10 min of thrombin stimulation in the three samples.  



Figure 5.15 Determining the phosphorylation of MYPT1 along time after
thrombin stimulation in control and srGAP2-depleted cells.

HUVEC were treated with a control siRNA and two srGAP2 siRNAs
(sisrGAP2A and sisrGAP2B). After 5 h, HUVEC were seeded onto 6-well
plates to create a monolayer. 24 h later, medium was changed for HIFA-2
medium and incubated overnight. Next day, HIFA-2 with thrombin (1 U/mL
final concentration) was added into the wells and cells were lysed after 0, 10,
30 and 60 min, followed by a Western blot against phospho-MYPT1. A. It
shows an example of blot of MYPT-P, total MYPT and tubulin. B. A
densitometric analysis was performed of phospho-MYPT1 levels in control
siRNA, sisrGAP2A and sisrGAP2B-transfected HUVEC samples after the
stimulation with thrombin. Phospho-MYPT1 increased after 10 min
thrombin stimulation in all cells. However, its decrease along time in control
and srGAP2-depleted cells differed among results. Data was normalized to
tubulin. Values are the mean ± SEM (n=3).
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After 30 and 60 min of treatment with thrombin, it seemed that the activation 

of MYPT1 decreased in srGAP2-depleted cells; however, this decrease 

considerably differed among the different repeats of this experiment. This 

great variability might be due to the use of an old antibody that probably was 

not optimal and gave very different results. 

Due to these unconclusive results, I decided to measure the phosphorylation 

of MLC, another downstream effector of the RhoA permeability pathway. 

Again, I obtained different results among the different repeats (data not 

shown); therefore, I decided to set aside these biochemical experiments and 

characterise the srGAP2 permeability pathway using other techniques. 

5.2.13 srGAP2 regulates permeability through the inhibition of 

RhoA 

Due to the inconclusive results that I obtained through the previous 

phosphorylation assays, I decided to directly measure the activation of RhoA 

GTPase after thrombin stimulation. In this way, I would determine whether 

srGAP2 acted as a GAP of RhoA, and therefore, whether srGAP2 depletion 

increased RhoA activation after thrombin stimulation. To do this, I performed 

a G-LISA Small G-protein Activation Assay against activated RhoA; a 

quantitative measure of GTPases activation that has greater sensitivity 

compared to other GTPases activation assays (481). The Rho G-LISA 

Activation Assay consists of a 96-well plate coated with the RBD domain of 

rhotekin, to which the active GTP-bound form of RhoA from a sample binds. 

Therefore, the levels of the active RhoA bound to the plate are detected by a 

colorimetric immunoassay (482). To do this, HUVEC were transfected with a 

control siRNA, sisrGAP2A and sisrGAP2B and seeded onto 6-well dishes to 

create a monolayer. Next day, medium was changed for HIFA-2 medium. 

Next day, cells were stimulated with thrombin and lysed after several time-

point. Samples were processed using the Rho G-LISA activation kit. Results 

are shown in Figure 5.16. The treatment with thrombin greatly increased the  
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Figure 5.16 Depletion of srGAP2 increases and maintains the activation of
RhoA after thrombin stimulation.

HUVEC were treated with a control siRNA and two srGAP2 siRNAs
(sisrGAP2A and sisrGAP2B). After 5 h, HUVEC were seeded onto 6-well
plates to create a monolayer. 24 h later, medium was changed for HIFA-2
medium and incubated overnight. Next day, HIFA-2 with thrombin (1 U/mL
final concentration) was added into the wells and cells were lysed after 0, 3,
10, 40, 60 and 90 min. Then, cells were harvested and processed using the
Rho G-LISA activation assay kit. The activation of RhoA was compared
among control siRNA, sisrGAP2A and sisrGAP2B-transfected HUVEC after
the stimulation with thrombin. The activation of RhoA was higher and
persisted longer over time in srGAP2-depleted cells with both siRNAs.
Values are the mean ± SEM (n=9). Statistical significance was determined
using two-way ANOVA followed by Tukey’s post-hoc test. * P<0.05, **
P<0.01.
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activation of RhoA in all samples. However, the activation of RhoA was 

significantly higher and persisted longer over time in srGAP2-depleted cells 

compared to control cells. Therefore, srGAP2 acted as a GAP of RhoA in 

endothelial permeability, restraining its activation; and its depletion leaded 

to a higher activation.  

5.3 Discussion 

The role of srGAP2 in neuronal cells had been widely described. It had been 

well-established that srGAP2 was involved in neuronal branching and 

migration (235), and that the regulation between its different isoforms played 

a role in the appearance of human-specific features in the neural system, 

essential for our better cognition (238,240,241). However, its function and 

importance in other cell types such as endothelial cells were still unknown.  

A recent screen identified srGAP2 as a novel regulator of thrombin-induced 

endothelial permeability (471). Furthermore, in work performed in the lab 

before I began my PhD, srGAP2 was proposed to be involved in cell 

contraction in endothelial cells. Therefore, the aim of the work in this chapter 

was to identify the role of srGAP2 in the permeability of endothelial cells. 

5.3.1 srGAP2 is involved in endothelial permeability 

In this project, I observed that depletion of srGAP2 in endothelial cells 

forming a monolayer enhanced the creation of more numerous and bigger 

gaps among cells after the stimulation with three permeability factors; 

thrombin, TNF-α and AngII. Furthermore, srGAP2 depletion also slowed 

down the recovery of barrier function after this stimulation. Therefore, 

srGAP2 protects the endothelial barrier by restraining the appearance of gaps 

among cells and helping cell recovery. 

On further investigation, I found that depletion of srGAP2 increased the 

activation of RhoA after thrombin stimulation and maintained it longer over 
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time. Thus, srGAP2 acts as a GAP protein of RhoA, inducing its hydrolysis 

and its consequent inhibition, turning off its permeability pathway. 

These findings were in line with further experiments in sparse cells, where I 

observed that depletion of srGAP2 did not affect cell contraction after 

thrombin stimulation, but it significantly delayed the respreading after the 

contraction. Hence, srGAP2 regulates a prompt cell respreading after 

thrombin-induced permeability by shutting down the RhoA signalling. 

Therefore, in this chapter, I propose a new role for srGAP2 in endothelial 

cells; srGAP2 restrains the creation of gaps among cells by the inactivation of 

RhoA. The pathway proposed is represented in Figure 5.17. 

5.3.2 ECM effects on the srGAP2 response 

One challenge during this work was to figure out the reason for the 

discrepancy between the Transwell assay results and the IncuCyte System 

results. Finally, I realised that it was their different ECM coatings that 

produced this contradiction. In the Transwell assay, I used a triple coating 

which contained collagen, gelatin and fibronectin, and in the IncuCyte 

System I used only fibronectin to coat the wells. Therefore, the coating of the 

wells affected the cell behaviour. Here I propose three possibilities by which 

well coating could control cell behaviour. 

5.3.2.1 High concentrations of fibronectin disrupt cell stability 

Endothelial cells bind to the extracellular matrix proteins such as fibronectin 

or collagen through different integrins and when they are activated, they in 

turn activate multiple cytoplasmic signalling pathways involved in several 

extracellular processes (483–486). Endothelial cells mainly bind to fibronectin 

through the α5β1 integrin, but also through αvβ3, α4β1, α4β7, and α9β1. 

The concentration of fibronectin in the triple coating was 50 µg/mL, ten times 

higher than in the fibronectin coating. It is known that an increase in the  



Figure 5.17 Role of srGAP2 in endothelial permeability.

The binding of thrombin, TNF-α and AngII to their respective receptors
activates RhoA. RhoA in turn activates ROCK that phosphorylates MYPT1,

inhibiting it. Inhibited MYPT1 can not bind to MLC and dephosphorylate it,

staying phosphorylated. Phosphorylated MLC produces actomyosin

contraction leading to endothelial permeability. srGAP2 enhances the

hydrolysis of RhoA, inactivating it and therefore, inhibiting the actomyosin

contraction produced during endothelial permeability.
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concentration of fibronectin used for well coating does not increase the 

attachment to endothelial cells (487). Therefore, a possibility may be that the 

rise of fibronectin may disrupt the stability of the endothelial barrier through 

the overactivation of the downstream signalling pathway of the 

fibronectin/α5β1 integrin binding, which would weaken focal adhesions, or 
through the activation of the other fibronectin integrins such as α4β1, which 
would create a weaker attachment compared to the one of the α5β1 integrin. 

5.3.2.2 Gelatin impairs the stability that fibronectin provides to cells 

Gelatin is a product of denaturation of collagen (488–490). Endothelial cells 

bind to gelatin through the α5β1 and αvβ3 integrins, which also bind to 
fibronectin (483). The binding of these integrins to fibronectin may be 

stronger than their binding to gelatin. Therefore, the fibronectin coating 

would create a stronger binding compared to the triple coating, where the 

addition of gelatin would impair the stability that the fibronectin/integrin 

binding provides. 

5.3.2.3 Collagen produces cell instability 

The extracellular matrix contains collagen type IV, which binds to endothelial 

cells through the α1β1, α2β1, α10β1, and α11β1 integrins (491,492). In the lab, 

due to its promotion of a better cell proliferation in vitro, wells were coated 

with collagen type I instead of collagen type IV, which creates large collagen 

fibres instead of a collagen network (493). Endothelial cells may create less 

stable adhesions with the collagen I fibres than with the collagen IV network, 

and for this, cells detached after thrombin stimulation in my experiments. 

The substrate stiffness affects to cell behaviour; endothelial monolayers 

grown on a rigid matrix such as collagen produce higher levels of contractile 

forces, which disrupt adherens junctions, increasing endothelial permeability 

in vivo and in vitro (494–497). Furthermore, their stimulation with thrombin 

and TNF-α increased the formation of the gaps through a maintained RhoA 
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activation (498–500). Although the presence of collagen in the triple coating 

may explain the higher endothelial permeability after thrombin stimulation, 

this hypothesis is highly unlikely since the plastic dishes and the Transwell 

inserts are very stiff and the ECM coat is very thin; therefore, there should 

be little difference in rigidity caused by the type of coating used (501). 

One experiment to test whether the ECM influences the cell stability and the 

protective effect of srGAP2 in the barrier function after thrombin stimulation 

would be to repeat the IncuCyte System with control and srGAP2-depleted 

cells but coating the wells with the most relevant components of the ECM on 

their own. Repeating the experiment with the wells separately coated with 

fibronectin, collagen I, collagen IV, gelatin or without coating will clarify 

which ECM component/integrin plays a role in the srGAP2 response to 

thrombin and their degree of involvement. With this experiment I would also 

elucidate whether the instability of cells seeded onto the triple coating was 

due to any type of collagen, collagen I or the mix of the triple coating. 

5.3.3   srGAP2 as a GAP of RhoA 

Previous studies have shown that srGAP2 is a specific GAP protein for Rac1, 

with none or much less affinity for Cdc42 and RhoA. srGAP2 inactivates Rac1 

to induce outgrowth and branching in neurons or to induce cell repulsion in 

fibroblasts (235,242,502). However, it has recently been shown that srGAP2 

also inactivates Cdc42 and RhoA, but not Rac1, to supress motility in 

podocytes (503). This suggests that the specificity of the GAP activity of 

srGAP2 for Rac1, Cdc42 and RhoA may depend on the cell type or the cellular 

context. 

In this project, I observed that depletion of srGAP2 in endothelial cells 

increased the magnitude and duration of RhoA activation after thrombin 

stimulation. Therefore, srGAP2 acts as a GAP protein of RhoA to restrain 

barrier disfunction and help cell recovery in thrombin-induced endothelial 

permeability. It is known that the endothelial barrier recovery after thrombin 
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stimulation is dependent on Rac1 activation (504,505). Therefore, a further 

experiment to test whether srGAP2 also regulates Rac1 in thrombin-induced 

endothelial permeability it would be a G-LISA Small G-protein Activation 

Assay against activated Rac1 along thrombin stimulation. This way, I would 

also elucidate whether the creation of lamellipodia through Rac1 is involved 

in the cell spreading after thrombin stimulation besides the actomyosin 

contraction through RhoA. 

5.3.4 Binding partners of srGAP2 

This work shows that srGAP2 is involved in the recovery of endothelial 

barrier function after thrombin-induced permeability. However, it is still 

unknown how srGAP2 regulates permeability; whether srGAP2 creates 

complexes to perform its function or whether srGAP2 interacts with other 

proteins, which activate or regulate it.  

In previous work in the lab, srGAP2 was found to be a binding partner of 

VEGFR1. Furthermore, a proteomic assay carried out before I started my 

project identified INTS3, Daple and p115RhoGEF as interactors of srGAP2. 

However, when I validated these interactions, I obtained unconclusive 

results; therefore, I could not confirm whether VEGFR1, INTS3, Daple and 

p115RhoGEF were binding partners of srGAP2. 

Several studies have provided evidence that p115RhoGEF induces 

endothelial permeability after stimulation with thrombin, TNF-α or AngII 
through the activation of RhoA and the subsequent actin cytoskeletal 

rearrangements that produce cell contraction (384,457,506,507). Therefore, 

due to the connection of p115RhoGEF with srGAP2, I found interesting to 

test whether p115RhoGEF formed a complex with srGAP2 to regulate RhoA; 

p115RhoGEF acting as a GEF and srGAP2 acting as a GAP. I checked 

whether depletion of p115RhoGEF recued the effect of srGAP2 depletion and 

had a similar pattern to control cells. However, I found that cells depleted of 

srGAP2 and p115RhoGEF had the same behaviour as srGAP2-depleted cells, 
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meaning that p115RhoGEF and srGAP2 did not work together in this 

permeability pathway (data not shown). Moreover, depletion of p115RhoGEF 

alone did not affect to the gaps created by endothelial cells after thrombin 

stimulation, meaning that p115RhoGEF alone had no effect in thrombin-

induced endothelial permeability (data not shown). This result is in 

accordance with other studies that show that p115RhoGEF is not involved in 

permeability (116,471,508). Therefore, the role of p115RhoGEF in 

permeability is controversial. 
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 Discussion 

This study aimed to expand our knowledge of the VEGFR1 signalling 

pathway in endothelial cells and its partnership with the srGAP2 signalling 

pathway through the identification of novel partners. I performed two TMT 

mass spectrometry assays to find their binding partners; one of them with 

VEGFR1 complexes isolated from CiGEnC stably-expressing EGFP-VEGFR1 

after pervanadate stimulation and another one with endogenous srGAP2 

isolated from HUVEC after thrombin stimulation. However, I did not obtain 

any reliable hits. Furthermore, the immunoprecipitation assays that I 

performed to validate the possible interactors found in previous mass 

spectrometry assays carried out in the lab gave unconclusive results. These 

results were unexpected since the mass spectrometry and the 

immunoprecipitation assays are robust and well-characterised methods. One 

possibility to this failure may be that the stimulation of cells with PV and 

thrombin interferes in the pull-down of these proteins favouring the binding 

with non-specific proteins. 

As I could not continue characterising the role of srGAP2 in endothelial cells 

through the identification of its interactors, I decided to study its role through 

its knockdown in endothelial cells. I observed that depletion of srGAP2 

increased endothelial permeability and impaired the recovery of the 

endothelial barrier after thrombin-induced permeability. However, there 

must be some interactors of srGAP2 that regulate its function. As the 

interaction assays to identify binding partners of srGAP2 were unconclusive, 

this question should be explored by other methods. One method would be a 

proximity-based labelling assay such as BioID or APEX (509,510). These 

assays isolate interacting and proximal proteins of a protein of interest; 

therefore, they would allow the identification of the binding partners of 

srGAP2 even if its interactions with them are transient or weak. This way, 

the interactors which regulate the function of srGAP2 could be identified and 

srGAP2 permeability pathway can be fully mapped. 
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srGAP2 protects the endothelial barrier by limiting cell permeability in 

response to thrombin and promoting its subsequent recovery. srGAP2 acts as 

a GAP protein of RhoA, inhibiting its permeability pathway. The domains of 

srGAP2 required to carry out this function are still unknown. As commented 

in the introduction, srGAP2 has three domains (F-BAR, RhoGAP and SH3) 

and a functional C-terminal extension (234). To elucidate which domain is 

involved, a further experiment will be needed in which srGAP2-depleted cells 

are transfected with srGAP2 constructs mutated in their different domains. 

The behaviour of the endothelial monolayer of these cells would be examined 

after thrombin stimulation through the IncuCyte System. The required 

domains will be those that when mutated in the endothelial monolayer, the 

latter cannot recover and creates higher gaps than the control monolayer.  

The F-BAR domain of srGAP2 dimerises creating homodimers. These then 

bind to the cell membrane through electrostatic charge interactions between 

their positively charged amino acids (arginine and lysine) in their concave 

face and the negatively charged phospholipids of the membrane, such as 

PtdIns(4,5)P2 and phosphatidylserine (PtdSer). This binding to the 

membrane leads to outward membrane curvature and filopodium formation 

(235,236,511). The F-BAR domain of srGAP2 also senses membrane 

curvature and is required to localize srGAP2 at the leading edge of migrating 

fibroblasts (242). In that study, the authors also showed that srGAP2 forms 

a focused band at the tip of contact protrusions in a F-BAR dependent 

manner. Therefore, the F-BAR domain of srGAP2 may induce filopodium 

formation and the localisation of srGAP2 at the tip of contacting filopodia in 

spreading endothelial cells after thrombin stimulation, creating complexes 

with adhesion proteins and playing a role in the regulation of cell-cell 

junctions. This possible function of srGAP2 would be involved in the cell 

spreading and the resultant cell recovery after thrombin-induced endothelial 

permeability. One experiment to test this hypothesis would be to perform live 

cell imaging of the endothelial monolayer after thrombin stimulation with 

cells expressing Lifeact-mCherry and either GFP-srGAP2 or a F-BAR mutant 
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GFP-srGAP2. This assay would elucidate whether srGAP2 localizes at the tip 

of contacting filopodia in cell spreading after thrombin stimulation and 

whether its F-BAR domain is required for this localisation and filopodium 

formation. 

As commented in the introduction, srGAP2 has 4 isoforms only in humans, 

the rest of animals, including primates, only contain one of them, srGAP2A 

(238). This is important because the regulation between its different isoforms 

plays a role in the appearance of human-specific features in the neural 

system, which are essential for our better cognition (468). It will be important 

to characterise the regulation between these different isoforms in endothelial 

cells to better understand the role of srGAP2 in permeability and perhaps, to 

identify any human-specific feature of the vascular system produced by 

srGAP2. It is known that srGAP2C binds to srGAP2A creating an insoluble 

complex which is degraded via the proteasome, inhibiting the srGAP2A 

functions (239,240). Thus, a further experiment would be to overexpress 

srGAP2C in HUVEC to measure srGAP2A levels to test whether srGAP2C 

also induces srGAP2A degradation in endothelial cells. Another experiment 

would be to carry out the IncuCyte System in srGAP2C-overexpressed 

HUVEC to see whether srGAP2C inhibits the permeability function of 

srGAP2A. If so, the endothelial monolayer would create big gaps and would 

not be able to recover after thrombin stimulation since srGAP2C inhibits 

srGAP2A, mimicking the effect of srGAP2A depletion. 

It is fascinating to see that despite the complicated beginning of the project, 

I found a way to continue and, in the end, I ended up having some interesting 

results. Although some work remains to be done to fully map the srGAP2 

permeability pathway in endothelial cells. 
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