
����������������������������������������������������

This electronic thesis or dissertation has been
downloaded from Explore Bristol Research,
http://research-information.bristol.ac.uk

Author:
Lopez Rioja, Alba

Title:
The role of srGAP2 in the regulation of endothelial function

General rights
Access to the thesis is subject to the Creative Commons Attribution - NonCommercial-No Derivatives 4.0 International Public License.   A
copy of this may be found at https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode  This license sets out your rights and the
restrictions that apply to your access to the thesis so it is important you read this before proceeding.

Take down policy
Some pages of this thesis may have been removed for copyright restrictions prior to having it been deposited in Explore Bristol Research.
However, if you have discovered material within the thesis that you consider to be unlawful e.g. breaches of copyright (either yours or that of
a third party) or any other law, including but not limited to those relating to patent, trademark, confidentiality, data protection, obscenity,
defamation, libel, then please contact collections-metadata@bristol.ac.uk and include the following information in your message:

•	Your contact details
•	Bibliographic details for the item, including a URL
•	An outline nature of the complaint

Your claim will be investigated and, where appropriate, the item in question will be removed from public view as soon as possible.



   
   
 

I 
 

The role of srGAP2 in the regulation of 
endothelial function  

 

 

 

 

 

 
Alba Lopez Rioja 

 
 
  
 
 
 
A dissertation submitted to the University of Bristol in accordance with the 

requirements for award of the degree of Doctor of Philosophy in the Faculty 

of Life Sciences. 

 

School of Biochemistry 

March 2021 

 

 

 

Word count: 50502 

Funded by The British Heart Foundation 

  



   
   
 

II  
 

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- �Â�� �D�Q�G�� �D�Q�J�L�R�W�H�Q�V�L�Q�� �,�,����

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�²3). 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 protein s (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 �² 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)�����,�Q���P�D�P�P�D�O�V�����D�F�W�L�Q���K�D�V���V�L�[���L�V�R�I�R�U�P�V���W�K�D�W���V�K�D�U�H�����������L�G�H�Q�W�L�W�\�����Âskeletal -actin, 

�Âcardiac-actin, �Âsmooth-actin, and �Äsmooth-actin expressed in skeletal, cardiac, and 

smooth muscle ���� �D�Q�G�� �Ãcyto-actin and �Äcyto-actin expressed ubiquitously (11) . 

�$�F�W�L�Q���L�V���D�Q���$�7�3�D�V�H���W�K�D�W���H�[�L�V�W�V���L�Q���W�Z�R���I�R�U�P�V�����D�V���D���P�R�Q�R�P�H�U���F�D�O�O�H�G���´�J�O�R�E�X�O�D�U��

�D�F�W�L�Q�µ���R�U���´�*-�D�F�W�L�Q�µ���R�U���D�V���D���I�L�O�D�P�H�Q�W���F�D�O�O�H�G���´�I�L�O�D�P�H�Q�W�R�X�V���D�F�W�L�Q�µ���R�U �´�)-�D�F�W�L�Q�µ�����7�K�H��

actin monomer is composed of 375 amino acids and is 42kDa. The structure 

�R�I�� �W�K�H�� �D�F�W�L�Q�� �P�R�O�H�F�X�O�H�� �F�R�Q�V�L�V�W�V�� �R�I�� �W�Z�R�� �G�R�P�D�L�Q�V���� �W�K�H�� �´�O�D�U�J�H�µ�� �D�Q�G�� �W�K�H�� �´�V�P�D�O�O�µ��

domains.  The two domains are separated by a cleft and each can be further 

divided into two �V�X�E�G�R�P�D�L�Q�V�����7�K�H���F�O�H�I�W���U�H�S�U�H�V�H�Q�W�V���W�K�H���´�$�7�3�D�V�H���I�R�O�G�µ�����L�W���L�V���W�K�H��

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 

�F�D�O�O�H�G���W�K�H���´�S�O�X�V�µ���R�U���´�E�D�U�E�H�G�µ���H�Q�G�����8�S�R�Q���W�K�L�V���D�G�G�L�W�L�R�Q�����W�K�H���$�7�3���E�R�X�Q�G���W�R���W�K�H��

F-actin is quickly hydrolysed into ADP. This produces some conformational 

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

�I�L�O�D�P�H�Q�W�� �D�W�� �W�K�H�� �´�P�L�Q�X�V�µ�� �R�U�� �´�S�R�L�Q�W�H�G�µ�� �H�Q�G���� �2�Q�F�H�� �W�K�H�\�� �D�U�H�� �G�L�V�D�V�V�H�P�E�O�H�G���� �W�K�H��

ADP bound to the G-actin is exchanged for ATP and the cycle starts again 

(15) (Figure 1.1).  

  



Figure 1.1 Acti n fi lament st ructu re.

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 �² 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 �²Aldrich 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
CP
Arp2/3
ADF/cofilin
Profilin
Thymosin ��4

Ena/VASP

Formin

TMBP

WASP

Cortactin

Fascin

Filamin

Figure 1.2 Acti n 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 �Ã4 (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 

�W�K�H���S�R�L�Q�W�H�G���H�Q�G�����7�K�L�V���S�K�H�Q�R�P�H�Q�R�Q���L�V���F�D�O�O�H�G���¶�W�U�H�D�G�P�L�O�O�L�Q�J�·��(28,29) (Figure 1.1).  

Actin elongation is �U�H�J�X�O�D�W�H�G�� �E�\�� �S�U�R�W�H�L�Q�V�� �V�X�F�K�� �D�V�� �S�U�R�I�L�O�L�Q�� �D�Q�G�� �Ã-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). 

�Ã-thymosins are a family �R�I�� �S�U�R�W�H�L�Q�V�� �L�Q�� �Z�K�L�F�K�� �W�K�\�P�R�V�L�Q�� �Ã4 is  the most 

�D�E�X�Q�G�D�Q�W�� �P�H�P�E�H�U���� �7�K�\�P�R�V�L�Q�� �Ã4 consists of 43 amino acids and contains a 

LKKTET sequence that interacts with G- �D�F�W�L�Q���� �7�K�\�P�R�V�L�Q�� �Ã4 sequesters G-

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

�7�K�\�P�R�V�L�Q�� �Ã4 competes with profilin for ATP-bound G-actin, then the ATP-

bound G-�D�F�W�L�Q���H�[�F�K�D�Q�J�H�G���I�U�R�P���S�U�R�I�L�O�L�Q���W�R���W�K�\�P�R�V�L�Q���Ã4 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 �²

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 

�G�D�X�J�K�W�H�U���I�L�O�D�P�H�Q�W�����G�L�V�V�R�F�L�D�W�L�Q�J���W�K�H�P���D�Q�G���S�U�R�G�X�F�L�Q�J���´�G�H�E�U�D�Q�F�K�L�Q�J�µ�����D�Q�G���W�K�H�Q����

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 

�D�Q���Â- and �D���Ã-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 

�I�L�O�D�P�H�Q�W�V�����7�K�L�V���H�I�I�H�F�W���L�V���F�D�O�O�H�G���´�I�X�Q�Q�H�O�L�Q�J�µ��(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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Stress fibres

Filopodium

Lamellipodium

Ventral stress fibres

Perinuclear cap

Dorsal stress fibres
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Figure 1.3 Acti n st ructur es.

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 lamellipodi um 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 Lamell ipodium 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 

�S�U�R�W�U�X�G�H�� �E�H�\�R�Q�G�� �W�K�H�� �F�H�O�O�� �P�H�P�E�U�D�Q�H�� �D�U�H�� �F�D�O�O�H�G�� �´�P�L�F�U�R�V�S�L�N�H�V�µ���� �)�L�O�R�S�R�G�L�D�� �D�U�H��

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 �²96) (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 Fi lopodium formati on.

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 

�D�O�W�H�U�Q�D�W�L�Q�J���S�R�O�D�U�L�W�\���W�K�D�W���D�U�H���O�L�Q�N�H�G���W�R�J�H�W�K�H�U���Y�L�D���Â-actinin loci. They also often 

contain bundles of non- �P�X�V�F�O�H���P�\�R�V�L�Q���D�O�W�H�U�Q�D�W�L�Q�J���Z�L�W�K���W�K�H���Â-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 �²112). 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- �Q�X�F�O�H�R�W�L�G�H���E�L�Q�G�L�Q�J���S�U�R�W�H�L�Q�V�����D�O�V�R���F�D�O�O�H�G���´�*���S�U�R�W�H�L�Q�V�µ�����D�U�H���D���I�D�P�L�O�\���R�I��

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 pro �W�H�L�Q�V���� �D�O�V�R���F�D�O�O�H�G���´�V�P�D�O�O���*�7�3�D�V�H�V�µ��(114). The 

heterotrimeric G proteins are composed of three subunits: �Â�����Ã���D�Q�G���Ä�����7�K�H�V�H��

proteins are anchored to the membrane by the �Â subunit and activated by G 

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

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

the �Â �V�X�E�X�Q�L�W�����D�Q�G���R�Q���W�K�H���R�W�K�H�U���K�D�Q�G���W�K�H���V�X�E�X�Q�L�W�V���Ã���D�Q�G���Ä���D�V���D���F�R�P�S�O�H�[�����2�Q�F�H��
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these subunits have activated their effectors, the GTP of the �Â 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) �����/�L�N�H���W�K�H���*�Â���V�X�E�X�Q�L�W����

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 

�F�R�Q�V�H�U�Y�H�G���*�7�3���*�'�3���E�L�Q�G�L�Q�J���P�R�W�L�I�V�����D�O�V�R���F�D�O�O�H�G���´�*���E�R�[�H�V�µ�����W�Z�R���V�Z�L�W�F�K���U�H�J�L�R�Qs 

(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 st ructur e of Rho GTPase protei ns.

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 t o the 

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

binding and activation. �7�K�H���*�����P�R�W�L�I�����D�O�V�R���F�D�O�O�H�G���´�3-�O�R�R�S�µ, recognizes the �Ã-

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. Onc e 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 palmi toylation, 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 GTPa ses in 

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

(127�²130) (Figure 1.6). 

1.2.1.1 Guanine nucleotide exchange factors (GEFs) 

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

Rho GTPases, this process has an intrinsically slow dissociation rat e, 

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

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

rate and they are predominantly in the ir  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�²137).  

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 

�R�I���W�K�H���Ã���D�Q�G���Ä-phosphate of the GTP with the P- �O�R�R�S���D�Q�G���W�K�H���Ä-phosphate with 

both switch domains (138,139) ���� �7�K�H�� �Ã- �D�Q�G�� �Ä-phosphates of the GTP also 

interact with an ion of Mg 2+, which also interacts with the switch I region, to 

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

�U�H�O�H�D�V�H���R�I���W�K�H���Ä-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 Mg 2+ bound to the �Ã-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�²143) (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 �Â13 subunit from the heterotrimeric G protein G 13 (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 (15 2). 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 

�D�U�J�L�Q�L�Q�H�� �U�H�V�L�G�X�H�� �F�D�O�O�H�G�� �´�D�U�J�L�Q�L�Q�H�� �I�L�Q�J�H�U�µ�� �W�K�D�W�� �L�Q�V�H�U�W�V�� �L�Q�W�R�� �W�K�H�� �F�D�W�D�O�\�W�L�F�� �V�Lte 

and stabilises a conserved glutamine of the Rho GTPase responsible of  
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Figure 1.8 Regul ati on of Rho GTPasesby 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 �Ä-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 �²156). Furthermore, the positive charges of the arginine 

�L�Q�W�H�U�D�F�W���Z�L�W�K���Q�H�J�D�W�L�Y�H���F�K�D�U�J�H�V���R�I���W�K�H���Ä-phosphate stabilising it in the active 

site (143). The Mg 2+ located at the active site that interacts �Z�L�W�K�� �W�K�H�� �Ä-

phosphate of the GTP is reoriented and positions �W�K�H���Ä-phosphate optimally 

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

nucleophilic attack on the �Ä-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 

�D�O�Z�D�\�V�� �D�Q�W�D�J�R�Q�L�V�H�� �H�D�F�K�� �R�W�K�H�U�·�V��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 Mg 2+, 

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 �²171). 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 �²182). 

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 fami ly t ree.

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 signal l ing.

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. Cdc 42 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 lamellipodi um 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 

filopodi um 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 �²226) (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 filopodi um 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 filopodi um 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 filopodi um-like protrusions (235). The F-BAR 

domain is responsible for the binding to the plasma membrane throug h 

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 (WAVE 1). 

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 (PIP 2), whereas srGAP1 and srGAP3 

are recruited only by PIP 2 (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: srGAP2 A, 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 srGAP2 A, 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 

paralog ue 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 paralog ues 

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 change s (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 

tr afficking 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. 



   
   
 

41 
 

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 

�D�J�J�U�H�J�D�W�H���W�R���F�U�H�D�W�H���W�K�H���´�E�O�R�R�G���L�V�O�D�Q�G�V�µ��(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 vascul ogenesis 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).
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Figure 1.13 VEGF l igands and their VEGF receptor s.

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 �Â���Ã���� �L�Q�W�H�J�U�L�Q��
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(250,262). VE-cadherin and PECAM-1 are involved in the formation of the 

AJs in the ECs of the prima ry  vascular plexus ( 251)���� �)�L�E�U�R�Q�H�F�W�L�Q�� �D�Q�G�� �Â���Ã����

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 �´�V�S�U�R�X�W�L�Q�J�µ�� �R�U��

�´�L�Q�W�X�V�V�X�V�F�H�S�W�L�R�Q�µ (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 degradati on 

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)- �Ã��(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 

�6�S�U�R�X�W�L�Q�J���U�H�T�X�L�U�H�V���W�K�H���V�S�H�F�L�I�L�F�D�W�L�R�Q���R�I���(�&�V���L�Q�W�R���P�L�J�U�D�W�L�Q�J���F�H�O�O�V�����´�W�L�S���F�H�O�O�V�µ���D�Q�G��

�S�U�R�O�L�I�H�U�D�W�L�Q�J�� �F�H�O�O�V���� �´�V�W�D�O�N�� �F�H�O�O�V�µ���� �7�L�S�� �F�H�O�O�V�� �D�U�H�� �S�R�O�D�U�L�V�H�G�� �D�Q�G�� �P�D�L�Q�O�\�� �P�L�J�U�D�W�H����

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 �²280). 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 �²287). 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 

�W�K�H�� �H�[�S�U�H�V�V�L�R�Q�� �R�I�� �Â���� �L�Q�W�H�J�U�L�Q�V�� �D�W�� �W�K�H�� �S�U�R�W�U�X�V�L�R�Q�V�� �R�I�� �W�K�H�� �W�L�S�� �F�H�O�O�V���� �7�Kese 

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 �²

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,  
















































































































































































































































































































































































































