
derived endothelial progenitors, termed angioblasts. In the yolk sac, 
angioblasts form the blood islands that give rise to the primary 
plexus, and in the embryo proper, angioblasts arrange into primitive 
tubes that will differentiate into the dorsal aorta and the cardinal 
vein (Risau, 1997). The intricate network of blood vessels is thus 
produced by the growth and the remodelling of pre-existing ves-
sels, a process known as angiogenesis. There are two main types 
of angiogenesis: the formation of new vascular branches through 
sprouting angiogenesis (Potente et al. 2011)and the splitting 
of vessels by intussusception (Makanya et al. 2009). In certain 
pathological cases, circulating precursor endothelial cells could 
be integrated into fast-growing vessels (Pearson, 2010).Moreover, 
tumours exploit additional ways to fuel their exponential growth 
and obtain routes for metastasis, co-opting the host vasculature or 
forming tube networks by vascular mimicry (Lugano et al. 2019).

Sprouting angiogenesis
The term “angiogenesis” is frequently employed in the literature  

to denote angiogenic sprouting, namely, the development of new 
branches from pre-existing vessels (Fig. 1). This is a multistep 
process that starts with the activation of quiescent ECs caused 

Introduction

Blood vessels are crucial for the life of all vertebrates. Besides 
delivering nutrients and oxygen and removing waste metabolites, 
blood vessels provide instructive cues to the developing organs, 
control immune responses and form specific niches for stem cells, 
facilitating tissue homeostasis and regeneration. It is not surprising, 
therefore, that the vascular system is the first system to develop in 
the vertebrate embryo (Risau, 1997). The vascular system consists 
of blood vessels -further divided into arteries, veins and capillar-
ies- and lymphatics -arranged into ducts, large collecting vessels 
and smaller capillaries. The basic unit of the vascular system is 
the endothelium, a monolayer of endothelial cells (ECs) attached 
to each other and to the extracellular matrix (ECM), named base-
ment membrane (Kostourou and Papalazarou, 2014). Depending 
on the vessel type, other perivascular cells (pericytes and smooth 
muscle cells) are firmly or more loosely attached to ECs (Potente 
et al., 2011). EC adhesion is key to blood vessel structure and 
thus critically influences vascular development, homeostasis and 
function. This review will focus on the significance of cell-matrix 
adhesion in regulating vascular morphogenesis, and present recent 
advances and in vivo studies that reveal the key factors governing 
EC adhesion. 

    
Fundamentals of vascular development

The vascular system forms in the embryo, initially by the process 
of vasculogenesis, namely the de novo coalescence of mesoderm-
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by changes in tissue energy and oxygen demands. In pathologi-
cal situations such as cancer, EC activation is triggered by a shift 
in the balance of pro-angiogenic and anti-angiogenic factors that 
govern vessel homeostasis. The activation of ECs results in ex-
tensive remodelling of extracellular matrix and EC differentiation 
into migrating tip cells and proliferating stalk cells (Potente et al. 
2011). Tip cells extend actin-based protrusions called filopodia, to 
receive and translate the guidance cues of the microenvironment 
and migrate to form the new sprout. Stalk cells proliferate to provide 
additional ECs that will expand the sprout. Subsequently, ECs in 
the extended sprout form the vascular lumen. Different processes 
have been proposed for lumen formation, including cord hollowing 
(Iruela-Arispe and Beitel, 2013). During luminisation, ECs establish 
apical-basal polarity and separate apically at their contact surfaces 
by fusing intracellular vessels. In a similar process of cell hollow-
ing, ECs generate vacuoles that fuse in the cytoplasm and create 
an intracellular lumen that expands inside the cell before fusing to 
the plasma membrane and connecting to a neighbouring intracel-
lular lumen (Betz et al. 2016). Studies in zebrafish unravelled the 
generation of intracellular lumens by hemodynamic forces that 
create a plasma membrane invagination that extends towards the 
cytoplasm of EC. Cell rearrangements and lumen expansion con-
nect adjacent lumens and create a continuous blood-filled channel 
(Betz et al. 2016).The new sprout eventually fuses with another 
new sprout (head-to-head sprout anastomosis) or an established 
vessel (sprout-to-side anastomosis) to enable vessel perfusion and 
participation in blood circulation (Potente et al. 2011).

        
Intussusceptive angiogenesis

The intussusceptive angiogenesis is less understood and the 
role of cell adhesion is still unclear because of the lack of specific 

in vivo and in vitro studying models (Nowak-Sliwinska et al. 2018) 
and the difficulty in visualising and detecting the process in tissues. 
To date, intussusceptive angiogenesis has been mainly studied in 
the chicken chorioallantoic membrane (CAM) and in vascular “cor-
rosion” casts from the kidney (Makanya et al. 2009). Intussuscep-
tion involves the formation of an intraluminal pilar composed of 
extracellular matrix components in the middle of a dilated vessel 
that is subsequently divided into two by the action of pericytes and 
matrix-metalloproteinases (Burri and Djonov, 2002). It is thought 
to be induced by increased hemodynamic flow and regulated by 
potent angiogenic factors, such as VEGF and hypoxia. The recent 
demonstration that intussusception follows angiogenic sprouting in 
vivo during the development of the zebrafish vasculature (Karthik et 
al. 2018), and the evidence for the initiation of vessel intussuscep-
tion after anti-angiogenic treatment to sustain tumour growth, are 
expected to spark new investigations aiming to clarify the unknown 
molecular mechanisms driving intussusceptive vascular growth. 
It would be interesting to delineate the contribution of vascular 
adhesion in this process.

      
Vascular patterning

Following the formation of new blood vessels, blood flow dynam-
ics will fine-tune the newly formed vascular network by processes 
of pruning and stabilisation (Fig. 1). Newly-formed blood vessels 
that exhibit very low or no blood flow will regress, while others will 
stabilise to create a functional network. Vascular remodelling is 
followed by blood vessel maturation and patterning that allows the 
hierarchical organisation into arteries, veins and capillaries (Fonseca 
et al. 2020). Deposition of ECM in the basement membrane and 
recruitment of mural cells (pericytes and smooth muscle cells) trig-
ger the quiescence of ECs and stabilise the neovessel, safeguarding 

Fig. 1. Schematic presenta-
tion of the cellular events dur-
ing the multistep angiogenic 
process. ECs are activated 
by pro-angiogenic cues, and 
acquire a tip cell migratory 
or a stalk cell proliferating 
identity. ECM is remodelled 
and new sprouts invade the 
surrounding environment, 
form a lumen and connect 
with other sprouting vessels. 
The primary vascular plexus 
matures into a patterned 
network of arteries, veins 
and capillaries. Further sta-
bilisation of blood vessels is 
achieved by association with 
pericytes and smooth muscle 
cells and establishment of the 
basement membrane.
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vessel integrity (Potente et al. 2011). Additionally, the expression 
of specific proteins by ECs generates organ-distinct vascular beds 
and confersarterial-venous identity.

      
Tumour neovascularisation

Since the initial studies of Judah Folkman and his team in 
1971, it is now well-established that tumours are unable to grow 
and form metastasis without the formation of a vascular network 
(Folkman, 1971; Potente et al. 2011). Indeed, angiogenesis is a 
clinical marker for cancer stratification, intimately linked to tumour 
malignancy. Research advances have moved from a cancer cell-
centric focus to the significance of the tumour microenvironment in 
malignancy and metastasis, opening new avenues for therapeutic 
interventions. It is well-appreciated the contribution of different 
types of tumour stromal cells are known to make a significant 
contribution in cancer progression, where the vascular system is 
at the central stage, regulating immune cell infiltration, tumour cell 
survival, proliferation and invasion (Nikolopoulou et al. 2021).Even 
at pre-malignant stages, an imbalance in growth-stimulating factors 
and suppressors triggers the “angiogenic switch” and initiates the 
involvement of the vascular system (Hanahan and Folkman, 1996). 
In the tumour microenvironment, hypoxia and pro-angiogenic fac-
tors secreted by cancer and stromal cells induce mainly sprouting 
angiogenesis (Potente et al. 2011). Intussusceptive angiogenesis 
has been reported in certain cancers and as an alternative form of 
vascular re-growth upon inhibition of angiogenic factors, such as 
vascular endothelial growth factor (VEGF) (Burri and Djonov, 2002).

Alternative ways of tumour vascularisation
Aggressive cancers, including melanoma, glioma and lung cancer, 

also use vascular mimicry to propel their growth. Tumour cells can 
organise themselves into matrix-rich channels that can be joined to 
tumour vascular circulation, mimicking blood vessels (Lugano et 
al. 2019). In a process related to vascular mimicry, tumour cells or 
cancer stem cells can express on their surface endothelial markers 
that facilitate their integration into the developing vascular network 
(Fernández-Cortés et al. 2019). Both vascular mimicry and the 
acquisition of an endothelial-like phenotype by cancer cells hinder 
the efficacy of anti-angiogenic treatments.

Furthermore, both at initial tumour formation and later stages 
in organs rich in blood vessels such as lung and liver, cancer can 
exploit the normal tissue vascular plexus and progress by vessel 
co-option. Tumour cells expand in the vicinity of the host vasculature, 
alongside blood vessels that modify accordingly to support tumour 
exponential growth and obtain routes for metastasis (Bridgeman 
et al. 2016; Lugano et al. 2019).

The outcome of the above processes is a highly tortuous, chaotic 
and disorganised tumour vasculature. The vessels themselves are 
extremely leaky and the vascular patterning is severely disrupted, 
giving rise to a dysfunctional network that hinders drug delivery 
and facilitates metastasis.

      
Molecular pathways in angiogenesis

Developmental angiogenesis and tumour neovascularisation 
have been the focus of extensive research for the past 50 years, 
leading to the identification of essential growth factors and critical 
molecular pathways (Potente et al. 2011; Fonseca et al. 2020). For 

example, the family of VEGF and their receptors (VEGFRs), as well 
as Notch-Delta signalling, along with other cytokines, angiopoietins, 
hypoxia-inducible factors (HIF)and WNT/b-catenin signalling, have 
been shown to regulate many aspects of the angiogenic processes 
both in physiology and pathology (Potente et al. 2011; Lugano et al. 
2019). Many intracellular signal transduction pathways, including 
phosphoinositide-3-kinase (PI3K), mitogen-activated protein ki-
nases (MAPKs) and protein-tyrosine phosphatases (PTPs), are also 
critically involved in regulating vascular morphogenesis (Ramjaun 
and and Hodivala-Dilke 2009; Graupera and Potente 2013; Hale et 
al. 2017). Blood flow through the function of transcription factors 
such as KLF2, and the interplay between ECs and perivascular cells 
through placental derived growth factors (PDGFs) and their recep-
tors (PDGFRs), Angiopoietins, Notch, and Ephrins/EphBs signalling 
participate in stabilising the neovessels and maintaining vascular 
homeostasis (Betsholtz, 2018).

Although the biochemical signals that are involved in the forma-
tion and maintenance of the vascular system have been studied in 
depth, the significance of cell adhesion is still relatively unexplored.
Both cell-to-cell and cell-to-ECM adhesions need to be remodelled 
and re-organised to enable cell shape changes, migration, invasion, 
proliferation and lumen formation, all key angiogenic steps. Emerg-
ing data also indicate that vascular patterning is adhesion-dependent 
and that  the subsequent stabilisation of the vascular network relies 
on direct interactions of ECs with the ECM and perivascular cells 
(Ramjaun and Hodivala-Dilke 2009; Fonseca et al. 2020). Addition-
ally, it is becoming increasingly evident that, besides chemical cues, 
the mechanical properties of tissues play a central role in organ 
physiology and pathology. Indeed, in tumours, it is well-established 
that the mechanical properties of the tumour microenvironment 
define both the malignancy and the therapeutic outcome (Moham-
madi and Sahai, 2018). More specifically, the tumour vasculature 
contributes to and is affected by cancer mechanics (Zanotelli and 
Reinhart-King, 2018).Cell-matrix adhesions act as one of the main 
mechanical hubs, where the rigidity of the microenvironment and 
tensional forces are perceived and translated to biochemical signals 
governing cellular responses (Weinberg et al. 2017). 

Since there are many excellent recent reviews on the role of 
cell-cell junctions in angiogenesis and blood vessel remodelling 
(Dorland and Huveneers 2016; Claesson-Welsh et al. 2020), here 
we discuss the current understanding of how endothelial cell-matrix 
adhesions control vascular development and tumour angiogenesis. 

    
Fundamentals of cell-matrix adhesion

To delineate the involvement of cell-matrix adhesions in vessel 
morphogenesis, we will first provide a brief overview of the molecular 
composition and architecture of cellular adhesions (Fig. 2). Cell-
matrix adhesions are highly dynamic structures located basally at 
the specific sites where the cell interacts with the ECM. They can be 
classified into different types characterised by distinct morphology, 
localisation, lifespan and protein composition. Nascent adhesions 
are the smallest adhesive structures formed at the leading edges of 
membrane protrusions. They are very short-lived and either mature 
into focal complexes or dissolve. Focal complexes are also highly 
dynamic, with a fast turnover, located mainly at the cell periphery. 
Focal adhesions are more complex and stable structures with a 
half-life of minutes and can form at both the periphery and central 
parts of the cell (Gardel et al. 2010).

      

unexplored.Both
unexplored.Both
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Adhesome
All types of cell-matrix adhesions have a common structure, 

consisting of a network of scaffolding and signalling proteins, called 
“adhesome”, which links integrin transmembrane receptors to the 
cell cytoskeleton. The molecular composition and organisation of 
the adhesome differ in time and space, making it a highly dynamic 
network, capable of regulating all-important cellular functions, 
ranging from cell adhesion and migration to proliferation and dif-
ferentiation (Zaidel-Bar and Geiger, 2010). Indeed, the adhesome 
physical anchor cells to the surrounding environment, sense and 
respond to mechanical cues, and receive signals from growth fac-
tors and various molecular pathways, acting as a key integrating hub 
to orchestrate cellular responses. The adhesome protein network 
encompasses more than 232 members, including i) the family of 
integrins cell surface receptors, ii) structural/adaptor proteins: talin, 
vinculin, ILK-PINCH-parvin, paxillin, zyxin, tensin, KANK, etc), many 
of which have also a mechanosensing ability (such as talin, vinculin, 
zyxin, etc) iii) signalling proteins: kinases (such as FAK, Src fam-
ily, PI3Ks, myosin light chain kinase), phosphatases (PTPs, PTEN, 
SHP2) and iv) cell cytoskeletal-regulating proteins:Rho GTPase 
family, and actin-associating proteins, a-actinin, filamin, Arp2/3 
etc. These proteins are intrinsic components of cell-matrix adhe-
sions or transiently associate with the adhesion network (Geiger 
and Yamada, 2011). Furthermore, adhesome proteins facilitate 

cross-talk between actin structures (stress fibres, cortical actin, 
lamellipodia, filopodia) and microtubules, to stabilise cell shape 
and facilitate cellular homeostasis (Horton et al. 2015). Given the 
critical role of cell-matrix adhesions in regulating cell behaviour, 
current research focuses on elucidating the requirement of adhe-
some components in angiogenesis. Here, we discuss evidence that 
supports the important role of adhesome proteins in the regulation 
of developmental and tumour angiogenesis.

      
Cell-matrix adhesions and developmental angiogenesis

Distinct approaches, including global and EC-specific genetic de-
letions, various cellular assays and inhibition studies have revealed 
the critical involvement of adhesome components in all steps of 
blood vessel formation. Many angiogenic studies have focused 
on the role of integrin cell-surface receptors that directly interact 
with various ECM components (Avraamides et al. 2008). Integrins 
are heterodimers composed of an α and a β subunit. From the 24 
unique combinations of α and β pairs, EC expresses α1β1, α2β1, 
α3β1, α4β1, α5β1, α6β1, α9β1, αvβ3, αvβ5, which can bind, among 
other ECM components, collagens, laminins and fibronectins, 
found in the basement membrane and the provisional matrix of 
blood vessels (Hynes, 2002). Many integrins, such as α6β1, α5β1 
and αvβ3, are upregulated in angiogenic endothelium, suggesting 

Fig. 2. Schematic organisation of blood vessels, cell-matrix adhesions and adhesome members with a known role in angiogenesis. Blood vessels con-
sist of ECs forming a monolayer attached to the basement membrane and surrounding by perivascular cells. During cell migration, membrane protrusions 
are stabilised by nascent adhesions and focal complexes that further mature in stable focal adhesions. Adhesome is a dynamic network of cytoskeletal 
signalling and structural proteins that connect integrins to the cell cytoskeleton.



Endothelial adhesome in angiogenesis    107 

a major role in angiogenesis (Niland and Eble, 2012). Consistent 
with this, genetic deletion of integrin β1, the most common subunit 
of integrin dimers, specifically in ECs, led to embryonic lethality at 
embryonic date (E)9.5-E10.5 with severe vascular defects, indicating 
an important function of integrins in developmental angiogenesis 
(Carlson et al. 2008; Lei et al. 2008; Tanjore et al. 2008). Neverthe-
less, global genetic deletions of the majority of integrin α subunits, 
including αv, α1, α2, α4, α3, and α6, although they affect the viability 
of the embryo because of defects in other organs, do not impede 
the formation of embryonic blood vessels (Niland and Eble, 2012). 
These findings suggest redundant and compensatory functions of 
different integrins during embryonic angiogenesis. A striking excep-
tion is the case of integrin α5. Mice with global genetic ablation 
of integrin α5 die at E10 -11 with defective vascular development 
of the yolk sac and the embryo proper, indicating an essential 
function for this integrin in physiological angiogenesis (Yang et al. 
1993; Francis et al. 2002). Other integrins, like integrin α9β1, are 
highly expressed in lymphatic endothelial cells and have a role in 
lymphangiogenesis without affecting blood vessel development 
(Huang et al. 2000; Bazigou et al. 2011). 

Although it is difficult to separate the involvement of integrins 
in embryonic angiogenesis from their developmental role in other 
organs, there is genetic evidence for the requirement of integrin-
associated proteins in physiological angiogenesis. For example, 
talin binds directly to integrins and is required for integrin activation 
and clustering (Critchley and Gingras, 2008). Endothelial deletion 
of talin1 results in early embryonic lethality due to vascular defects 
(Monkley et al. 2011). Similarly, integrin-linked kinase (ILK) has 
a major role in embryonic blood vessel development, through 
regulation of EC survival and co-ordination of angiogenic growth 
factor signalling (Friedrich et al. 2004; Malan et al. 2013). ILK is 
found in mammalian cells in complex with particularly interesting 
new cysteine-histidine-rich protein (PINCH) and parvin family 
proteins, α- and β- parvins. Whereas the vascular role of PINCH 
is unknown, endothelial deletion of both α- and β- parvins led 
to embryonic lethality at E11.5 with abnormal vascular network 
formation (Pitter et al. 2018).

Furthermore, a wealth of evidence supports a vital role for 
integrin-mediating signalling in developmental angiogenesis, with 
focal adhesion kinase (FAK) being a key player. Endothelial deletion 
of FAK impaired EC proliferation and migration, causing severe 
vascular defects, haemorrhaging and embryonic lethality by E11.5 
(Shen et al. 2005; Braren et al. 2006). Interestingly, the kinase func-
tion of FAK was required for EC migration and cell-cell junctional 
stability but not EC survival, since an endothelial-specific knock-in 
mouse expressing kinase-deficient FAK displayed no apoptotic 
defects. However, these mice also died at E13.5 due to defective 
angiogenesis and vascular barrier function (Zhao et al. 2010). 
Taken together, these findings demonstrate kinase-dependent 
and -independent functions of FAK, highlighting the importance of 
thorough analysis of FAK function in the entire organism.

Besides structural and signalling adhesome components, the 
connection to the cell cytoskeleton is a key function of cell-matrix 
adhesions. Regulation of actin cytoskeleton by the Rho-GTPases 
family is essential for organising cell morphology and cell migration, 
and is thus involved in angiogenic processes. Although endothelial 
deletion of RhoA-GTPase exhibits normal blood vessel development, 
other members of the Rho-family affected embryonic angiogenesis 
(Zahra et al. 2019). Specifically, genetic studies demonstrated that 

cdc42 is required for EC survival and embryonic angiogenesis 
(Jin et al. 2013; Barry et al. 2015). Furthermore, early endothelial 
deletion of Rac-1 led to embryonic lethality by E9.5 and reduced 
vessel formation, whereas, loss of endothelial Rac at later stages 
of embryonic development caused defects in lymphatic-blood 
vessel separation and subsequent embryonic lethality (Tan et al. 
2008; D'Amico et al. 2009).

    
Cell-matrix adhesions and EC migration

Cell migration is a highly coordinated action of cell-matrix ad-
hesion re-arrangements and cell cytoskeletal remodelling. Actin 
polymerisation drives membrane extensions in the form of filopodia 
and lamellipodia that are stabilised by the formation of nascent 
adhesions and focal complexes (Fig. 2). Stable focal adhesions 
are re-organised or resolved, and actomyosin contractility gener-
ates appropriate tension to facilitate the translocation of the cell 
body. During angiogenesis, ECs migrate to generate the new vessel. 
Furthermore, endothelial tip cells extend filopodia protrusions to 
explore the angiogenic microenvironment and migrate along with 
the stalk cells to form the new sprout. Therefore, it is evident that 
adhesome members will have a central role in this process. Indeed, 
reduction in cell migration, along with decreased cell survival, is the 
main reason for developmental angiogenic defects and embryonic 
lethality. Various experimental approaches, ranging from in vitro 
cell migration and invasion assays, ex vivo aortic ring assays to 
in vivo models of vessel formation in zebrafish and the postnatal 
development of retina vasculature, have shed light on the require-
ment of specific adhesome members for angiogenic sprouting. 

Indeed, cell migration is impaired in mice lacking endothelial 
expression of integrin β1, and integrin α5 is upregulated in angio-
genic endothelium and activates intracellular signalling pathways 
to enhance EC migration (Francis et al. 2002; Carlson et al. 2008). 
Similarly, ILK regulates EC spreading, migration and capillary for-
mation in response to VEGF and FGF angiogenic factors (Tan et 
al. 2004; Vouret-Craviari et al. 2004; Malan et al. 2013). Loss of EC-
ILK function in the developing retina severely impaired angiogenic 
sprouting, decreased vessel branching and compromised endo-
thelial tip cell invasion and deeper vascular layer formation (Park 
et al. 2019). Defective lamellipodia formation, cell spreading and 
migration also exhibit ECs completely deficient in FAK expression, 
whereas increased migration is observed in FAK heterozygous EC, 
which express half the amount of FAK (Braren et al. 2006;Tavora 
et al. 2010; Kostourou et al. 2013). Detailed examination of the 
developing retina vasculature in mice with inducible endothelial 
deletion of FAK postnatally revealed decreased angiogenic sprout-
ing without affecting endothelial tip cell specification (Tavora et al. 
2010). Similarly, defective sprout formation and radial outgrowth 
of the retina vasculature was observed in mice lacking endothe-
lial expression of other key adhesome members, including talin, 
vinculin, and parvin. In addition to the defective migration during 
the superficial retinal layer, ECs deficient for these proteins were 
unable to sprout perpendicularly and invade the deeper retina to 
form other capillary layers (Fraccaroli et al. 2015; Carvalho et al. 
2019; Pulous et al. 2020). Remarkably, EC tip selection was unaf-
fected and filopodia were present, albeit in aberrant numbers, 
suggesting compromised cell-matrix adhesion re-organisation 
rather than defects in cytoskeletal remodelling.Changes in cell-
matrix adhesions, however, are strictly controlled, as exemplified 

remodelling.Changes
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by studies of paxillin, an intrinsic adhesome component. Paxillin 
can regulate adhesion assembly and disassembly, along with Rho-
GTPase dynamics (Nishiya et al. 2005). Depletion of endothelial 
paxillin, using siRNA, increased EC migration and invasion and 
caused excessive angiogenic sprouting in the developing retina 
vasculature by interfering with growth factor signalling (German 
et al. 2014). 

Genetic studies of Rho-family GTPases have also highlighted the 
central role of actin regulation in EC migration and vessel formation. 
Endothelial cdc42 deletion postnatally reduced EC filopodia forma-
tion and migration during retinal sprouting angiogenesis (Barry et 
al. 2015). Lack of lamellipodia formation and reduced EC motility in 
response to pro-migratory stimuli is also observed in Rac1 deficient 
ECs (Tan et al. 2008).In developing retina vasculature, endothelial 
deletion of Rac1 decreased vessel branching and EC invasion nec-
essary to form the deeper plexus (Nohata et al. 2016). Moreover, 
deletion of the endothelial-specific RhoJ impaired EC migration 
and reduced vessel branching and sprouting angiogenesis in the 
retina, by interfering with α5 integrin trafficking, further supporting 
the functional link of cell-matrix adhesions with cell cytoskeleton 
(Fukushima et al. 2020; Sundararaman et al. 2020).

    
Cell-matrix adhesions and lumen formation

The formation of the endothelial lumen is essential for vascular 
morphogenesis, and involves re-arrangement of stalk cells and 
changes in EC polarity, contractility and shape. The successful 
completion of these steps requires the remodelling of both cell 
adhesions and the actin cytoskeleton. It is not surprising, there-
fore, that integrins and Rho-GTPases have been shown to regulate 
vessel lumenisation. Initial studies culturing human umbilical vein 
endothelial cells (HUVECs) in a 3D matrix revealed the formation 
of lumens from the coalescence of intracellular vacuoles.Using 
integrin inhibitors, it was shown that both fibronectin-binding inte-
grins such as αvβ3 and α5β1 and collagen-binding integrins such 
as α2β1 participate in lumen formation (Davis and Camarillo 1996; 
Bayless et al. 2000). In the same 3D cellular system, the significant 
role of Rac1 and cdc42 small GTPases in vacuole coalescence and 
lumen expansion was revealed, using dominant-negative forms 
of these proteins (Bayless and Davis, 2002). Similarly, knockdown 
of RhoJ decreased lumen formation by downregulating Rac1 and 
cdc42 activity and upregulated RhoA (Yuan et al. 2011). 

However, direct evidence of the involvement of integrins and 
Rho-GTPases in vascular lumen formation was attained much later 
from in vivo studies. Endothelial-specific deletion of cdc42, and 
mosaic gene ablation studies in the developing retina, all confirm 
a central role of cdc42 in controlling vascular lumen formation by 
regulating apical-basal and axial polarity (Barry et al. 2015; Laviña et 
al. 2018). Regulation of small Rho GTPases, Rac1 and cdc42 by Ras 
interacting protein 1 (Rasip1) and Arhgap 29 were also required for 
lumenisation in the mouse embryo (Xu et al. 2011). Further studies 
demonstrated that Rasip1 regulates locally cdc42 and actomyosin 
contractility to reorganise adherens junctions and induce apical 
membrane separation and lumen formation (Barry et al. 2016). 

The zebrafish has also proven to be a very useful model to study 
lumen formation in real-time. Visualisation of lumen formation in 
zebrafish intersomitic vessels evidenced the contribution of blood 
flow in the process of cell and cord hollowing. Forces from blood 
flow deform the EC membrane to create inverse blebs that develop 

into transcellular invaginations. Subsequent studies revealed that 
actin polymerising and bundling proteins such as formins and 
myristoylated alanine-rich C-kinase substrate like 1 (MARCKSL1) 
respectively, reorganise actin and regulate lumen formation and 
expansion (Phng et al. 2015; Kondrychyn et al. 2020).

Exploiting an inducible endothelial-specific system that deleted 
integrin β1 later in embryonic development, it was demonstrated 
that integrin β1 plays a critical role in the apical-basal polarisation 
of ECs by controlling Par-3 localisation (Zovein et al. 2010). The 
significant contribution of core adhesome members in lumen 
formation is poorly defined. The major vascular defects caused by 
the elimination of the function of key adhesome members poses 
a significant challenge when ascertaining their contribution to EC 
migration and survival versus lumen formation. Further genetic 
tools and cellular assays will need to be developed to shed light 
on the molecular mechanisms governing vessel lumenisation and 
vascular morphogenesis.

    
Cell-matrix adhesions and vascular patterning

Following the formation of the initial network by sprouting 
anastomosis, angiogenic remodelling will define an optimised 
vascular plexus with a hierarchical organisation of arteries, veins 
and capillaries. New vascular branches will be stabilised and others 
will regress. Hemodynamic forces generated by blood flow often 
determine which vessel connections are strengthened and which 
are removed. Superfluous vascular structures are pruned by a tightly 
regulated process that does not involve EC apoptosis but rather 
cell movement (Franco et al. 2015). It has been proposed that ECs 
polarise axially (front to rare) against the direction of blood flow and 
migrate away from regions with low or no flow. The mechanisms 
regulating these movements are not well understood. The axial 
polarisation of ECs and the re-organisation of AJs to facilitate 
collective cell migration are thought to be involved (Fonseca et al. 
2020). Several molecular pathways have been implicated, including 
non-canonical wnt signalling, sphingosine 1-phosphate S1P and its 
receptor S1PR1 along with signalling effectors such as PI3K, small 
RhoGTPases and actomyosin contractility (Fonseca et al. 2020).

Studies using mice with heterozygous integrin β1 endothelial 
deletion that display 40% of integrin β1 expression in ECs have 
abnormal vascular remodelling responses to blood flow, suggest-
ing a role of this integrin in vascular patterning (Lei et al. 2008). 
Reduced vascular density is also a common phenotype of many 
adhesome -deficient vasculatures, including integrin α5, ILK, talin, 
parvin (Francis et al. 2002; Monkley et al. 2011; Park et al. 2019; 
Pitter et al. 2018). Similarly, endothelial deletion of FAK or expres-
sion of FAK defective in the kinase activity or phosphorylation 
on tyrosine-397 (FAK-Y397F) exhibit reduced vessel density and 
abnormal vascular remodelling (Corsi et al. 2009; Lim et al. 2010; 
Tavora et al. 2010). However, it is difficult to discern whether the 
reduced vessel density is caused by decreased development of 
vascular branches or increased regression of newly formed vessels. 
Interestingly, vinculin, an adhesome component that is localised both 
at cell-matrix and adherens junctions, is involved in vessel pruning. 
Mice with endothelial deletion of vinculin develop normally with no 
obvious embryonic vascular defects. Detailed examination of the 
retina vasculature in these mice showed reduced radial outgrowth 
and increased numbers of regressing vessels because of defects 
in collective EC polarity (Carvalho et al. 2019).

    

vacuoles.Using
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Cell-matrix adhesions and vessel maturation

Vessel regression is also associated with vessel instability due 
to defective vascular maturation. Recruitment and association of 
perivascular cells, namely pericytes and smooth muscle cells, and 
the establishment of a quiescent ECM that comprise the vascular 
basement membrane, are both critical for the stability of blood 
vessels. RhoJ participate in vessel maturation by regulating the 
deposition of fibronectin around new blood vessels (Sundarara-
man et al. 2020). Although integrins are involved in organising the 
ECM, the role of adhesome members in the remodelling of vascular 
basement membrane remains elusive. 

Haemorrhaging and oedema are common manifestations of 
defective sprouting angiogenesis caused by adhesome members; 
whether they are associated with reduced pericyte coverage is 
not always explored. Therefore, little evidence exists regarding 
the role of endothelial cell-matrix adhesions in mediating EC-
perivascular cell interactions during developmental angiogenesis. 
Endothelial expressing integrin α4β1 has been shown to mediate 
EC-perivascular cell interactions by binding to VCAM1-expressing 
smooth muscle cells (Garmy-Susini et al. 2005). Furthermore, 
besides the sprouting defects caused by endothelial deletion of 
α-parvin, newly formed embryonic blood vessels also displayed 
impaired coverage by smooth muscle cells (Montanez et al. 2009). 
Similarly, heterozygous mice for kindlin2, an integrin-associated 
protein, exhibited thinner vascular basement membrane and re-
duced pericyte coverage, leading to vessel instability and leakage 
(Pluskota et al. 2011). Further studies are required to decipher 
how adhesome components regulate cellular interaction during 
vascular morphogenesis.

    
Cell-matrix adhesions and tumour angiogenesis

Despite the pivotal role of cell-matrix adhesions in cancer cell 
motility and survival, the significance of endothelial adhesome in 
tumour neovascularisation remains largely unexplored (Nikolopou-
lou et al. 2021). Genetic deletion approaches and inhibitor studies 
have been used to delineate the contribution of integrins in tumour 
angiogenesis. In contrast to normal vascular development, mice 
deficient in many integrin subunits, including α1, α2, α3, α6, β4, αvβ3, 
exhibit aberrant and opposing angiogenic responses in cancer. For 
example, endothelial deletion of integrin α3 did not impact embry-
onic vascularisation but increased tumour growth and angiogenesis 
in the adult mice by regulating VEGFR2 function (da Silva et al. 2010).
Conversely, antagonists of integrin α4β1 blocked tumour growth 
and angiogenesis (Garmy-Susini et al. 2005). Cellular studies using 
antibody inhibitors or small interfering RNA for integrin α6 showed 
impaired EC migration and tube formation, in vitro (Lee et al. 2006). 
Global genetic deletion of integrin β4 subunit, which form a dimer 
with integrin α6 subunit, decreased postnatal angiogenesis and 
tumour neovascularisation (Nikolopoulos et al. 2004). Contrary to 
these studies, endothelial-specific ablation of integrin α6 increased 
tumour growth and angiogenesis, suggesting that integrin α6 is not 
a good target for anti-angiogenic therapies (Germain et al. 2010). 
Furthermore, some integrins, although they share the same ECM 
ligand, differentially regulate tumour angiogenesis, as exemplified 
by the collagen-binding integrins α1β1 and α2β1. Mice deficient in 
integrin α1 display reduced tumour angiogenesis, while mice defi-
cient for integrin α2 exhibit increased tumour angiogenesis (Pozzi 

et al. 2000; Zhang et al. 2008). These contrasting effects could be 
explained by cross-regulation of integrin subunits, which has been 
described for many integrin pairs. Integrin αvβ3 is poorly expressed 
in quiescent ECs and is upregulated in tumour endothelium, mak-
ing it an interesting therapeutic target. Indeed, pharmacological 
inhibition of integrin αvβ3 decreased tumour angiogenesis (Brooks 
et al. 1995). Similarly, mice expressing integrin β3 deficient in the 
phosphorylation of its cytoplasmic tail exhibited impaired tumour 
angiogenesis (Mahabeleshwar et al. 2006). In contrast, genetic 
deletion of integrin β3 increased tumour angiogenesis and growth 
(Reynolds et al. 2002). Accordingly, low concentrations of RGD-
mimetics binding at the ectodomain of integrin αvβ3 increased 
tumour angiogenesis (Reynolds et al. 2009). Taken together, these 
studies suggest that inhibition of integrin β3 is context-dependent 
and therefore targeting the ectodomain of integrin β3 may not be 
an effective therapeutic approach. Consistent with the embryonic 
studies, integrin α5β1 is upregulated in activated ECs during tumour 
angiogenesis and antagonists for α5β1 impaired tumour growth 
and neovascularisation (Kim et al. 2000).Furthermore, regulation 
of integrin activation by talin has been suggested to affect tumour 
development and angiogenesis (Pulous et al. 2020). The role of 
another regulator of integrin, kindlin2 in cancer, was studied using 
heterozygous mice. Prostate tumours grew less efficiently and 
displayed reduced vessel density in these mice compared with 
control littermates (Pluskota et al. 2011). 

Besides integrins, the contribution of FAK in tumour angiogenesis 
has been the focus of intensive research, and inhibitors of FAK have 
participated in clinical trials. According to its important function 
in developmental angiogenesis, pharmacological inhibition of FAK 
or inducible endothelial deletion of FAK impeded tumour growth 
and angiogenesis by inhibiting EC migration and proliferation and 
enhancing EC apoptosis (Tavora et al. 2010; Nikolopoulou et al. 
2021). Furthermore, in a glioma tumour model, endothelial dele-
tion of FAK, impaired tumour growth by decreasing tumour vessel 
diameter and increasing EC barrier function (Lee et al. 2010). FAK 
heterozygous mice, however, which express reduced levels of FAK, 
or suboptimal FAK inhibition, increased tumour formation and 
angiogenesis, indicating a dose-dependent effect of FAK inhibition 
and calling for a thorough characterisation of FAK function before 
clinical application (Kostourou et al. 2013). Accordingly, several 
functional domains of FAK - including the FAK kinase domain, the 
autophosphorylation tyrosine site Y397 (blocking Y397F or mimic 
Y397E phosphorylation), and the Src-phosphorylation site Y861 
(blocking Y861F) -  have been targeted, and the corresponding EC-
specific mutant mice have been used in tumour studies (Tavora et 
al. 2014). These studies revealed that both the FAK kinase activity 
and the autophosphorylation site promote tumour angiogenesis 
and vascular leakage, facilitating cancer growth and metastasis 
(Alexopoulou et al. 2017; Pedrosa et al. 2019). The requirement of 
FAK-phosphorylation at tyrosine -861 is context-dependent, with 
early stages of tumour development being more susceptible than 
established tumours. Although these findings suggest that a deli-
cate balance of FAK regulation is a prerequisite for anti-angiogenic 
therapy, recent studies have unravelled a paracrine role of FAK 
in sensitising tumours to DNA-damaging agents, opening new 
avenues for combinatorial anticancer treatment (Nikolopoulou 
et al. 2021).

Consistent with an essential function of ILK in developmental 
angiogenesis, pharmacological inhibition of ILK decreased tumour 
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growth and vessel density by inducing apoptosis in both ECs and 
tumour cells (Nikolopoulou et al. 2021). Similarly, siRNA depletion 
of ILK in prostate cancer impaired tumour growth and angiogenesis 
by inhibiting hypoxia-driven VEGF expression (Tan et al. 2004). In 
a pancreatic cancer model, however, pharmacological inhibition 
of ILK impeded tumour development without affecting tumour 
angiogenesis (Yau et al. 2005). Genetic studies of endothelial-
specific ILK deletion are necessary to ascertain cancer-intrinsic 
versus angiogenic effects of ILK in cancer development. 

The impact of actin regulation in tumour angiogenesis has been 
explored in mice deficient in RhoJ. Both global and endothelial-
specific deletion of RhoJ disrupted tumour blood vessel formation 
and integrity, resulting in impaired cancer growth. Similar defective 
tumour angiogenesis and growth was observed following siRNA 
-mediated depletion of Rac1 from the whole tumour environment 
(Nikolopoulou et al. 2021). However, specifically targeting Rac1 
in tumour endothelial cells did not affect tumour growth and an-
giogenesis in wild-type mice but restricted the elevated tumour 
development and neovascularisation induced by integrin-β3 defi-
ciency (D'Amico et al. 2010).

    
Concluding Remarks

A wealth of studies has advanced our knowledge of the cellular 
events and the molecular pathways that regulate angiogenesis. 
While the contribution of growth factors and Notch signalling 
has been established, we still lack a good understanding of the 
key players and the signals controlling the different angiogenic 
steps during development and in cancer. Questions still have to 
be answered regarding the molecular events regulating vascular 
lumen formation, remodelling and patterning. Furthermore, what 
is becoming increasingly evident is the involvement of mechanical 
forces derived from blood flow and the rigidity of the basement 
membrane in determining blood vessel formation and function. 
Cell-matrix adhesions, although understudied, have emerged as 
critical regulators of angiogenesis, as discussed in this review. 
Besides controlling cell migration and proliferation, we still lack 
sufficient understanding of the impact of adhesome members 
in other steps of the angiogenic process. Given that cell-matrix 
adhesions present the main hub for cell mechanotransduction, it 
is envisaged that adhesome members critically determine blood 
vessel responses to mechanical cues and control every angio-
genic step. Most importantly, our understanding of blood vessel 
development in cancer is limited to sprouting angiogenesis. Next 
to nothing is known about the signals regulating intussusception, 
vessel co-option and mimicry, and the role of endothelial cell-matrix 
adhesions have not yet been explored. The latter is particularly im-
portant for the efficient therapeutic manipulation of angiogenesis 
and the development of novel anti-cancer therapies. 
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