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Abstract 
Vemuri, K. 2022. CD93 in regulation of vascular function and tumour progression. Digital 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 1844. 
71 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1513-3. 

To achieve successful vascular targeting in cancer, a better understanding of the molecular 
mechanisms that lead to tumour vascular abnormalities is required. The transmembrane protein 
CD93 is highly expressed in the vasculature of several tumours including glioblastoma and 
has emerged as a potential anti-angiogenic target. This thesis work explores the mechanisms 
through which CD93 contributes to vascular function and facilitates tumour progression. In 
paper I, we identify that CD93 interacts with the extracellular matrix (ECM) glycoprotein 
multimerin-2, which stabilizes CD93 at the cell surface and anchors it to the ECM protein 
fibronectin. CD93 binds to integrinα5β1 and regulates the activity of integrinβ1 and fibronectin 
fibrillogenesis in vitro. Consistent with this, the tumor vessels of CD93-/- mice bearing gliomas 
displayed an impaired integrinβ1 activity and fibronectin fibrillogenesis, suggesting that CD93-
multimerin-2-fibronectin axis has an important role in tumour angiogenesis. In paper II, we 
explored the co-regulation of CD93 with other genes associated with glioblastoma vascular 
abnormalities. Using the publicly available Gliovis database for distinguished gene correlation 
analysis, we identified multimerin-2, fibronectin and angiopoietin-2 as candidate genes which 
are likely to be expressed with CD93 in glioblastoma vasculature. The expression of CD93, 
fibronectin and angiopoietin-2 was associated with high microvascular proliferation. Moreover, 
the presence of CD93 in a high proportion of the tumor vessels correlated with poor survival, 
suggesting that targeting CD93 can be beneficial for glioblastoma patients. In paper III, we 
explored the role of CD93 in the blood brain barrier (BBB) integrity. We demonstrate that CD93 
regulates the activity of Rho-GTPases, thus stabilizing the endothelial junction molecules VE-
cadherin and claudin-5 and preventing the internalization of VE-cadherin. Consistent with this, 
CD93-/- mice displayed a compromised BBB and exhibited an increased vascular permeability. 
In paper IV, we further explored the consequences of endothelial barrier disruption upon 
CD93-deficiency in cancer. We demonstrate that CD93 binds to VEGFR2 and that the absence 
of CD93 enhances VEGF-induced VEGFR2 phosphorylation in vitro. Consistent with this, 
melanoma-bearing CD93-/- mice displayed impaired vascular integrity and an enhanced MMP9 
expression, leading to increased intravasation of tumour cells and increased metastatic spread. 
This phenotype was reversed to the wild-type level by inhibiting the VEGF-VEGFR2 signalling 
in CD93-/- mice. Taken together, this thesis work reveals a key role of CD93 in regulating 
vascular maturation and stabilization in health and cancer, and unveils its contribution to tumour 
progression and metastasis. 
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1p19q 

co-deletion 

Short arm of chromosome 1 and long arm of  

chromosome 19 

AJs Adherens junctions  

ANGs Angiopoietins 
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BBB Blood brain barrier  
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CAFs Cancer associated fibroblasts 
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FGF Fibroblast growth factor 

FDA Food and drug administration  

Flk1 Fetal liver kinase 1 

Flt1 Fms related receptor tyrosine kinase 1 

Flt4 Fms related receptor tyrosine kinase 4 

GFAP Glial fibrillary acidic protein  

GLUT1 Glucose transporter-1  

HCC Hepatocellular carcinoma 

HER Human epidermal growth factor receptor 

HIF-1α Hypoxia inducible factor  



HS Heparan sulfate 

ICAM Inter Cellular Adhesion Molecule 

IDH Isocitrate dehydrogenase 

JAM Junctional adhesion molecule 

KDR Kinase insert domain receptor 
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LPS Lipopolysaccharide 

MAPK Mitogen activated protein kinase  

MDSCs Myeloid derived suppressor cells  

MGMT O6-methylguanine–DNA methyl transferase 

MMPs Matrix metalloproteases 

MMRN2 Multimerin-2  

N-Cadherin Neuronal-cadherin

NCAM Neural cell adhesion molecule  

Nck Non-catalytic region of tyrosine kinase adaptor protein 1 

NRP1 Neuropilin 1 

NSCLC Non-small cell lung carcinoma  

PDA Pancreatic ductal adenocarcinoma 

PDGF Platelet derived growth factor 

PLCγ Phospholipase Cγ 

pRB Retinoblastoma protein 
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Ras Rat sarcoma virus  

sCD93 Soluble CD93 
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SHB Src homology 2 domain containing adaptor protein B  
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SOX2 Sex determining region-Y box2  

TERT Telomerase reverse transcriptase  

TGF-β Transforming growth factor-β 

TJs Tight junctions  

TMBD Thrombomodulin 

TME Tumor microenvironment 

TMZ Temozolomide 

TNF-α Tumour necrosis factor-α 

TP53 Tumour protein 53  
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TSAd T cell specific adaptor 

TSP1 Thrombospondin-1  
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VEGF Vascular endothelial growth factor 

VEGFR1 Vascular endothelial growth factor receptor 1 

VEGFR2 Vascular endothelial growth factor receptor 2 

VEGFR3 Vascular endothelial growth factor receptor 3 

VEPTP Vascular endothelial protein tyrosine phosphatase 
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Cancer 

At a broad level, cancer is defined as the uncontrolled growth of abnormal 

cells, which can proliferate and invade other parts of the body. Malignant cells 

can arise in any organ, resulting in almost a hundred types of cancer. Further-

more, the same cancer diagnosis can have a completely different profile be-

tween two individuals. As such, cancer is an extremely complex group of dis-

eases. 

Hallmarks of Cancer 

Carcinogenesis, i.e. the process by which normal cells transform into cancer 

cells, is a multistep phenomenon that begins with genetic alterations and pro-

gresses with the proliferation of malignant cells that have acquired various 

abnormal characteristics (1). Hanahan and Weinberg have described a total of 

nine characteristics of malignant cells and termed these the “hallmarks of can-

cer” (1-3): 1- self-sufficiency in growth signals, 2- insensitivity to anti-growth 

signals, 3- evasion of apoptosis, 4- limitless replicative potential, 5-deregula-

tion of cellular energetics, 6- sustained angiogenesis, 7- tissue invasion and 

metastasis, 8- escape from immune destruction, and 9- unlocking phenotypic 

plasticity (1-3). While it may vary in which order these features are acquired by 

cancer cells, it is evident that all of these steps are crucial for cancer formation 

and progression.  

Under physiological conditions, normal cell division maintains homeostasis, 

with cells dividing in a controlled fashion in response to growth-activating and 

growth-suppressing signals released by neighbouring cells. Cancer cells on 

the other hand, do not depend on external signals to proliferate; they exploit 

autocrine signalling by producing enormous amounts of growth factors and 

growth factor receptors that allow them to continue proliferating (hallmark 

#1). Furthermore, cancer cells acquire several genetic mutations that favour 

an intracellular cascade of growth signalling and also resist anti-proliferative 

signalling (hallmark #2). These include the activation of rat sarcoma virus 

(Ras) oncogene for constitutive growth signalling, and loss-of-function of the 

tumour suppressor genes retinoblastoma protein (pRB) and tumour protein 53 

(TP53) to evade growth-suppressing signals (4, 5).  
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The removal of damaged cells, is also important in maintaining homeostasis. 

This is triggered by apoptosis, the process of programmed cell death. As all 

cancer cells are functionally abnormal, upregulation of anti-apoptotic proteins 

such as Bcl2 or inactivation of the death inducing Fas ligand/Fas receptor sig-

nalling, responsible for activating DNA repair proteins or initiating the 

caspase cascade, if the DNA damage is beyond repair, help them to evade 

apoptosis (hallmark #3) (6). Each time a normal cell divides, the length of te-

lomeres present at the linear ends of our chromosomes is shortened, meaning 

that a cell has a limited number of divisions that it can undergo (7). However, 

cancer cells exhibit upregulated telomerase activity, such that they never enter 

the stage of senescence and have the ability to replicate limitlessly (hallmark 

#4) (7). Indeed, to divide endlessly, cells require a continuous uptake of fuel. 

Cancer cells upregulate glucose transporters such as glucose transporter-1 

(GLUT1) to continuously produce glucose (hallmark #5) in order to meet their 

metabolic needs (8). 

While the five hallmarks described above explain how cancer cells prolif-

erate by overcoming the anti-proliferative barriers, in order to form macro-

scopic tumours, cancer cells require oxygen and nutrients. This is achieved by 

tumour angiogenesis, or the formation of new blood vessels in the tumour. 

Insufficient oxygen diffusion or hypoxia within the tumour triggers hypoxia 

inducible factor (HIF-1α), which in turn induces a rapid production and secre-

tion of pro-angiogenic factors that favour angiogenesis, e.g. vascular endothe-

lial growth factor (VEGF) or fibroblast growth factor (FGF) (9). This results in 

the formation of a blood vessel network that provides the tumour mass with 

oxygen and nutrition (hallmark #6). With the help of the newly formed blood 

vessels, cancer cells are able to move away from the tumour bulk and spread 

to both near and distant parts of the body, where secondary tumours or metas-

tases are formed (hallmark #7) (2). Cancer cells are also a target for immune 

cells, however through loss of antigenicity, they escape the immune surveil-

lance (hallmark #8) (2). Earlier this year, a new hallmark of cancer was added, 

describing the ability of cancer cells to transit from one cell lineage to another, 

a mechanism that promotes resistance to targeted therapies (cellular plasticity; 

hallmark #9) (3). It is widely recognized that cancer cells acquire all of these 

hallmarks due to certain “enabling characteristics” such as: genome instabil-

ity, epigenetic reprogramming and on-site inflammation (2, 3). Lastly, the mi-

crobiota has also been recognized as another enabling characteristic that can 

have profound effects in cancer development and progression (3). 
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The dynamic tumour microenvironment 

It is important to note that cancer cells alone cannot drive tumour progression. 

As mentioned above, cancer cells have the ability to modulate the blood ves-

sels in their environment and even reprogram the immune cells to meet their 

demands (2). This crosstalk between cancer cells and the surrounding tumour 

microenvironment (TME) is crucial for cancer progression and metastasis for-

mation. In fact, the TME constitutes 50-90% of solid tumours and can have a 

huge influence on the behaviour of tumour cells outside of their genetics (10). 

The TME consists of non-malignant stroma such as the extracellular matrix, 

resident fibroblasts, immune cells, secreted signalling molecules as well as 

blood and lymph vasculature (Figure 1) (11). Therefore, due to their extensive 

complexity, tumours are now considered organs. The role of various compo-

nents of the TME are described below, in brief.  

Extracellular matrix 

The extracellular matrix (ECM) is an extensive network of collagens, glyco-

proteins e.g. fibronectin, tenasins, and proteoglycans e.g. heparin sulfate, 

chondroitin sulfate, that largely provide structural support for tissues (12). Dur-

ing wound healing and development, the ECM is extensively remodelled by 

resident cells (12). In cancer, the ECM becomes dysregulated and constitutes a 

major part of the tumour bulk (12). It is also a reservoir of cytokines and growth 

factors, and contributes substantially to tumour-associated angiogenesis, tu-

mour cell invasion, and metastasis (12). Indeed, expression of ECM proteins is 

used as a prognostic biomarker in the clinic (12). A prerequisite for tumour 

invasion is ECM degradation (13), which is predominantly mediated by mem-

brane anchored metalloenzymes known as matrix metalloproteases (MMPs) 
(14). MMPs are often secreted proteins (MMP2, MMP9), but certain MMPs are 

expressed as transmembrane proteins (MMP14, MMP15, MMP24, MMP25, 

MMP17) (15). MMP-derived changes in the microenvironment affect the prog-

nosis of many epithelial cancers (16), and in general, a disorganized ECM and 

a high concentration of MMPs are salient features of cancer progression (14).  

Cancer-associated fibroblasts 

Fibroblasts are stromal cells of mesenchymal origin that provide structural in-

tegrity to tissues (17). They participate in physiological processes such as 

wound healing and are stimulated during tumour progression, where they 

transform into cancer-associated fibroblasts (CAFs) that can be identified by 

the expression of various markers including the α-smooth muscle actin 

(αSMA) and fibroblast specific protein (FSP1). (18). In cancer, CAFs secrete 

profound amounts of ECM and proteolytic enzymes such as MMPs that lead 

to extensive ECM remodelling (17). This ultimately boosts the invasive poten-

tial of cancer cells and facilitates tumour metastasis. For example, CAFs and 

the ECM secreted by CAFs are fundamental components of pancreatic ductal 
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adenocarcinoma (PDA) (19). Retrospective studies have shown that a high ex-

pression of αSMA led to poor survival of PDA patients, suggesting CAFs as 

possible targets for cancer therapy (19). 

Figure 1: Components of the tumour microenvironment (TME). Schematic rep-

resentation of the TME components which not only consists of tumour cells but also 

the cancer associated fibroblasts (CAFs), immune cells, the extracellular matrix 

(ECM), and signalling molecules such as the cytokines and chemokines as well as 

blood and lymphatic vasculature. Schematic was created with BioRender.com. 

Immune cells 

Several types of immune cells can be found in the TME, including B and T 

cells, macrophages, natural killer cells, and dendritic cells, amongst others. 

They can be located in the core of the tumour, at the invasive front or in ter-

tiary lymphoid organs (20, 21). As well as protecting us from diseases and elim-

inating dangerous or foreign molecules, immune cells are also involved in the 

removal of cancerous cells. Indeed, the presence of cytotoxic CD8+ T cells in 

the TME is associated with a positive prognosis in many types of cancer in-

cluding melanoma and ovarian cancer (22). In contrast, the presence of myeloid 

derived suppressor cells (MDSCs) or the regulatory T cells (Tregs) in the TME 

can contribute to immunosuppression and in turn into a poor prognosis (23). 

Blood vessels  

Similar to normal tissues, tumours also require a supply of nutrients and oxy-

gen and removal of waste products by the circulation system. Endothelial cells 

(ECs) of the blood vessel remain largely quiescent in healthy adults (24). In the 
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TME however, a tremendous amount of pro-angiogenic signals including 

VEGF or FGF are released by the tumour cells, stimulating the proliferation 

and migration of ECs and leading to angiogenesis (25). Pericytes on the other 

hand, are mural cells which line the blood vessel wall and are responsible for 

maintaining vessel stability (24, 26). In tumours, the tight interaction between 

ECs and pericytes is lost, which ultimately leads to the formation of immature 

and dysfunctional tumour vessels (27). 

Altogether, the importance of tumour angiogenesis, CAFs, immune cells 

and the ECM in fostering tumour growth is well–appreciated. Targeting of 

these factors provides a number of strategies for cancer therapy. What follows 

is a description of angiogenesis in health and disease, which is the central topic 

of this thesis work. 
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Angiogenesis 

Blood vessels are dynamic structures responsible for supplying oxygen and 

nutrients and removing wastes from all tissues in the body. The term endothe-

lium refers to the single layer of ECs which form the tube-like structures, and 

the interior space where the blood flows is known as the lumen. The peri-

vascular cells (vascular smooth muscle cells and pericytes) together with the 

basement membrane form the vessel wall, providing the blood vessel with 

structural integrity (24, 26). Blood vessels (consisting of arteries, veins and ca-

pillaries) are formed in two ways: 1-vasculogenesis and 2- angiogenesis. Vas-

culogenesis is the de-novo formation of blood vessels, where stem cells dif-

ferentiate into ECs which then align to form the lumen of the vessel and a 

primitive vascular plexus (28). During embryonic development, vasculogenesis 

results in the formation of the cardiovascular system, including the heart, 

blood and blood vessels, which is the first functional organ system (28). On the 

other hand, angiogenesis contributes to the expansion of the vascular network 

by forming new blood vessels from pre-existing vasculature (28). New blood 

vessels can be formed via intussusceptive or sprouting angiogenesis.  

During sprouting angiogenesis, ECs respond to pro-angiogenic factors such 

as VEGF, this enables areas lacking sufficient vasculature to gain access to 

the circulation system (25). The tip cell (a migratory EC; regulated by the ex-

pression of VEGF receptor-2 (VEGFR2), notch signalling), which is rich in 

filopodia, guides the movement of the other ECs by polarizing towards the 

VEGF gradient (Figure 2). The rest of the ECs (stalk cells) follow the tip cell 

and proliferate to extend into a sprout (25). Finally, the newly formed sprout 

fuses with other vessels and establishes endothelial cell-cell junctions at the 

point of contact, a process known as anastomosis (Figure 2) (25). Simultane-

ously, incorrectly formed branches and non-essential vessels either regress by 

migration and incorporation of ECs into preceding vessels or by undergoing 

apoptosis (29, 30). In this way, a functional blood vessel is formed and homeo-

stasis is established (Figure 2) (31, 32). In healthy adults, the vasculature remains 

highly quiescent and angiogenesis is only observed in events such as wound 

healing or the female menstrual cycle (24).  

Factors governing angiogenesis 

Hypoxia is a state of insufficient oxygen diffusion in the microenvironment, 

and is the major driver of angiogenesis (9). Stromal cells with inadequate oxy-

gen release cytokines and pro-angiogenic factors to stimulate the ECs. These 
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include but are not limited to VEGFs, FGFs, angiopoietins (ANGs), platelet 

derived growth factors (PDGFs), and transforming growth factor-β (TGF-β), 

which signal through their respective receptors and promote angiogenesis as 

well as contribute to vessel maturation and stabilization (24, 25, 33). Additionally, 

angiogenesis is further promoted by upregulation of proteases such as MMPs 

by stromal cells, which can also lead to the release of growth factors including 

VEGF and FGF that are embedded in the ECM and vascular basement mem-

brane (vBM), a fine layer of ECM that lines the blood vessel (34). To control 

the extent of angiogenesis and prevent the overproduction of new blood ves-

sels, factors that negatively regulate angiogenesis or anti-angiogenic factors 

are equally important in angiogenic signalling. Thrombospondin-1, en-

dostatins and angiostatins are some examples of anti-angiogenic factors (35, 36). 

Indeed, a fine balance between pro- and anti-angiogenic factors is a necessity 

for the regulation of angiogenesis and the maintenance of tissue homeostasis.  

 

Figure 2: Schematic representation of the events in sprouting angiogenesis. 1. 

Quiescent blood vessel with ECs aligned in parallel to the lumen, wide pericyte (PC) 

coverage and intact vascular basement membrane (vBM). 2. Upon injury or hypoxia, 

VEGF is released by the stromal cells due to which ECs assumes a migratory pheno-

type (m.EC) and polarise towards the VEGF gradient. 3. The stalk ECs (s.EC) prolif-

erate and follow the m.EC in the direction of the VEGF gradient. 4. The sprouts fuse 

and establish cell-cell junctions and the incorrectly formed sprouts regress often by 

undergoing apoptosis. 5. Blood flow is established and a functional blood vessel is 

formed. Schematic was created with BioRender.com. 

VEGFs and VEGFRs  

VEGFs and their endothelial cell receptor tyrosine kinases VEGFR1, 

VEGFR2 and VEGFR3 play important roles in vasculogenesis, angiogenesis 
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and lymph-angiogenesis. The family of VEGFs is composed of VEGFA (com-

monly denoted as VEGF), VEGFB, VEGFC, VEGFD and placental growth 

factor (PlGF). Structurally, VEGFRs are localized on the plasma membrane 

and include an extracellular domain, a transmembrane domain and an intra-

cellular domain. The VEGFs bind to the extracellular domain of the VEGFRs, 

induce the dimerization of the receptors and subsequently phosphorylate the 

tyrosine residues localized on their intracellular domains. 

VEGF, VEGFB and PlGF bind to VEGFR1 (also denoted as Fms related 

receptor tyrosine kinase 1; Flt1) and govern EC proliferation and migration 
(37). Indeed, mice lacking Vegfr1 are embryonically lethal at E9.0 as a conse-

quence of increased EC proliferation and vascular disassembly (38).  

VEGFC and VEGFD bind to VEGFR3 (also denoted as Fms related recep-

tor tyrosine kinase 4; Flt4) and promote lymphatic EC survival, migration and 

lumen formation (39, 40). As such, mice lacking Vegfr3 die at E10.5 due to im-

paired vascular organization (41). 

The major ligand of VEGFR2 (also denoted as Fetal liver kinase 1; Flk1 or 

kinase insert domain receptor; KDR) is VEGF (37), which binds to VEGFR2 

and promotes EC survival, proliferation, sprouting and migration (38, 42). Ac-

cordingly, mice lacking Vegfr2 are embryonically lethal at E8.5 due to im-

paired hematopoietic and EC development (43). The VEGF-VEGFR2 signal-

ling is further discussed below. 

VEGF-VEGFR2 signalling 

The binding of VEGF to VEGFR2 leads to VEGFR2 dimerization and phos-

phorylation of major tyrosine residues present on the intracellular domain: 

Y949 (Y951 in humans), Y1052 (Y1054), Y1057 (Y1059), Y1173 (Y1175) 

and Y1212 (Y1214) (Figure 3) (37). Each activated phosphosite triggers dif-

ferent signalling pathways that consequently modulate the endothelial cell dy-

namics.  

Y1052 and Y1057, located on the catalytic domain of VEGFR2, are crucial 

for maximum kinase activity of the receptor (44). Indeed, the phosphorylation 

of Y1052 and Y1057 leads to complete opening of the catalytic cleft and full 

activation of the tyrosine kinase (44). As such phosphorylation of Y1052 and 

Y1057 precedes the phosphorylation of other tyrosine residues on VEGFR2 
(44). 

Y949, located on the kinase insert domain, is an important player in vascu-

lar permeability, which is discussed in detail later on. Y949 binds to the Src 

homology 2 (SH2) domain of the T cell specific adaptor (TSAd) protein and 

induces the activation of Src and Yes protein kinases (45, 46). 
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Figure 3: Overview of VEGFR-VEGFR2 signalling through its major tyrosine 

residues. The binding of VEGF to VEGFR2 induces the dimerization of VEGFR2 

and subsequent downstream signalling that modulates the EC dynamics through its 

major tyrosine residues- Y1052, Y1057, Y949, Y1173 and Y1212. Schematic was 

created with BioRender.com. 

 

Activation of either of these kinases leads to phosphorylation and internaliza-

tion of the adherens junction protein vascular endothelial cadherin (VE-Cad-

herin), resulting in increased vascular permeability (45). Src induction can also 

lead to cytoskeletal contraction due to activation of the family of small Rho-

GTPases, consequently resulting in the endocytosis of VE-cadherin (47). The 

substitution of phenylalanine for tyrosine in Y949 (Y949F949) and the con-

sequent blocking of phosphorylation and downstream signalling, resulted in 

reduced metastatic spread and decreased vascular leakage in murine mela-

noma and insulinoma (46).  

Both Y1173 and Y1212 are implicated in EC migration, proliferation and sur-

vival.  

The binding of phospholipase Cγ (PLCγ) to Y1173 activates protein kinase 

C (PKC) and promotes the extracellular regulated kinase (ERK) pathway (47), 

which is majorly implicated in EC proliferation. Substitution of phenylalanine 

for tyrosine in Y1173 (Y1173F1173) resulted in embryonic lethality in mice 

due to arrested EC proliferation (38, 48). Interestingly, PLCγ deficiency is asso-

ciated with disrupted vasculogenesis and leads to embryonic death at E9.0 (49), 

strongly supporting the notion that efficient EC dynamics are required for em-

bryogenesis. Y1175 also binds to several adaptor proteins that promote EC 
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signalling. Binding of Src homology 2 domain containing adaptor protein B 

(SHB) to Y1175 results in the phosphorylation of focal adhesion kinase (FAK) 

and promotes EC migration, while binding of Src homology and collagen ho-

mology (SHC) and SHC-related adaptor protein (Sck) modulates Ras-GTPase 

activity, leading to cytoskeletal rearrangements in the tissue (50-52).  

Mitogen activated protein kinase (MAPK) pathway signalling is down-

stream of tyrosine residue Y1212 and is associated with EC migration. Bind-

ing of the adaptor molecule non-catalytic region of tyrosine kinase adaptor 

protein 1 (Nck) to Y1212 recruits tyrosine kinase Fyn to VEGFR2 at Y1212 
(37). Fyn activates cell division cycle 42 (cdc42), a Rho-GTPase molecule im-

plicated in endothelial cell polarity, and consequently the p38-MAPK path-

way is activated (37). It is not clear if phosphorylation of one tyrosine residue 

triggers the phosphorylation of another. However, it is known that loss of 

Y949 leads to increased phosphorylation of Y1173 as a compensation mech-

anism (53).  

Studies have shown that VEGFR2 can also be activated independently of 

VEGF. For example, shear stress forces activate VEGFR2 through Y1212, 

consequently resulting in the activation of p-38MAPK signalling (54, 55). Fur-

thermore, galectins, low density lipoprotein (LDLs), lactate and gremlin can 

also activate VEGFR2 and initiate endothelial cell sprouting and migration (56-

58).  

VEGFR2 Coreceptors 

There are several coreceptors for VEGF-VEGFR2 that can modulate 

VEGFR2 signalling. For example, heparan sulfate (HS) is a proteoglycan that 

binds to VEGFR2 and increases the magnitude and duration of VEGFR2 sig-

nalling (59, 60).  Furthermore, neuropilin 1 (NRP1) is a transmembrane protein 

that contains the VEGF binding motifs on its extracellular domain (61). Binding 

of VEGF to VEGFR2, NRP1 and HS leads to the formation of a complex that 

is essential in EC migration and survival as well as sprouting angiogenesis (62, 

63). VEGFR2 can also bind to integrins, transmembrane heterodimers com-

posed of alpha (α) and beta (β) subunits which mediate the connection be-

tween the cell membrane and the ECM (64). The binding of VEGFR2 to integ-

rin αvβ3 is required for the activity of integrin β3, which regulates EC dynam-

ics such as migration, and as such integrin β3 activation promotes VEGFR2 

phosphorylation (65, 66). Furthermore, VEGF-VEGFR2 binding to integrin β1 

is associated with extended activity of VEGFR2 (67). 

Regulation of VEGFR2 signalling pathway 

The above mentioned signalling pathways are indeed a consequence of 

VEGFR2 dimerization, activation and phosphorylation upon ligand binding. 

Experimental evidence suggests that VEGFR2 is present in the invaginations 
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of caveolae (plasma membrane invaginations) (68). Upon ligand binding, the 

association of VEGFR2 with caveolin-1 at the plasma membrane is breached 

and VEGFR2 is internalized through endocytosis (in early endosome antigen 

1 (EEA1) endosomes) in a clathrin-dependent manner (68-70). Ephrin B2 regu-

lates the endosomal trafficking of VEGFR2 from the cell surface into the en-

dosomes (71).   

Several regulators are present at various steps during VEGFR2 activity to 

limit the extent of internalization and intracellular signalling. At the plasma 

membrane, VE-cadherin and phosphatases such as vascular endothelial pro-

tein tyrosine phosphatase (VEPTP) regulate VEGFR2 activity. VE-cadherin 

maintains VEGFR2 in an inactive state at the plasma membrane (72), while 

activated VEGFR2 is translocated to EC junctions where it is dephosphory-

lated by VEPTP in a Tie2-dependent manner, limiting the VE-cadherin phos-

phorylation (53). Protein tyrosine phosphatase 1b (PTP1b) located in the endo-

plasmic reticulum (ER) dephosphorylates VEGFR2 when VEGFR2+ endo-

somes are in close proximity to ER (73, 74). After exerting its activity, VEGFR2 

is either degraded through ubiquitin ligase cbl or recycled back to the plasma 

membrane by Rab11+ vesicles (75, 76) (77), while the inactive VEGFR2 under-

goes continuous recycling in Rab4+ vesicles (77).  

VEGF-VEGFR2 signalling is strictly controlled in development and phys-

iological angiogenesis, as such, aberrant VEGF-VEGFR2 signal transduction 

is majorly responsible for the induction of pathological angiogenesis. 
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Tumour angiogenesis 

In tumours, angiogenesis is constantly activated as the balance between pro- 

and anti-angiogenic factors tilts towards pro-angiogenic factors (78),which is 

termed the ‘angiogenic switch’ (78, 79). Hypoxia in the rapidly growing tumours 

leads to increased VEGF expression (9), stimulating EC migration and tumour 

angiogenesis as a consequence. In fact, a plethora of angiogenic factors in-

cluding VEGF, HGF, FGF, pleiotrophin and MMPs can be increased by sev-

eral orders of magnitude in the TME. Adding to this, anti-angiogenic factors 

such as thrombospondin-1 (TSP1) can be repressed in growing tumours (36). 

The angiogenic switch generally results in highly vascularized tumours, as 

seen in the case of glioma (80), however it is important to note that not all tu-

mours are angiogenic. As previously mentioned, PDA is hypo-vascularized 

and the tumour-educated stromal cells (CAFs) and ECM are the major con-

tributors towards tumour progression (19).  

Tumour vessels are heterogeneous and can generally be easily distin-

guished from their normal counterparts (Figure 4) - they are often morpho-

logically abnormal, highly dilated, irregularly shaped, lack structural hierar-

chy and display a distinct gene signature (25). The vBM is uneven and the per-

icytes, which are normally closely bound, become loosely attached to the en-

dothelium and are fewer in number (Figure 4) (81). Consequently, tumour 

vasculature is highly permeable and blood flow is abnormal, which does not 

allow for effective drug delivery (81). Below, the impact of increased vascular 

permeability in tumour progression is described. 

Vascular permeability 

Vascular permeability is a process that involves the exchange of micro- and 

macromolecules from the vessels to the surrounding tissues by the dynamic 

opening and closing of EC junctions. Molecules that are  small (~40kDa) cross 

the endothelial barrier with no resistance, while large molecules require an 

active transport via a transcellular pathway or a paracellular pathway (82). The 

paracellular pathway requires the disruption of the junctions of the ECs (83). 

VEGFs and other inflammatory mediators contribute to the opening of EC 

junctions and thereby facilitate the exchange of macromolecules (84, 85). 
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Figure 4: Schematic representation of the healthy and tumour blood vessels. 1. 

Zoom in to the morphological features of a healthy blood vessel. Endothelial cells 

(ECs) are aligned parallel to the lumen, tightly connected with each-other and are 

supported by a wide pericyte (PC) coverage and an intact vascular basement mem-

brane (vBM). 2-3. In response to hypoxia, tumour cells secrete pro-angiogenic factors 

(e.g., VEGF) due to which ECs migrate towards the hypoxic region in order to supply 

oxygen and nutrition to the tumour cells. 4. Zoom in to the morphological features of 

a tumour blood vessel. ECs are not well organized, the PC are loosely attached and 

vBM is uneven. Schematic was created with BioRender.com. 

While this process is very tightly regulated under physiological conditions, 

during pathological angiogenesis the endothelial wall becomes highly perme-

able, which can lead to tumour cell invasion and/or tumour cell escape into 

the circulation, and thus formation of distant metastasis (81). The EC junctions, 

pericytes and vBM of newly formed vessels have important roles that are de-

scribed in detail below. 

Endothelial cell junctions 

In tumours, the EC junctions are often severely disrupted both in the newly 

formed as well as in the pre-existing vasculature (86). As a consequence, the 

vasculature is highly permeable and fragile, thus allowing the intravasation 

and extravasation of molecules and cells (87). The key structures that construct 

and maintain the EC-EC contacts are adherens junctions (AJs), tight junctions 

(TJs) (88). The involved proteins seal the EC-EC contacts in zipper-like struc-

tures, and not only maintain junctional integrity but also contribute to EC 

shape, migration, and polarity (89). Studies have suggested that AJs and TJs are 
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interconnected and that the assembly of TJs is mediated by AJs (89). Accord-

ingly, AJs are formed at the early stages of intercellular contacts and later, TJs 

are organized in the same location (89). While the distribution of AJs is similar 

in all kinds of vessels, the distribution of TJs differs depending on the needs 

and functions of the vessels (88). For example, TJs are abundantly present in 

the brain vasculature where control of permeability is of utmost necessity (88), 

but are very poorly organized in the post-capillary venules located outside of 

the central nervous system (CNS) (88).  

Both TJs and AJs are composed of transmembrane proteins and intracellu-

lar partners. In the case of TJs, claudins and junctional adhesion molecules 

(JAM) are important transmembrane components and the zona occludens 

members are intracellular partners (Figure 5) (89). On the other hand, the in-

tracellular partners related to AJs are plakoglobin (also known as γ-catenin), 

p120 and β-catenin while the critical transmembrane protein is VE-cadherin 
(89) (Figure 5). The importance of VE-cadherin was discovered when its ge-

netic knockout led to embryonic lethality as the result of defects in both vas-

culogenesis and sprouting angiogenesis (90). This same lethality was observed 

in mice in which the VE-cadherin cytoplasmic tail was partially truncated, 

demonstrating that intracellular signalling has an integral role (91).  

VE-cadherin is present ubiquitously in all vessels and binds to intracellular 

partners such as plakoglobin, which regulate the anchorage of VE-cadherin to 

the actin cytoskeleton and maintain the endothelial junctional barrier (92, 93). 

Studies have shown that loss of plakoglobin or β-catenin results in improper 

distribution of VE-cadherin along the EC junctions, resulting in increased vas-

cular permeability (94). In quiescent vessels, VE-cadherin exists in a state 

where key tyrosine residues Y658 and Y685 have a basal level of phosphory-

lation, which can be maintained by tyrosine phosphatases including PTP1b 

and VE-PTP, or by ANG1-Tie2 interaction (95-97). The quiescent state of the 

vessels can thus be maintained by molecules that can dephosphorylate VE-

cadherin, while angiogenesis can be stimulated by the internalization or deg-

radation of this junctional molecule. 

In response to vascular permeability factors, VE-cadherin is phosphory-

lated on tyrosine residues Y658 and Y685 by the Src family of kinases that 

act downstream of VEGF signalling (85). Indeed, the substitution of phenylal-

anine for tyrosine (Y to F) in Y685 decreases leakage in mice when induced 

with VEGF (85). In addition to its phosphorylation, VEGF has also been shown 

to mediate VE-cadherin internalization by endocytosis (85). Rho-GTPases reg-

ulate vascular permeability by stabilizing EC junctions (98).  
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Figure 5: Schematic representation of endothelial-endothelial cell and endothe-

lial- pericyte cell junctions. Endothelial cells (EC) are tightly connected to each other 

via junctions. 1. Zoomed area of the EC junctions shows the adherens and tight junc-

tion molecules. Adherens junctions contain transmembrane protein, vascular endothe-

lial cadherin (VEC) and its intracellular partner’s plakoglobin, βcatenin and p120. 

Tight junctions consists of the transmembrane proteins: junctional adhesion molecules 

(JAMs) and claudins and intracellular partner, zona occludens-1 (ZO1). 2. Zoomed 

area of the EC-pericyte (PC) junctions shows the junctional molecule: neuronal cad-

herin (N-cadherin). Schematic was created with BioRender.com. 

The best characterized Rho-GTPases are: 1- Ras homolog gene family, mem-

ber A (RhoA), 2- Ras-related C3 botulinum toxin substrate 1 (Rac1) and 3- 

Cdc42 (98). While Rac1 and cdc42 maintain the endothelial barrier, RhoA leads 

to myosin like chain (MLC) dependent actin contraction and creation of stress 

fibres via its effector Rho Kinase (ROCK), consequently leading to increased 

vascular permeability (85, 98).  

In addition to VEGF, the downstream signalling of histamine, platelet ac-

tivating factor (PAF) and tumour necrosis factor (TNF) can also phosphory-

late VE-cadherin and induce vascular permeability (99-101). VE-cadherin degra-

dation can occur via matrix metalloproteases such as MMP2 or MMP9 or due 

to p120 downregulation in ECs (102).  

The claudin family are TJ proteins that mediate cell-to-cell adhesion. There 

are more than 20 different members in the claudin family, but only a few of 

them are expressed in endothelial cells (86), including the pan-endothelial cell 

marker claudin 5(86). Knockout of claudin 5 in mice results in death 10 hours 

after birth due to increased permeability allowing transport of molecules up to 
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800kDa into the brain parenchyma, which highlights the importance of TJs in 

the blood brain barrier (BBB) (103). The claudin family members can associate 

with the peripheral membrane protein zona occludens-1 (ZO-1), which is 

tightly associated with increased EC junctional barrier properties (104). Other 

than VEGF, histamine and oxidized phospholipids can also phosphorylate TJ 

proteins and increase vessel permeability (99).  

As well as forming the junctions with each other, ECs also express neu-

ronal-cadherin (N-Cadherin), which mediates the contact between endothelial 

cells and perivascular cells (Figure 5) (89).  

Pericyte coverage 

As mentioned previously, pericytes contribute to vascular homeostasis by sta-

bilizing the vessel structure as well as regulating blood flow, angiogenesis and 

vascular permeability (105). PDGF is largely responsible for recruiting pericytes 

onto the vessel wall. Indeed, PDGF-β deficient mice bearing subcutaneous 

tumours demonstrated an increased potential of metastasis (106, 107). Experi-

mental evidence has shown that the neural cell adhesion molecule (NCAM) 

enables integration of pericytes in the vessel wall, while aberrant NCAM sig-

nalling results in increased vascular permeability (107). Furthermore, irregular 

basement membrane lining on the vessel wall also disturbs the contact be-

tween the ECs and pericytes (108).  

Studies have shown that both high recruitment of pericytes and also their 

sparse coverage on the tumour vessels can contribute to tumour growth (108). 

Sparse pericyte coverage leads to unstable vasculature, resulting in increased 

hypoxia in the TME and tumour cell escape to form distant metastasis (108). 

Low pericytes coverage in tumour samples is also associated with a poor prog-

nosis in colorectal cancer (CRC) patients (109). While most studies so far have 

looked at the ablation of pericytes, some have suggested that targeting the per-

icyte-tumour cell interaction can normalize the vasculature and consequently 

increase chemotherapeutic drug efficacy. Endosialin+ pericytes promote tu-

mour cell to pericyte interaction and facilitate tumour cell escape to form me-

tastasis (110). Viski et.al, authors of ref. (110), suggest that targeting proteins 

expressed by pericytes can decrease tumour vascular permeability. 

Vascular basement membrane 

Vascular basement membrane (vBM) is a dense layer of ECM that is secreted 

by the endothelial cells and pericytes. It not only provides the vessels with 

structural support but also serves as a barrier by limiting the passage of micro- 

and macromolecules. Thus, in quiescent conditions, vBM plays an important 

role in maintaining vascular integrity and provides a strong connection be-

tween ECs and pericytes. The most abundant proteins that constitute the vBM 
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are collagen IV and laminins (111), with other components including proteogly-

cans such as fibronectins and growth factors such as VEGFs and PDGFs (111). 

The vBM molecules are organized in a regulated manner, and even a minor 

change in their conformation can lead to alterations in the physiological be-

haviour of the tissue (112). As such, altered vBM facilitates tumour cell invasion 

and metastasis (113).  

In order to synthesize vBM, ECs and pericytes depend on growth factors, 

predominantly transforming growth factor β (TGFβ) (114) while its longevity is 

determined by MMPs (34). As previously described, elevated expression of 

MMPs is found in many human diseases and generally correlates with poor 

patient prognosis. In line with this, MMP9 knockout mice display impaired 

angiogenesis and vascular remodelling due to its effects on VEGF signalling 
(115, 116); MMP9 mobilizes the VEGF stored in the vBM/ECM and hence stim-

ulates angiogenesis (117). Indeed, MMP9 knockout mice presented fewer angi-

ogenic tumours (118). Thus MMP9 is also an important regulator of vascular 

permeability and tumour angiogenesis. 

Anti-angiogenic therapy 

The understanding of the crucial role of blood vessel formation in tumours, 

otherwise known as tumour angiogenesis came to light in 1971, when Judah 

Folkman stated that solid tumours that grow beyond the diffusion limit of ox-

ygen require angiogenesis and targeting the same can lead to starvation in-

duced death of the tumours (119). This concept paved the way for the discover-

ies of several anti-angiogenic targets for cancer therapy.  

Preclinical studies targeting VEGF signalling (and other pathways such as 

FGF and Tie2), have shown great promise in reducing tumour size and ex-

tending overall survival. However, these results have not been easily trans-

lated to the clinic. There are currently seven monoclonal antibodies and four-

teen tyrosine kinase inhibitors available to treat different cancer types, all of 

which are targeted towards dysfunctional angiogenesis out of which two mon-

oclonal antibodies and seven tyrosine kinase inhibitors target the VEGF-

VEGFR2 pathway (Figure 6) (25). Bevacizumab, a monoclonal antibody 

against VEGF, has provided a modest benefit in the survival of advanced stage 

renal cell carcinoma (RCC) and CRC patients. However, it has shown no ben-

efit in advanced stages of melanoma, pancreatic cancer, prostate cancer and 

breast cancer (25). For recurrent glioblastoma, bevacizumab is the only FDA-

approved anti-angiogenic drug, demonstrating a slight benefit to progression-

free survival (25). Similarly, the targeting of VEGFR2 is also used in the treat-

ment of a number of malignancies: the monoclonal antibody ramucirumab is 

used in the treatment of hepatocellular carcinoma (HCC) or non-small cell 

lung carcinoma (NSCLC) (25), while tyrosine kinase inhibitors such as 

sunitinib and sorafenib are used in the treatment of gastrointestinal cancer, 
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pancreatic cancer, RCC, thyroid cancer and HCC (25). Furthermore, there are 

a number of other tyrosine kinase inhibitors that act on epidermal growth fac-

tor receptor (EGFR), human epidermal growth factor receptor (HER2), PDG-

FRs and FGFRs that are food and drug administration (FDA) approved for 

RCC, thyroid cancer, NSCLC, HCC and HER2+ breast cancer (25).  

In 2001, Rakesh Jain proposed that low doses of anti-angiogenic therapy 

can lead to normalization of the tumour vasculature and consequently, eleva-

tion in vascular perfusion (120). Due to significant improvement in progression 

free survival and overall survival of the patients, combinations of anti-angio-

genic therapy with chemotherapy, radiotherapy and immunotherapy have 

been approved in certain cancer types and are under clinical trial for many 

others (121). The normalization window is highly dependent on tumour type, 

and importantly these therapies currently only benefit a subpopulation of pa-

tients. For example, patients with a proneural signature in glioblastoma re-

spond better to bevacizumab treatment (121). 

Figure 6: Schematic representation of the targets of anti-angiogenic therapy. 

Bevacizumab and ramucirumab are monoclonal antibodies that target VEGF and 

VEGFR2, respectively. Tyrosine kinase inhibitors: sunitinib, pazopanib, regarafenib, 

sorafenib, vandetanib, lenvatinib and axitinib target the tyrosine kinase activity of 

VEGFR2 but also of other receptor tyrosine kinases. Schematic was created with Bi-

oRender.com. 
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Resistance to anti-angiogenic therapy 

Initially, the aim of anti-angiogenic therapy was to block blood vessel for-

mation in the tumours. However, continuous treatment with anti-angiogenic 

drugs can either destroy the vessels completely or compel the tumour cells to 

develop to compensatory mechanisms for angiogenesis, while the side effects 

can affect quality of life (24, 25). Indeed, as a result of vessel depletion, increased 

hypoxia in the TME can facilitate tumour invasion and metastasis (122, 123). Tu-

mour cells are also able to use the pre-existing vasculature or even vascular 

mimicry to meet their oxygen and nutrient demands as well as resisting the 

anti-angiogenic therapy (25). Besides these, as already mentioned in the hall-

marks of cancer, tumours cells are able to resist targeted therapies and con-

tinue proliferating. For example, in response to anti-angiogenic therapy that 

primarily inhibits the VEGF signalling pathway, tumour cells can upregulate 

other angiogenic factors such as FGF, ANG2, HGF and thereby stimulate 

VEGF- independent angiogenesis (122).  

As we learn more about vascular heterogeneity in tumours as well as the mo-

lecular mechanisms behind treatment resistance, we uncover new therapeutic 

targets. Our research group, among others, has found that CD93 is differen-

tially expressed in tumour vasculature. As such, this thesis work was focused 

on understanding the biology of CD93 signalling in order to evaluate its po-

tential as a therapeutic target for anti-cancer therapy. 
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CD93  

CD93 (also denoted as C1qR1 and AA4), is a type-1 transmembrane protein 

in group 14 of the C-type lectin superfamily, which also includes CLEC14A, 

CD248 (endosialin) and thrombomodulin (TBMD) (124). Structurally, CD93 

consists of a C-type lectin domain (CTLD), a sushi domain, five epidermal 

growth factor (EGF)-like repeats, a serine/threonine mucin-rich domain, a 

transmembrane domain and a short cytoplasmic domain (Figure 7) (125). While 

all members of the group 14 C-type lectin family share a highly similar struc-

ture, analysis of the whole protein sequence alignment revealed that CD93 is 

structurally more similar to TBMD than to CLEC14A or endosialin. In fact, it 

is thought that CD93 may be a product of a gene duplication event involving 

TBMD, as they are both present on chromosome 20 (124, 125).  

CD93 comprises a C-type lectin domain, a sushi domain, epidermal growth factor 

(EGF) like repeats, a serine/threonine mucin-rich domain, a transmembrane domain 

and a short cytoplasmic tail. Schematic was created with BioRender.com. 

 

Figure 7: Schematic representation of CD93 and its domains. The structure of 
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CD93 exists as both a transmembrane protein and in soluble form 

(sCD93).The O-glycosylation of its mucin-rich domain is essential in stabiliz-

ing CD93 expression on the cell surface and preventing its proteolytic cleav-

age (126). Indeed, lack of O-glycosylation of the mucin-rich domain results in 

the cleavage of CD93, which is primarily mediated by MMPs and can be en-

hanced by factors such as TNF-α and lipopolysaccharide (LPS) (126, 127). Once 

cleaved, sCD93 is composed of the CTLD domain, sushi domain, EGF-like 

repeats and mucin-rich domain. 

Studies on cell-specific distribution revealed that CD93 is predominantly 

expressed on ECs, but it can also be expressed by monocytes, platelets, neu-

trophils, and microglia. During mouse embryonic development, CD93 is de-

tected in the vasculature as early as day nine, where it is involved in vascular 

remodelling. However, CD93-deficient mice (CD93-/- mice) are viable, born 

at Mendelian ratios, and do not display any harmful defects during develop-

ment, however, certain defects in the phagocytic ability of macrophages and 

the clearance of apoptotic cells were found in adult mice (128). 

Functional roles of CD93 

Although CD93 was initially identified as a receptor for complement compo-

nent C1q, it was later found that CD93 neither binds C1q nor is it involved in 

C1q-mediated phagocytosis (129, 130). Further in vitro and in vivo studies have 

since highlighted the crucial roles of CD93 in inflammation and cancer. In-

deed, CD93-/- mice displayed severe neuro-inflammation in a murine model of 

cerebral ischemia and increased leukocyte infiltration when challenged with 

peritonitis (131, 132).  

In cancer, CD93 is highly expressed in the tumour vasculature and has been 

identified as one of the top twenty angiogenic markers in primary cancers in-

cluding breast cancer, head and neck squamous carcinomas, and RCC (133). 

Accordingly, a previous study from our group has shown that CD93 is highly 

expressed in the glioblastoma vasculature, and that its higher expression cor-

relates with poorer survival (134). Based on these findings, it is clearly neces-

sary to further explore the functional role of CD93 in vascular function and 

tumour progression. 

CD93 in endothelial cell dynamics and cancer 

Studies have described CD93 as participating in tumour angiogenesis, and its 

expression is diminished upon VEGFR2 inhibition (135). In addition, sCD93 

also acts as a pro-angiogenic factor and facilitates angiogenesis by increasing 

the proliferation and migration of ECs (136).  
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Research from our group as well as others has revealed several alterations in 

EC dynamics upon in vitro knockdown of the CD93 gene (CD93kd); CD93kd 

impaired adhesion, migration capacity and polarization of the ECs (134). Fur-

thermore, CD93kd also resulted in increased EC stress fiber formation, im-

paired EC junctions, and reduced sprout formation, highlighting the crucial 

role of CD93 in angiogenesis (134, 137). Remarkably, a monoclonal antibody di-

rected against CD93 (mAb 4E1) similarly affected the adhesion, proliferation 

migration, and sprouting of ECs in vitro, and impaired angiogenesis in vivo 
(137). The in vitro results were further strengthened by our in vivo data, which 

demonstrated that glioma-bearing CD93-/- mice display impaired vascular per-

fusion and increased permeability within the tumour compared to their wild-

type counterparts. In fact, CD93-/- mice exhibit a prolonged survival as well 

as delayed tumour appearance and reduced tumour size (134).  

These findings prompted studies into the identification of the interacting 

proteins which affect tumour angiogenesis when in complex with CD93. Of 

note, in paper I, we describe MMRN2 as a binding partner of CD93 and have 

investigated the role of this interaction in tumour angiogenesis (138).  Apart 

from MMRN2, there are other binding partners of CD93 some of which are 

described below in brief. (Figure 8).  

Interacting partners 

Moesin 

The cytoplasmic tail of CD93 interacts with moesin within the juxtamembrane 

region of the cytoplasmic tail, specifically in a motif containing four positively 

charged amino acids (139). Moesin is a member of the Ezrin/Radixin/Moesin 

(ERM) adaptor protein family which are recognized for their roles in anchor-

ing membranous proteins to the cytoskeleton, and as such the binding of 

moesin anchors CD93 to the cytoskeletal actin (139). Research from our lab has 

shown that the effects of CD93 on EC dynamics including migration and ad-

hesion, are in fact regulated by CD93 binding to moesin (134). 

cCbl 

Computational analysis of the structure of CD93 identified two phosphoryla-

tion sites on its cytoplasmic tail - Y628 and Y644 (140). Phosphorylation of 

CD93 generates a consensus sequence on its cytoplasmic tail, which facilitates 

recruitment of the adaptor protein cCbl (140). Cbl proteins are ubiquitin ligases 

that are recruited to receptor tyrosine kinases and thus they negatively regulate 

angiogenic signal transduction and mediate ubiquitination and degradation of 

tyrosine kinases such as VEGFR2 by inhibiting the activity of PLCγ (as ex-

plained in the VEGF-VEGFR2 signalling chapter) (141). However, in this con-

text, cCbl acts an adaptor molecule to link phosphorylated CD93 to down-

stream signalling components. Activated cCbl provides a docking site for the 
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intracellular signalling molecules Crk and DOCK180, which are known to 

regulate the Rho-GTPases (142).  

MMRN2  

Multimerin-2 (MMRN2) is an ECM glycoprotein that belongs to the 

EMILIN/Multimerin family of proteins, and is known to be highly expressed 

in the tumour vasculature (143). However, studies on MMRN2 have generated 

partially contradictory results, with different research groups having described 

MMRN2 as either anti-angiogenic or pro-angiogenic (144, 145). Its anti-angio-

genic function has been attributed to its direct binding to VEGF-A and inhibi-

tion of the VEGF-VEGFR2 signalling pathway. In contrast, MMRN2 has been 

found to be necessary for EC morphogenesis, and has been shown to be up-

regulated in invasive carcinomas (143).  

In addition to our study (paper I), two other groups have independently 

identified the interaction of MMRN2 with CD93 and its family members 

CLEC14A and endosialin (145). The interaction has been found to occur be-

tween the CTLD domain of the three transmembrane proteins and the coiled 

coil region of MMRN2 (145). CD93 and MMRN2 have further been shown to 

be highly expressed and co-localize in retinoblastoma, melanoma and thyroid 

carcinoma (143). In paper I, we show that MMRN2 anchors CD93 to the ECM 

protein fibronectin, and that the CD93-MMRN2 interaction is required for fi-

bronectin fibrillogenesis in vitro and in tumour angiogenesis in vivo (146). Re-

cently, it has also been shown that MMRN2-deficient mice bearing B16-F10 

melanomas display reduced pericyte coverage and increased vascular leakage, 

suggesting that MMRN2 is required for maintaining vascular stability (147). 

IGFBP7 

Insulin growth factor binding protein 7 (IGFBP7), also known as angiomodu-

lin, is a secreted protein which is highly upregulated in the tumour endothe-

lium as a result of hypoxia and VEGF stimulation (132). It is the most recently 

identified ligand of CD93. Compared to the CD93-MMRN2 interaction, 

which requires only the CTLD domain, the CD93-IGFBP7 interactions re-

quires both the CTLD and non-CTLD domains (148). Interestingly, blocking 

the CD93-IGFBP7 interaction in murine models resulted in reduced vascular 

leakage and tissue hypoxia, and promoted vascular integrity, evidenced by in-

creased pericyte coverage and increased T cell infiltration (148). Furthermore, 

cancer immunotherapy and chemotherapy were also facilitated and tumour 

progression was inhibited indicating that blockade of this interaction improves 

vascular integrity (148).  
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Figure 8: Schematic representation of CD93 and its interacting partners. CD93 

interacts with MMRN2 at the CTLD domain, with IGFBP7 through both the CTLD 

and non CTLD domains, and moesin and cCbl through its cytoplasmic tail. Schematic 

was created with BioRender.com. 

As a consequence of the above findings, CD93 has surfaced as a potential anti-

angiogenic target. However, as mentioned previously, tumour angiogenesis 

and the resulting vascular heterogeneity of tumours are complex phenomena. 

Therefore, a deep understanding of the CD93 signalling pathway and its co-

regulation with other pathways involved in vascular abnormalities is required 

in order to evaluate its potential as a therapeutic target. Thus, this thesis work 

identifies the binding partners of CD93 and investigates the role of the CD93 

complex in two different cancer types: 1-gliomas and 2- metastatic cancers. 

Below is a brief introduction to both types of cancer.  
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Glioblastoma  

Gliomas are the most common and malignant form of brain tumours that re-

main largely incurable and account for vast majority of brain tumour deaths 
(149). As the name suggests, gliomas arise from glial cell precursors and based 

on their growth pattern (radiologic reference), can be divided into: 1- diffused 

gliomas (that infiltrate the brain parenchyma) and 2- circumscribed gliomas 

(that are confined within a space and have a clear border; non-diffused) (150). 

Classification into the major types of diffused gliomas in adults (adult type-

diffused gliomas) is done based on the morphological resemblances of tumour 

cells to specific glial cells of the brain, namely astrocytes (astrocytomas) and 

oligodendrocytes (oligodendrogliomas) (151).  

According the world health organization (WHO), adult-type diffused glio-

mas are graded from grade 2-4, based on the histopathological malignancy. 

Grade 2 gliomas are slow growing tumours that display hypercellularity and 

bland nuclei. Grade 3 gliomas are malignant tumours that display high mitotic 

activity and ongoing angiogenesis. Lastly, grade 4 gliomas are the most ag-

gressive form of gliomas characterized by high mitotic activity, extensive mi-

crovascular proliferation and necrosis (152).  

 

Glioblastoma (GBM) are a subtype of adult-type diffused astrocytomas 

graded as grade 4 by WHO. GBM can arise de-novo with the absence of any 

precursor disease (primary GBM; median age 65 years) or can progress from 

a lower grade glioma (secondary GBM; median age 45 years) (153, 154). The 

primary molecular alteration that differentiates GBM from the rest of the 

adult-type diffused gliomas is the isocitrate dehydrogenase 1/2 (IDH) muta-

tion status (152). Primary GBM is IDH- wild type (wt) while astrocytomas 

(grade 2-4) and oligodendrogliomas (grade 2-3) are IDH-mutated (m) (155). The 

IDH mutation status carries implications for both classification and prognosis. 

Indeed, it is known that IDH-m patients display a better survival index than 

the IDH1-wt patients, and they also respond better to chemotherapy (156). In 

line with this, oligodendrogliomas have the most favourable prognosis, fol-

lowed by astrocytomas, while GBM carries the worst prognosis (155).  

To make the right assessment of tumour type and grade in diffused glioma 

patients, an integrated diagnostic approach that includes both histologic and 

molecular testing is employed in the clinics (Figure 9) (150) Indeed, besides 

IDH mutation, there are certain “class defining” molecular alterations for each 

of adult-type diffused gliomas. For GBM, they are: amplification of EGFR, 
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gain of chromosome 7 and loss of chromosome 10 (+7/-10 chromosome) and 

mutation in the telomerase reverse transcriptase (TERT) promoter (155). For 

astrocytomas IDH-m, they are: suppression of TP53, alpha-thalassemia/men-

tal retardation and X-linked (ATRX), and homozygous deletion of cyclin-de-

pendent kinase inhibitor 2A (CDKN2A) (155). Lastly, for oligodendrogliomas 

IDH-m, it is the co-deletion of short arm of chromosome 1 and long arm of 

chromosome 19 (1p19q co-deletion) (155).  

Recent studies have shown that hyper methylation of O6-methylguanine–

DNA methyl transferase (MGMT) promoter in GBM patients, favours their 

survival as they respond better to chemotherapy (152, 157), indicating that 

methylome profiling could help in the clinical management of GBM patients. 

However, methylome profiling is expensive and, to date, is still subject to re-

stricted accessibility for patients (155).  

 

Figure 9: WHO 2021 classification for the adult type of diffused gliomas based 

on histological and molecular features. According to the latest classification of 

adult-type diffused gliomas by WHO in 2021, oligodendrogliomas (grade 2-3) and 

astrocytomas (grade 2-4) are isocitrate dehydrogenase (IDH) mutated. Astrocytoma 

grade 4 but IDH wild-type is glioblastoma (GBM). Furthermore, irrespective of the 

presence or absence of high grade histological characteristics of gliomas such as high 

microvascular proliferation and high mitotic activity, the presence of the “class defin-

ing” alterations signify the diagnosis of GBM. The illustration is adapted from (155) 

and was created with BioRender.com. 

Therapeutic regimen for GBM 

Even with the vast understanding of the molecular signature that underlies the 

GBM biology, the state of art treatment for patients diagnosed with GBM is 

limited. Many clinical trials were performed and are still ongoing to test tar-
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geted therapies (anti-angiogenic therapy, immunotherapy etc.) on GBM pa-

tients but with little success so far, with the exception of neoadjuvant immu-

notherapy which has recently shown encouraging results (158, 159). Therefore, 

for the past three decades, the treatment regimen for newly diagnosed GBM 

patients is maximum and safe surgical resection of the tumour followed by 

chemotherapy (temozolomide; TMZ) and radiotherapy (158, 159). For elderly pa-

tients, the state of art treatment may not be feasible due to comorbidities or 

the toxic nature of treatment and hence, are offered with palliative care (158). 

Patients with IDH-m or MGMT promoter hyper methylation respond better to 

the treatment. Recently, tumour treating fields (TTFs) as a therapy for GBM 

was approved by FDA, however, this treatment proved to be expensive and is 

not accepted yet as a routine across different clinics (158). At recurrence or re-

lapse (rGBM), depending on the age, patients may be offered with re-opera-

tion, chemotherapy (lomustine/TMZ), TTFs and targeted drug therapy using 

Avastin (bevacizumab; monoclonal antibody to VEGF) (160). In fact, Avastin 

is the only approved targeted therapy for rGBM that shows a clear benefit in 

the progression free survival of the patients.  

While these therapies may help prolong survival, to date there is still no 

curative treatment for GBM. In fact, the median survival of patients remains 

less than fifteen months and the five and ten year survival are only about 5% 

and 1%, respectively (154, 161).  

There are multiple reasons behind the aggressiveness of this cancer type. 

Firstly, the location and nature of the tumour limits the possibility of complete 

surgical resection, thus the remaining tumour cells that cannot be removed 

with surgery (diffused into the brain parenchyma) can modulate the surround-

ing environment and cause an aggressive relapse (150). Secondly, as described 

in the chapter of tumour angiogenesis, the highly dysfunctional and visibly 

tortuous vasculature causes severe hindrances in effective immune cell infil-

tration and chemotherapeutic drug delivery at the site of tumour, and can pave 

the way for tumour cell invasion (80). In fact, extensive vascularization in GBM 

correlates with the poor survival of the patients (162). Lastly, the number of 

drugs available on the market for GBM treatment is limited, as not many drugs 

can cross the tightly regulated blood brain barrier (158, 163). 

Blood brain barrier  

The blood brain barrier (BBB) represents a major hurdle for therapeutic drug 

delivery to the brain, as not many drugs can penetrate it and reach to the tu-

mour site (TMZ is one the very few drugs that is capable of entering the brain) 
(164). The BBB is a specialized structure that consists of: 1- ECs, 2- vBM em-

bedded with pericytes and 3- astrocyte end-feet, (163) and its primary function 

is to manage the microenvironment of the brain and maintain homoeostasis by 

limiting the passage of the macro- and micro molecules into the brain (163). As 



 40 

mentioned in the chapter of EC junctions, TJs are abundantly present in the 

BBB and control the permeability (165). Indeed, several therapeutic approaches 

revolve around disrupting the BBB integrity. However, BBB integrity should 

not to be disturbed for too long as it might result in infections or toxin accu-

mulation within the brain, which could give rise to multiple neurological dis-

orders (164). A better understanding of the physiology and pathology of the 

BBB is needed to improve the development of novel therapies for GBM (164). 

As previously mentioned in the CD93 chapter, the deficiency of CD93 in ECs 

leads to disruption of EC junctions. As BBB functionality mainly relies on the 

integrity of AJs and TJs, in paper III, we investigated the role of CD93 in the 

regulation of BBB function in physiological conditions. 
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Metastatic cancer 

As previously discussed in this book, CD93-deficient mice bearing glioma 

display tumour vessels with poor functionality and increased permeability. In 

is known that increased vascular permeability can contribute to cancer metas-

tasis (109, 166). This raised the question on whether CD93 has a role in regulating 

metastatic processes. As GBM is a non-metastatic cancer (167), in paper IV we 

employed murine metastatic melanoma models to explore the role of CD93 in 

metastatic cancers. Below is a brief description of metastatic cancers.  

 

Metastasis is a process that involves cancer cell dissemination from the site of 

primary tumour to subsequent colonization of distant parts of the body (166). 

Only a minority of cancer cells can overcome the harsh barriers of the primary 

tumour and surpass the immune surveillance in the circulation, therefore, me-

tastasis is considered to be a highly abortive process (166).  Nevertheless, it is 

responsible for ~90% of cancer deaths annually. For example, melanoma ac-

counts for only 1% of all skin cancers, however, it is responsible for vast can-

cer mortality, majorly due to its widespread metastases in the body including 

the vital organs: lungs, liver, and brain (166). To successfully complete the pro-

cess of metastasis, cancer cells undergo five major steps (the metastatic cas-

cade) described below (Figure 10). 

Metastatic cascade 

1. Loss of cell-cell contacts and local invasion 

Tight cell-cell contacts are crucial to keep the tumour bulk compact. Loss of 

cell-to-cell contacts amongst tumour cells can occur as a consequence of on-

cogenic mutations and genomic instability, resulting in tumour cell detach-

ment and invasiveness (166). For instance, in tumours originating from the epi-

thelium, loss of E-cadherin occurs during a process called “epithelial to mes-

enchymal transition” (EMT), causing tumour cell detachment from the bulk 
(166). Moreover, upregulation of transcription factors such as snail, snug and 

twist, and amplification of receptor tyrosine kinases such as EGFR, HER2 and 

Met result in disassembly of cell-cell contacts and increased motility of cancer 

cells (166, 168). A well-articulated ECM composed of proteins such as laminins, 

collagen IV, fibronectin etc., creates a barrier between the primary tumour and 

circulation (166). Migrating tumour cells can disrupt the ECM by expressing 
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proteolytic MMPs (14, 166). As mentioned in the previous chapter on angiogen-

esis, MMPs promote tumour cell invasion by extensively remodelling the 

ECM  (14).  

2. Entry into the vasculature- Intravasation 

Once degrading the basement membrane of the tumour vasculature, cancer 

cells take the highway by accessing the circulation through a process known 

as intravasation. (169). Increased permeability due to junctional destabilization, 

weakened vBM deposition  and sparse pericyte coverage  help the tumour cells 

achieving intravasation (169).  

3. Survival in the transit 

Research in the past decades has focused on how the circulating tumour cells 

(CTCs) can avoid the very harsh barriers of circulation on their highway to 

distant organs. CTCs are able to overcome the damage caused by shear stress 

and to escape the immune surveillance by different mechanisms. Studies have 

shown that platelets can aid the survival of CTCs in circulation by covering 

the CTCs and “shielding” them (170). In addition, the formation of “circulating 

tumour microemboli” (CTM), which consist in the aggregation of two to fifty 

CTCs, protect the innermost CTCs from shear stress and helps them escape 

immune surveillance (170). MDSCs can also protect CTCs from immune attack. 

In the end, only a very small percentage of CTCs (<0.01%) manage to survive 

and gain access to other organs of the body (170). 

4. Extravasation 

After surviving in circulation, the tumour cells exit into the distant organs us-

ing the vasculature of the homing tissue. This process is known as extravasa-

tion. CTCs have to adhere to and traverse through the endothelium of the hom-

ing tissue to enter and colonize (169). CTCs release cytokines and growth fac-

tors (TNF, VEGF etc.) that upregulate the expression of adhesion molecules 

(inter cellular adhesion molecule (ICAM), E-Selectin etc.) on the ECs and 

cause disturbance of the EC junctions. Ultimately, this allows for the adhesion 

of CTCs to the endothelium. MMPs break the vBM and aid the extravasation 

of CTCs into the homing organ (168). Indeed, as for the primary tumours, met-

astatic cells also adapt to the microenvironment of the homing organ. 

Organ specific extravasation 

The question that is still unanswered is: why do the tumour cells choose to 

colonize a particular organ, when they have the access to the body? To this 

end, two theories were proposed as an explanation for successful extravasation 

and metastatic colonization in an organ. Depending on the tumour type, both 

theories can be applicable.  
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Figure 10. Schematic representation of the metastasis cascade. In order to success-

fully escape the primary tumour and form distant metastases, tumour cells overcome 

five harsh barriers: 1- Local invasion and loss of cell-cell contact, 2- Tumour cell 

intravasation, 3- Tumour cell survival in circulation, 4- Tumour cell extravasation and 

5- Metastatic colonization. Schematic was created with BioRender.com. 

The first theory was proposed nearly 125 years ago by Stephen Paget and is 

coined as the “Seed and Soil theory”. He proposed that the tumour cells are 

the seeds while the organ they colonize, is the soil (171). The theory states that 

even though the CTCs gain access to all organs, they are capable of recogniz-

ing their ‘specific and compatible’ organs and will only overtly colonize there. 

The second theory is known as the “anatomical hypothesis”, which suggests 

that tumour cell colonization depends on the vascular layout of the homing 

organ (166). Tumour cells find themselves physically trapped in the organ 

whose vessel diameter is too small for their motility. While both of the above 

mentioned points play a role in metastatic colonization, the vascular pheno-

type of the homing organ also affects the ability of the tumour cells to adhere 

and colonize (172-174). For example, the fenestrated capillaries of bone and liver 

receive the disseminated tumour cells better when compared to the capillaries 

of the brain and lung where physical barriers such as BBB and ECM (respec-

tively) are encountered.  

5. Micro and macro metastasis 

After successful extravasation, tumour cells again have to adapt to the host 

environment and proliferate to form secondary growth otherwise known as 
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metastasis. Similarly to primary tumours, metastasis need the cooperation of 

the surrounding environment (ECM, stromal cells, cytokines, and growth fac-

tors) to survive. Tumour cells begin to proliferate into micro metastases, 

which are considered as the initial stage of metastatic colonization. However, 

for transforming into large macroscopic metastases, tumour cells need to ini-

tiate the process of angiogenesis (as explained in the chapter of tumour angi-

ogenesis) (87). Vascularized metastases can be detected in the clinics, while the 

micro metastases remain clinically undetected (175). 
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Aim of the thesis 

This thesis work aims to investigate the mechanisms through which CD93 

regulates vascular function and promotes tumour vascular abnormalities (Fig-

ure 11). Specifically, in paper I we identify the molecular mechanisms 

through which CD93 contributes to the architecture of the tumour vessels and 

consequently to tumour progression using murine glioma model. In paper II 

we identify candidate genes that are likely to co-express with CD93 in the 

glioblastoma vasculature and evaluate their potential as a complex in glioblas-

toma vascular abnormalities, and consequently the effects on patient survival. 

In paper III we study CD93 loss of function in the maintenance of endothelial 

barrier function both in vitro and in vivo, and lastly in paper IV we investigate 

the potential role of CD93 in the formation of metastasis using murine mela-

noma models. 

Render.com. 

 

Figure 11. Schematic representation of the aim of this thesis. Created with Bio-
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Results and discussion 

PAPER I 

Vascular abnormalization, a major characteristic of glioblastoma (GBM), pre-

vents efficient drug delivery to the site of tumour, limits the efficacy of chemo- 

and radio-therapy and contributes significantly to the morbidity and mortality 

of the patients (80). Anti-angiogenic therapy by targeting VEGF-VEGFR2 sig-

nalling with bevacizumab has been approved for recurrent GBM due to its 

moderate benefits in the progression-free survival of the patients, however no 

major benefit on the overall survival is observed and majority of the patients 

succumb to the disease within two years of diagnosis (121). Experimental evi-

dence has proven that tumour vasculature is molecularly distinct from the nor-

mal and healthy vasculature, facilitating the identification of novel vascular 

genes that can contribute to tumour angiogenesis (25, 176, 177).  

CD93 is a transmembrane protein in the group 14 C-type lectin superfamily 

that is highly expressed in the tumour vasculature and has emerged as a po-

tential anti-angiogenic target (176). Our group has previously identified that 

high expression of CD93 correlates with poor survival in high grade glioma 

patients (134). In line with this, CD93-/- mice bearing orthotopic gliomas display 

smaller tumours and survive longer than wild-type mice (134). siRNA-mediated 

silencing of CD93 in endothelial cells impairs migration, polarization and tub-

ular morphogenesis (134), but the molecular mechanisms through which CD93 

contributes to angiogenesis and vascular abnormalities in glioma remain un-

known. Therefore, to understand the role of CD93 in mediating the endothelial 

cellular responses, in paper I we aimed to elucidate the mechanisms through 

which CD93 affects the endothelial cell biology.  

To this end, we performed co-immunoprecipitation (Co-IP) using a CD93 

antibody followed by mass-spectrometry to identify proteins binding to CD93. 

The extracellular matrix glycoprotein multimerin-2 (MMRN2) was identified 

as a potential binding partner, and immunofluorescent staining confirmed the 

co-localization of CD93 and MMRN2 in the vessels of both human high grade 

glioma and murine GL261 glioma. Thus, we evaluated the potential role of 

CD93-MMRN2 in neo-angiogenesis using in vitro and in vivo models. In an 

embryoid body assay that mimics vascular development, CD93 was exclu-

sively expressed by tip cells and the filopodia of the endothelial sprouts. When 

shRNA was used to knockdown CD93 or MMRN2 in the embryonic stem 
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cells, we found that the formation of endothelial sprouts in the embryoid bod-

ies was impaired in the absence of either protein. CD93 was also found to be 

expressed in the filopodia of the developing murine retinal vasculature, and 

consequently CD93-/- mice displayed significantly reduced sprouting length 

and numbers of filopodia in retinal vessels at postnatal day 6 (P6).  

In human endothelial cells, CD93 is localized at the migrating front and in 

the filopodia during migration. siRNA-mediated silencing of MMRN2 dimin-

ished CD93 at both of these locations and resulted in increased levels of solu-

ble CD93 in the culture medium, indicating that MMRN2 stabilizes CD93 at 

the cell surface. Moreover, CD93 deficiency-mediated impairment in the en-

dothelial cell migration is due to its reduced expression in the filopodia. In-

deed, we recued this effect by adding conditional medium containing 

MMRN2. Another role of MMRN2 is to anchor CD93 to the extracellular ma-

trix (ECM) protein, fibronectin (FN). Interestingly, we found that CD93 inter-

acts with and regulates the activity of integrin β1, which is a major receptor of 

fibronectin (FN) and regulates FN fibrillogenesis (178). Indeed, CD93 defi-

ciency impaired the activity of integrin β1 and hindered FN fibrillogenesis in 

vitro. Since integrins and ECM are crucial for cell dynamics, these results sug-

gest that the CD93 deficiency-mediated impairment of endothelial cell migra-

tion could also be attributed to disruption in the integrin signaling (178).  

Similarly to CD93 (134), we found through immunohistochemical staining 

that both FN and MMRN2 are also highly expressed in the high grade glioma 

vasculature. Moreover, high expression of CD93 correlated with high expres-

sion of MMRN2 and FN, suggesting a potential role of the CD93-MMRN2-

FN axis in the architecture of glioma vessels. Consistent with this, immuno-

fluorescent analysis of glioma vasculature in the CD93-/- mice revealed dimin-

ished integrinβ1 activation and disrupted FN fibrillogenesis, suggesting that 

CD93 has a regulatory role in maintaining vascular integrity and functionality. 

Taken together, in paper I we unraveled a novel role of CD93 in regulating 

integrin activity and ECM organization, and demonstrated that CD93 governs 

the architecture of the tumour vessels through its interaction with MMRN2 

and integrin β1 (Figure 12). 

PAPER II 

Tumour angiogenesis is a complex phenomenon that involves co-regulation 

of several molecular pathways  and contributes significantly to patient mor-

bidity and mortality (87). In paper I, we demonstrated that CD93 regulates the 

activity of integrinβ1 and FN fibrillogenesis through its interaction with 

MMRN2 (134, 138). Moreover, high expression of CD93 correlates with high ex-

pression of both MMRN2 and FN in the vessels of human high grade glioma 
(138). However, the co-expression of CD93 with its interacting proteins and 
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other tumour angiogenic proteins associated with GBM vascular abnormali-

ties remain unexplored. Therefore, in paper II we aimed to identify candidate 

genes likely to be co-expressed with CD93 and investigate their relevance in 

GBM vascular abnormalities and patient survival. To this end, we used the 

publicly available GlioVis database (http://gliovis.bioinfo.cnio.es/) for distin-

guished gene correlation analysis (179). CD93 not only correlated with 

MMRN2 and FN, but also with angiopoietin-2 (ANG2), a growth factor com-

monly expressed in the tip cells of the endothelial cells and in the tumor ves-

sels (180, 181).  

Since a limited number of proteins can be visualized simultaneously with 

conventional staining procedures, they cannot unveil the complex information 

present within tissues. Therefore, to map multiple vascular proteins and hence 

evaluate their potential role in the GBM vascular abnormalities, we employed 

state-of-the-art multispectral staining on tissue microarrays (TMA) containing 

duplicate cores from 247 GBM patients. As such, we co-stained for CD93, 

MMRN2, FN and ANG2, as well as CD34, a pan endothelial marker to detect 

the blood vessels), and Ki67, a proliferation marker. We then used QuPath 

software to build a pipeline to analyze the association of the vascular markers 

with the GBM microvascular area and microvascular proliferation. 

To determine the distribution of CD93, MMRN2, FN and ANG2, the per-

centages of tumour vessels positive for each marker in each patient sample 

were quantified. We found that although the vascular markers were heteroge-

neously expressed within the GBM samples, majority of the patients displayed 

high percentages of vessels positive for these markers. To investigate if the 

expression of CD93 influenced the expression of other vascular proteins in the 

patients, the presence of MMRN2, FN and ANG2 was compared between ves-

sels categorized as positive or negative for CD93. This revealed that vessels 

positive for CD93 were significantly more likely to express MMRN2, FN or 

ANG2. 

High microvascular area and microvascular proliferation in GBM patients 

correlates with poor survival (80, 182). In line with this, our analysis using the 

CD34+ area and Ki67+ vessels revealed a similar decrease in survival for pa-

tients with high microvascular area and microvascular proliferation. Further-

more, we correlated the presence of CD93/MMRN2/FN and ANG2 to micro-

vascular area and microvascular proliferation. While no correlation between 

the vascular markers and microvascular area was found, we discovered that 

the presence of CD93, FN and ANG2 is associated with increased microvas-

cular proliferation, corroborating the pro-angiogenic function of these proteins 

in GBM vessels which is in line with the literature (137, 183, 184). Unexpectedly, 

the absence of MMRN2 was significantly associated with microvascular pro-

liferation rather than its presence, suggesting that MMRN2 was anti-angio-

genic in this analysis, which aligns with previous studies that describe 

MMRN2 as both anti-angiogenic and pro-angiogenic (143, 144, 185). Therefore, 
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further studies are required to understand the role of MMRN2 in endothelial 

cell proliferation.  

Finally, to determine if the vascular expression of CD93, MMRN2, FN or 

ANG2 correlated with survival, GBM patients were categorized based on the 

proportion of vessels positive for each individual marker. Patients that ex-

pressed CD93 on the majority (75% or higher) of the vessels exhibited a sig-

nificantly poorer survival, however similar correlations were not found for 

FN, MMRN2 or ANG2. Altogether, paper II strengthens the notion that CD93 

is a potential therapeutic target for GBM.  

PAPER III 

CD93 downregulation in endothelial cells have revealed an impairment in en-

dothelial cytoskeletal organization and formation of cell-cell junctions (134). 

Consistent with this, CD93-/- mice bearing glioma displayed poor vascular per-

fusion and increased permeability within the tumour (134). These results sug-

gest a critical role of CD93 in regulating the endothelial barrier that has not 

been investigated thus far.  

The blood brain barrier (BBB) is tightly regulated by the endothelial junc-

tions and represents a major hurdle in the delivery of drugs to the brain (165). 

Furthermore, dysfunction of the BBB is a feature of many diseases of the cen-

tral nervous system (CNS) (164). Ablation of tight junction molecule claudin 5 

is embryonically lethal in mice due to leakage of large molecules into the brain 
(103). Therefore, the identification of safer targets which induce a transient 

breakdown of BBB that can be restored is needed. As such, in paper III we 

aimed to investigate the role of CD93 in regulating the endothelial barrier, 

with a particular focus on the integrity of the BBB.  

Immunofluorescent analysis of VE-cadherin and claudin-5 in the brain vas-

culature of healthy mice revealed a discontinuous or non-linear pattern of 

junctional staining in CD93-/- mice compared to wild-type mice, suggesting 

that junctional remodeling occurs upon deficiency of CD93. Moreover, mor-

phological analysis of the brain vasculature using transmission electron mi-

croscopy revealed the presence of shorter endothelial junctions that were ori-

entated perpendicularly to the lumen of the vessels in the CD93-/- mice, rather 

than the parallel orientation observed in wild-type mice. In line with this, the 

brains of CD93-/- mice displayed an increased extravasation and accumulation 

of cadaverine as compared to wild-type mice.  

To understand the potential mechanisms behind the altered junctions upon 

CD93 deficiency, we investigated the potential crosstalk between CD93 and 

VE-cadherin. Through co-immunoprecipitation, a direct interaction between 

CD93-VE-cadherin was found, and further validated by in situ PLA. Interest-

ingly, the interaction between CD93 and VE-cadherin was decreased upon 

VEGF stimulation, while the complexes observed through PLA reduced by 
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50%. Phosphorylation of VE-cadherin leads to the downregulation of claudin-

5 (186), and accordingly, siRNA-mediated silencing of CD93 resulted in a com-

plete disruption of claudin-5. Furthermore, destabilization of VE-cadherin at 

the junctions upon CD93 silencing was shown to be due to enhanced phos-

phorylation of tyrosine residues Y685 and Y658, which we confirmed both in 

vitro and in vivo. 

Since Rho-GTPase signalling is implicated in actin cytoskeleton dynamics 

and junctional integrity (98), we next investigated if CD93 mediates the sta-

bility of endothelial junctions by regulating the Rho-GTPases. Indeed, siRNA-

mediated silencing of CD93 in endothelial cells resulted in the activation of 

RhoA and decreased expression of Rac1 and Cdc42. Activation of RhoA leads 

to myosin light chain (MLC) - dependent cytoskeletal contraction via Rho ki-

nase (ROCK) signaling resulting in loss of cell-cell contacts. Accordingly, 

treatment of endothelial cells with the ROCK inhibitor Y27632 rescued the 

claudin5 and VE-cadherin at the cell junctions, suggesting an important role 

of CD93 in controlling endothelial junctions through a Rho/ROCK-dependent 

signaling pathway.  

Altogether in paper III, we demonstrated a critical role of CD93 in main-

taining the vascular barrier by regulating Rho-GTPase signalling, and high-

light the importance of CD93 in the proper functioning of BBB (Figure 12). 

PAPER IV 

VEGFR2 phosphorylation induces vascular permeability (98). In paper III, 

CD93 was identified as a key regulator of the endothelial barrier function, but 

the question of whether CD93 stabilizes the endothelial junctions via VEGF-

VEGFR2 signalling still remains unanswered. Therefore, in paper IV we first 

investigated the potential cross-talk between CD93 and VEGF signalling.  

Upon VEGF stimulation, siRNA-mediated silencing of CD93 resulted in 

the hyper-phosphorylation of VEGFR2 compared to control conditions. Fur-

thermore, a direct interaction between CD93 and VEGFR2 was identified 

through co-immunoprecipitation (co-IP) and further validated by in situ prox-

imity ligation assay (PLA), indicating the formation of CD93-VEGFR2 com-

plexes in endothelial cells. VEGFR2 is a substrate of VEPTP, which interacts 

with and maintains VEGFR2 in a dephosphorylated state (53). Interestingly, 

CD93 has also been recently identified as a substrate of VEPTP (187). Here, we 

demonstrate that CD93 promotes the interaction between VEGFR2 and 

VEPTP in endothelial cells and limits the VEGF-induced VEGFR2 signalling. 

Indeed, immunofluorescent staining of the endothelial markers VE-cadherin, 

claudin-5 and ZO-1 revealed a disruption of endothelial cell junctions in the 

absence of CD93 in vitro. 

The importance of CD93 in stabilizing endothelial junctions suggests that 

loss of CD93 can lead to vascular instability in cancer. Compromised vascular 
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integrity is a prerequisite for tumour cell escape from the primary tumour and 

consequent formation of distant metastasis (188). Additionally, unstable vessels 

prevent efficient drug delivery to the site of the tumours. Since glioma metas-

tasizes in less than 2% of cases (167), to evaluate the consequence of CD93-

deficiency in metastasis formation, we employed the HCmel12 melanoma 

model which spontaneously metastasizes to the lungs when injected subcuta-

neously.  

Characterization of the vasculature in the primary HCmel12 melanoma tu-

mours revealed decreased expression of the endothelial junction markers VE- 

cadherin, claudin 5 and ZO1 in the CD93-/- mice compared to wild-type mice. 

No differences in CD31+ vascular area were observed between the two 

groups, but the tumours in CD93-/- mice displayed decreased deposition of the 

ECM proteins fibronectin and collagen IV as well as reduced pericyte cover-

age. These data indicate a functional role of CD93 in regulating tumour vas-

cular integrity, which is reinforced by the detection of circulating tumour cells 

(CTCs) in a higher number of CD93-/- mice compared to the wild-type mice. 

This suggests that the increased disruption of the vascular barrier in the ab-

sence of CD93 facilitates the intravasation of tumour cells into the blood-

stream.  

Since HCmel12 cells spontaneously metastasize to the lungs, we next ana-

lyzed lung tissues of tumour-bearing wild-type and CD93-/- mice. In line with 

the intravasation data, a significantly higher number of CD93-/- mice displayed 

lung metastasis compared to wild-type mice, and the metastatic nodules were 

also significantly larger in the absence of CD93. To determine if the increased 

metastatic dissemination was related to the microenvironment in the meta-

static site, HCmel12 cells were injected intravenously via the tail vein. End 

point analysis at day 24 after injection revealed that all the CD93-/- mice had 

HCmel12 metastases in the lungs, compared to only 50% of the wild-type 

mice. To fully establish the effect of CD93 deficiency in metastatic cancers 

and to investigate if the loss of CD93 expression in tumor vessels has a nega-

tive impact on survival, we surgically resected the primary tumours from wild-

type and CD93-/- mice and performed survival analysis. Indeed, CD93-/- mice 

had a significantly shorter survival compared to the wild-type mice, likely as 

a consequence of the increased metastatic burden. 

VEGF-induced VEGFR2 signaling enhances MMP9 expression in the tu-

mor microenvironment (189), so we further investigated if CD93 deficiency 

leads to increased expression of MMP9. Indeed, higher expression of MMP9 

was found in the perivascular region of the primary tumor vasculature as well 

as around the metastatic nodules in the lungs of the CD93-/- mice. Furthermore, 

characterization of vessels around the metastatic nodules in the lungs of CD93-

/- mice revealed an increased disruption of fibronectin and collagen IV, indi-

cating a key role of MMPs in the degradation of extracellular matrix. Interest-

ingly, an increased vascular area was also observed in the metastatic nodules 

of the CD93-/- mice as compared to wild-type mice. Altogether these results 
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strongly indicate a role of enhanced VEGFR2 signalling in the CD93-/- mice 

bearing HCmel12 tumours. In line with this, inhibition of VEGFR2 signaling 

with the monoclonal antibody DC101 stabilized the endothelial junctions and 

pericyte coverage in the tumor-bearing CD93-/- mice, resulting in decreased 

lung metastasis formation.  

In summary, in paper IV we describe a crucial role of CD93 in regulating 

the VEGFR2 activity in metastatic tumours, and propose that CD93 is neces-

sary for regulating vascular integrity in both primary tumours and at the met-

astatic site (Figure 12). 

 

Figure 12: Schematic of the CD93 mechanisms in endothelial cells (findings from 
papers I, III and IV). Paper I. CD93 interacts with multimerin-2 (MMRN2), which 
stabilizes CD93 on the cell surface and inhibits its proteolytic cleavage. CD93 also 
binds and regulates the activity of integrin α5β1 and consequently promotes fibron-
ectin fibrillogenesis and the phosphorylation of focal adhesion kinase (FAK). In 
agreement with this, integrin α5β1 activation, fibronectin fibrillogenesis and phos-
phorylation of FAK are impaired in the absence of CD93. Paper III. CD93 binds to 
VE-cadherin (VEC) and regulates the endothelial barrier via Rho-GTPases. In the 
presence of CD93, rac1 and cdc42 maintain the endothelial cytoskeleton and junc-
tional barrier. Accordingly, in the absence of CD93, VEC and claudin-5 (Cldn5) are 
disrupted at the junctions and VEC is internalized due to activation of RhoA. Paper 
IV. CD93 binds to VEGFR2, promoting the interaction between VEPTP and 
VEGFR2 and preserving the vascular barrier by stabilizing VEC, Cldn5 and ZO1. In 
the absence of CD93, VEGF induces VEGFR2 to dissociate from the VEPTP-
VEGFR2 complex and results in both the hyper-phosphorylation of VEGFR2 as well 
as the dissociation of junctions (VEC, Cldn5 and ZO-1). Activated VEGFR2 increases 
the expression of MMPs which in turn cleave the extracellular matrix (ECM) upon 
CD93 deficiency. Schematic was created with BioRender.com. 
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Future perspectives 

PAPER I  

Glioblastoma (GBM) is a highly aggressive tumour that is complemented with 

extensive vascularization. In paper I we found that CD93 regulates the archi-

tecture of glioma vessels and that the tumour vessels of glioma-bearing CD93-

/- mice display disrupted fibronectin (FN) fibrillogenesis. The composition of 

the ECM may affect tumor aggressiveness, vascular phenotype and immune 

responses. Therefore, it would be valuable to investigate the role of the CD93-

MMRN2-Integrin-FN axis in orchestrating the tumor microenvironment. Ad-

ditionally, our studies are derived from the constitutive knockout model of 

CD93; we have also generated inducible endothelial specific CD93 knockout 

mice (CD93ECKO) mice to more specifically establish the role of the endothe-

lial CD93 in glioma progression.  

Recently, it has been shown that targeting the CD93-IGFBP7 interaction 

facilitates cancer immunotherapy in mice with B16 and PDA tumours (148). 

Consequently, it would be highly beneficial to understand how CD93 can reg-

ulate immune infiltration into the tumour. Adhesion molecules are key players 

in endothelial cell activation and immune cell infiltration (190). As such, our 

group is currently investigating if CD93 regulates the activation of the endo-

thelium in the context of glioma using in vitro and in vivo models. Moreover, 

since CD93 is also expressed by subsets of immune cells, we would also in-

clude the CD93EKCO mice which will be ideal for this analysis. 

PAPER II 

Here, by far we have stained GBM tissue microarray (TMA) samples with 

Ki67 to detect proliferating cells, and have analyzed the microvascular prolif-

eration. Since GBM is characterized by high mitotic activity, future studies 

should determine whether the vessels influence the proliferation of tumour 

cells. We would like to include GBM markers to our multiplex staining panel 

to identify the tumour cells, and then analyze the minimum distance between 

a proliferating tumour cell and vessels of certain classifications e.g., 

CD93+MMRN2+FN-. To achieve this, we will include the glial fibrillary acidic 

protein (GFAP), the marker of glial cells together with the sex determining 

region-Y box2 (Sox2) which is a GBM stem cell marker. Our analysis would 
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provide valuable insight into whether the vascular markers CD93, MMRN2, 

FN and ANG2 can influence the tumour cell proliferation either individually 

or in complex. 

PAPER III 

Our investigations in paper III and IV have revealed a critical role of CD93 in 

maintaining the endothelial barrier. We show that deficiency of CD93 in the 

micro-environment compromises vascular integrity and leads to a dysfunc-

tional blood brain barrier (BBB) (paper III), as well as enhanced cancer me-

tastasis (paper IV). The larger aim is to transiently modulate BBB permeabil-

ity, such that it can be opened for treatment and restored to prevent damage. 

Since the BBB is tightly sealed by the endothelial junctions, few drugs are 

capable of crossing the BBB. Temozolomide, the chemotherapeutic drug used 

to treat GBM, is one of the few drugs able to cross the BBB, therefore modu-

lating the BBB opening can be beneficial for several neurological disorders as 

well as GBM (191). Accordingly, in our further studies we want to identify the 

binding site between the CD93 and VE-cadherin and investigate if targeting 

this interaction can transiently open the BBB for molecules larger molecules, 

which can then be considered to develop novel pharmaceutical interventions.  

PAPER IV 

In paper IV, we demonstrated that CD93 binds to VEGFR2 and that its ab-

sence can enhance the VEGF-induced phosphorylation of VEGFR2. As the 

deficiency of CD93 led to increased metastasis in mice, it would be of great 

interest to map the sites at which CD93 interacts with VEGFR2 and further 

study if preserving the CD93-VEGFR2 interaction can prevent the higher in-

cidence of metastases in mice. 

Through immunohistochemistry, we have observed that CD93 is highly ex-

pressed in the primary tumours and metastatic tissues of patients. As we have 

observed that deficiency of CD93 leads to increased metastasis, in vivo, it will 

be valuable to acquire a higher number of patient-matched samples to inves-

tigate if the low expression of CD93 correlates to their poor survival. This can 

be potentially used in the clinics to determine if the patient with low expres-

sion of CD93 in tissues, is prone to have increased tissue metastasis. 

Furthermore, the current studies only considered the effects of CD93-defi-

ciency in HCmel12 melanoma. In future, other metastatic melanoma models 

as well as metastatic breast cancer models will be used to determine if vascular 

CD93 has a more general impact on metastatic dissemination.  
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NME1 – a new partner of CD93 

 

In paper I, we performed co-immunoprecipitation followed by mass spectrom-

etry to identify the interacting partners of CD93. In addition to MMRN2, we 

also identified another interesting protein - NME1, also denoted as NM23A. 

NME1 is a metastatic suppressor gene that is downregulated in the metastatic 

cancer cell lines (192). It is also a highly expressed guanosine exchange factor 

(GEF) in the endothelial cells and is thus connected to Rho GTPase signalling 

(193). Little research has been conducted on NME1 so far, and since paper III 

demonstrates that CD93 also regulates Rho GTPase signaling, we plan to ex-

plore the connection with NME1. Along these lines, we have already validated 

the binding of CD93 to NME1 in endothelial cells through co-immunoprecip-

itation and found that the protein levels of NME1 are significantly increased 

upon CD93 knockdown. As such, the molecular basis and importance of the 

interaction between CD93 and NME1 will be a focus of future studies by the 

group.  
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