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ABSTRACT 
Invasion of the extracellular matrix (ECM) and dissemination via the lymphatic and blood 
circulation are key events in tumour progression. These events involve biological processes where 
responses to growth stimuli, cytoskeletal and ECM remodelling are tightly interconnected. 
Plasticity of cell invasion is used as a way to cope with the tumour microenvironment that is 
continuously changing as a result of tumour progression. In addition, the accumulating mutation 
load in progressing tumours provides cell inherent triggers that tweak cell behaviour, including 
invasion. Thus, cancer cell plasticity and adaptability to environmental challenges confound 
therapeutic efforts aimed at eradicating metastases and halting tumour spread. Cell invasion is also 
harnessed by the cellular tumour microenvironment, including cancer-associated fibroblasts 
(CAFs), endothelial cells (ECs) and macrophages. Lymphatic and blood ECs also utilize the 
invasion machinery, including signals and proteolysis effectors, during developmental and adult 
physiological angiogenesis as well as in pathological vascular remodelling like tumour 
angiogenesis and microvascular complications of diabetes. Understanding the context-dependent 
mechanisms of cell invasion and phenotypic plasticity can provide new targets for improved 
therapies. Invading cancer cells as well as ECs upregulate and use membrane type matrix 
metalloproteinases (MT-MMPs) for invasion into the ECM. By cooperating with protein kinase 
signalling and by cleaving cell-surface proteins, MT-MMPs further modify cell behaviour. The 
purpose of this thesis was to study the tissue microenvironment-dependent molecular networks 
involved in tumour invasion and pathological vascular remodelling. 

We found a cooperative signalling mechanism between MT1-MMP and the receptor tyrosine 
kinase EphA2, whereby MT1-MMP‒dependent cleavage of EphA2, followed by Src-dependent 
intracellular EphA2 translocation, RhoA signalling and cell junction disassembly, provides breast 
cancer cells with a mechanism for switching from collective to single-cell invasion. Further studies 
on the MT1-MMP cytosolic tail revealed a new regulatory mechanism for the mesenchymal 
invasion of these cells by linking MT1-MMP to the actin-cytoskeleton, through Src-regulated 
interaction with the cytoskeletal protein palladin. These results identified a novel link between 
ECM degradation and cytoskeleton, tailored for mesenchymal cell invasion. In melanoma, MT3-
MMP dependent cleavages of MT1-MMP and of cell surface L1 cell adhesion molecule (L1CAM) 
limited their activities towards pericellular collagen degradation and cell junction disassembly, 
and blood endothelial transmigration, respectively. These mechanisms supported nodular-type 
growth and lymphatic vessel invasion of adhesive collagen-surrounded melanoma cell collectives. 
Pathological angiogenesis in tumours and in microvascular complications also involves the 
invasion of the ECM as well as interactions with the immediate and soluble microenvironment for 
efficient neovessel formation. During the work for this thesis we developed an ex vivo culture 
model for the study of pathological vascular remodelling in the context of relevant spatial and 
functional interactions between the cellular and acellular tissue microenvironment, by utilizing 
proliferative diabetic retinopathy patient-derived neovascular tufts and corresponding vitreous 
fluid. We described that the lymphatic endothelial involvement, also discovered during the work 
for this thesis, is supported by the ischemia- and inflammation-induced vitreal microenvironment, 
thus bringing a new concept to the PDR mechanisms and targeting options. The findings of this 
thesis help us to better understand the molecular mechanisms behind the microenvironment-
dependent endothelial and cancer cell behaviour plasticity that critically contributes to disease 
progression and drug responses in debilitating diseases like cancer and diabetes. 
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RIASSUNTO 
In cancro e il diabete sono malattie prevalenti a livello globale e la loro incidenza in continuo 
aumento ha un impatto tremendo sul sistema sanitario mondiale. In questa tesi mi sono occupata 
dello studio di due meccanismi implicati nella progressione tumorale e in una complicanza del 
diabete, la retinopatia diabetica. Questi meccanismi sono l’invasione dei tessuti e l’angiogenesi 
patologica. La retinopatia diabetica é una patologica che insorge nei pazienti diabetici e consiste 
nella formazione di nuovi vasi sanguigni all’interno del bulbo oculare. Sia nei tumori che nella 
retinopatia diabetica l’angiogenesi, ovvero la produzione di nuovi vasi sanguigni, é responsabile 
del decorso sfavorevole della malattia. Durante l’angiogenesi, le cellule endoteliali invadono il 
tessuto circostante e si organizzano in strutture tubulari, chiamate vasi sanguigni. Nel contesto di 
un tumore, l’invasione da parte delle cellule tumorali é responsabile della formazione di metastasi, 
causa principale di decesso. Per invadere i tessuti circostanti, le cellule tumorali e endoteliali devo 
rimuovere la matrice extracellulare, come il collagene e la fibrina, e muoversi attraverso essa. Nel 
caso dei tumori, dopo avere invaso i tessuti circostanti, le cellule tumorali devono invadere il 
sistema sanguigno e/o linfatico per raggiungere la loro sede secondaria dove formeranno le 
metastasi. Durante il lavoro svolto in questa tesi, abbiamo individuato un meccanismo attraverso 
il quale le cellule tumorali riescono a cambiare il modo in cui invadono i tessuti circostanti 
attraverso l’attivitá di una proteina, MT1-MMP, che non solo degrada la matrice extracellulare, 
ma anche una proteina presente sulla superficie delle cellule di carcinoma mammario, chiamata 
EphA2, facendole invadere in maniera singola piuttosto che in gruppo. Questo cambiamento di 
modalitá d’invasione tumorale é stato associato alla resistenza farmacologica alle terapie contro i 
tumori. Nelle stesse cellule di carcinoma mammario abbiamo individuato una nuova interazione 
fra due proteine, palladin e MT1-MMP, che aumenta l’efficienza con la quale le cellule tumorali 
degradano la matrice extracellulare per invadere i tessuti circostanti. Nel caso del melanoma, 
abbiamo individuato un meccanismo che conferisce la natura aggressiva ad un tipo di melanoma, 
chiamato melanoma nodulare. Questo tipo di melanoma é aggressivo perché subito dopo essere 
sorto invade i vasi linfatici nel derma e forma rapidamente metastasi. Abbiamo trovato un 
meccanismo attraverso il quale le cellule di questo tipo di melanoma riescono a degradare 
potentemente il tessuto circostante e penetrare rapidamente i vasi linfatici. Nel contesto della 
retinopatia diabetica abbiamo cercato di capire il meccanismo per la formazione di questi nuovi 
vasi sanguigni e le loro caratteristiche, in modo da potere individuare nuovi bersagli terapeutici 
dato che la terapia utilizzata attualmente é diretta ai vasi sanguigni che si sono giá formati. A 
questo fine, abbiamo utilizzato le strutture vascolari, che di solito vengono rimosse nel corso del 
trattamento chirurgico per la retinopatia diabetica, per studiare la natura di questi vasi e le 
caratteristiche di questo tessuno patologico asportato dai pazienti. Fino a non molto tempo fa si 
pensava che il bulbo oculare fosse privo di vasi linfatici e quindi di processi infiammatori. Durante 
il lavoro per questa tesi, abbiamo scoperto che le strutture neovascolari che si formano all’interno 
del bulbo oculare, non sono solamente vasi sanguigni, ma anche vasi linfatici. Abbiamo studiato 
in parallelo a queste strutture vascolari anche il corpo vitreo, la sostanza gelatinosa presente 
all’interno dell’occhio, e scoperto che dei fattori presenti in questa sostanza sono responsabili della 
formazione di questi nuovi vasi linfatici. Questa scoperta aiuterá a comprendere meglio questa 
malattia e ad individuare nuove terapie.  
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INTRODUCTION 
Invasion is a complex yet well-orchestrated cellular process. Cell invasion underlies the ability of 
single cells or cell collectives to migrate and navigate through surrounding tissues. A variety of 
biological processes taking place since the onset of life rely on cell invasion. Uterine embryonic 
implantation, for example, involves cell invasive processes whereby the outer cells of the embryo 
interact with and invade the uterine epithelium leading to successful embryo implantation. Cell 
invasion is also critical for organogenesis as well as for adult physiological processes, such as 
immune system function, bone homeostasis, vascular repair and wound healing, to mention a few 
(Rachner et al., 2011). In pathological conditions such as tumour development and progression, 
cell invasion is aberrantly deployed. Cancer cells acquire invasive capabilities early on in tumour 
progression, leading to their dissemination to secondary sites and eventually the formation of lethal 
metastases. While representing routes for cancer cell dissemination, blood and lymphatic vessels 
also undergo remodelling through the invasion-dependent mechanism of angiogenesis. Such event 
take place not only during physiological vessel growth and remodelling but also in pathological 
angiogenesis occurring in cancer and diabetic microvascular complications. 

Tumour cell as well as endothelial cell invasion are complex processes driven by cell-surface 
signalling, cytoskeletal rearrangements and pericellular proteolysis (Friedl and Wolf, 2010; Koziol 
et al., 2012). Invasion plasticity of cancer cells and their adaptability to microenvironmental 
challenges confound therapeutic efforts aimed at eradicating metastases and halting tumour spread. 
Several invasion modalities have been described for cancer cells, however it is unclear how the 
extracellular microenvironment in conjunction with cell inherent cues, regulate switches between 
different interchangeable invasion modalities (Giampieri et al., 2010). Invading cancer cells as 
well as endothelial cells upregulate and use the metalloproteinase MT1-MMP for invasion across 
the extracellular matrix (Chun et al., 2004; Galvez et al., 2001). By cooperating with protein kinase 
signalling and cleaving cell-surface proteins, MT1-MMP further modifies cell behaviour (Koziol 
et al., 2012; Turunen et al., 2017). The purpose of this thesis was to explore the tissue 
microenvironment-dependent molecular networks involved in tumour invasion and vascular 
remodelling. 

We discovered a cooperative signalling mechanism between MT1-MMP and the receptor tyrosine 
kinase EphA2 that provides breast cancer cells with the ability to switch from collective to single-
cell invasion. On the cytoplasmic side, we found a cytoskeletal binding partner of MT1-MMP, 
palladin. This interaction dynamically coordinated ECM proteolysis and cell cytoskeleton, 
important for efficient cell invasion within inhibitor-rich tissue microenvironment. In melanoma, 
another transmembrane metalloproteinase MT3-MMP, supported the most aggressive nodular-
type growth of melanoma and lymphatic vessel invasion by limiting the activities of MT1-MMP 
and of the cell surface adhesion molecule L1CAM. We also found that during proliferative diabetic 
retinopathy (PDR), a microvascular complication of diabetes, the lymphatic endothelial 
involvement and ex vivo sprouting, discovered also during the work for this thesis, were supported 
by the ischemia- and inflammation-induced vitreal microenvironment. Diabetes and cancer are 
prevalent diseases worldwide and their increasing incidence has tremendous impact on global 
health. The findings of this thesis help us to better understand the molecular mechanisms behind 
the microenvironment-dependent endothelial and cancer cell behaviour plasticity that critically 
contributes to disease progression and drug responses in these debilitating diseases. 
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REVIEW OF LITERATURE 

1. Cell invasion 
Cell invasion is a fundamental process for organ and tissue development and homeostasis. 
Virtually every cell in the human body takes on a migratory/invasive phenotype at a given time 
and tissue location (Friedl and Gilmour, 2009). Embryogenesis, tissue patterning, immune 
surveillance, wound healing and tissue repair are just few physiological processes that involve cell 
invasion (Nieto, 2001). Cell invasion is also activated in pathological conditions including cancer, 
tissue fibrosis as well as vascular and chronic inflammatory diseases. The process of cell invasion 
involves the detachment of invading cells from their initial location, their interaction with and 
modification of the basement membrane (BM) and/or interstitial extracellular matrix (ECM), as 
well as their attachment to the destination site. In epithelial tumours, cancer cells need to first 
breach the BM normally present in tissues. Cytoskeletal changes and proteolytic processing of cell 
surface proteins and ECM components are fundamental for the invasion process to be carried out. 
Cytoskeletal changes provide the contractile forces necessary for cell motility, while interstitial 
ECM and pericellular proteolysis removes the physical constrains as well as provides signals for 
cell invasion. During normal development and for many epithelial cancers, invasion typically 
involves epithelial to mesenchymal transition (EMT), a morphogenetic and transcriptional cellular 
program that involves loss of cell-cell adhesion and epithelial cell polarity as well as cytoskeletal 
rearrangements, to gain a migratory cell phenotype and invasive capabilities (Thiery, 2002; Yilmaz 
and Christofori, 2009). However, not all cancers exhibit EMT and some cancers may undergo only 
partial EMT (Bronsert et al., 2014; Christiansen and Rajasekaran, 2006; Rubin et al., 2000; Tan et 
al., 1999; Wicki et al., 2006). 

1.1. Modes of cell invasion 
Normal and cancer cells can invade by different invasion modalities, each characterized by a 
specific cell morphology and molecular signalling/machinery (Figure 1) (Kenny et al., 2007). In 
experimental cell biology, the concept of cell invasion is distinct from cell migration. While 
migration is defined as the directed cell movement upon two-dimensional (2D) substrates, cell 
invasion defines the directional movement within a three-dimensional (3D) matrix. Cell migration 
can be schematically subdivided in five steps (Ridley et al., 2003). Firstly, actin polymerization 
leads to the formation of cell protrusions or pseudopods in the direction of migration by pushing 
outwardly the leading edge cell membrane. Subsequently, invading cells contact the ECM and 
develop focal contacts via the ECM receptors integrins. The activity of proteases is then recruited, 
resulting in ECM degradation. Subsequently, myosin binding to the filamentous actin, producing 
actomyosin contraction of the rear cell body, is followed by detachment of the cell trailing edge 
and forward movement (Friedl and Wolf, 2003b). Cancer cells can invade as single cells with an 
amoeboid or mesenchymal phenotype, or collectively as cell clusters, sheets, strands or tubes 
(Friedl, 2004; Kenny et al., 2007). While collective cell invasion allows cancer cell dissemination 
through the lymphatic system, single cell invasion is harnessed for less-permissive entry and 
spread through the blood circulation, although recently multicellular aggregates have been found 
to be able to transit into narrow capillaries, via arrangement into single-file chains (Au et al., 2016; 
Giampieri et al., 2009). These invasion modalities have been observed in clinical human samples 
and, by using intravital imaging, in tumour xenografts in mice (Bronsert et al., 2014; Clark and 
Vignjevic, 2015; Friedl et al., 2012; Patsialou et al., 2013; Silye et al., 1998). However, as observed 
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by 3D analysis from serial tumour tissue sections, single-cell invasion of tumour cells is a rather 
rare event, while being more frequently observed in in vitro cultured cells and by intravital imaging 
of tumour xenografts in nude mice (Bronsert et al., 2014; Truong et al., 2016; Wyckoff et al., 
2006). 
 

 

Figure 1. Modes of cell invasion. Adapted from (Friedl, 2004). 
 

1.1.1. Single-cell invasion 
Single-cell invasion is promoted by a lack of cell-cell contact. Normal and cancer cells can invade 
with amoeboid-type migration or with a mesenchymal phenotype depending on their cytoskeletal 
contractility, cell-ECM adhesion and ability to degrade the ECM. While amoeboid migration is 
rather fast and typical mainly of leukocytes, mesenchymal migration is slower and carried out by 
spindle-shaped cells. This modality of invasion is mainly observed in haematological cancers 
(Wolf et al., 2003b). 

1.1.1.1. Amoeboid invasion 
The name “amoeboid” for this invasion modality comes from the amoeba Dictyostelium 
discoideum whose forward movement is propelled by cycles of extension and contraction (Friedl 
et al., 2001). Hematopoietic stem cells, leukocytes, lymphocytes and certain cancer cells use this 
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invasion modality characterized by round cell shape (Francis et al., 2002; Pankova et al., 2010). 
Weak-to-no interaction with the ECM substrate, and high actin cytoskeleton contractility allows 
“crawling” and squeezing through ECM gaps and trails in a propulsive and protease-independent 
manner (Brabek et al., 2010; Friedl and Wolf, 2003a; Liu et al., 2015; Stossel, 1994; Wolf et al., 
2003a). The protease-independence for this migration modality was indicated by the residual cell 
motility or unhalted invasion despite broad inhibition of cell proteolytic enzymes (Wolf et al., 
2003a; Wyckoff et al., 2006). However, later studies showed that this protease-independent 
invasion can only occur within a collagen network devoid of cross-links, that does not characterize 
the stromal microenvironment with which cancer cells negotiate (Sabeh et al., 2009). In this case, 
cytoskeleton contractility is thought to be the driving force for cell invasion through ECM 
remodelling and displacement (Mierke et al., 2008; Provenzano et al., 2008; Sabeh et al., 2009; 
Wyckoff et al., 2006). Cells that undergo amoeboid migration assemble a dense cortical actin 
cytoskeleton and produce forward movement through myosin II-dependent contraction of the cell 
rear (Lammermann et al., 2008; Liu et al., 2015). This process is regulated by the activities of Rho-
GTPases, RhoA, Rac1 and Cdc42 (Friedl and Wolf, 2010; Sahai and Marshall, 2003; Wyckoff et 
al., 2006). 

1.1.1.2. Mesenchymal invasion 
Mesenchymal invasion is typical of fibroblasts, endothelial cells, pericytes, activated macrophages 
and certain tumour cells that assume an elongated morphology due to strong integrin-mediated 
interaction with the ECM as well as actin stress fibre formation across the entire cell body. 
Tumours of the connective tissue, such as gliomas and sarcomas, as well as poorly differentiated 
carcinomas, display this type of invasion. Upon cell polarization, pseudopod and focal adhesion 
formation, mesenchymally-invading cells upregulate and recruit matrix metalloproteases to cell-
ECM contacts in order to remodel the surrounding ECM and generate migration tracks (Seiki, 
2003). This phenomenon leads to the alignment of collagen fibres around the cell body and 
collagen degradation (Friedl and Wolf, 2009). A mesenchymal type of invasion is also often 
employed by collectively-invading cells. 

1.1.2. Collective cell invasion 
Collective cell invasion/migration occurs as invading cells retain cell-cell contacts and coordinate 
their movement in a “supracellular” fashion. Collective cell migration along 2D surfaces is carried 
out during wound closure and renewal of gut epithelium. During branching morphogenesis and 
vascular sprouting, multicellular strands migrate through 3D tissue structures and form a lumen. 
In the context of certain tumours, mostly carcinomas, often poorly organized cells masses migrate 
collectively through the tumour stroma (Wang et al., 2016). Cell-cell cohesion and coupling, 
coordinated cell polarization and cytoskeletal contractility are required for collective cell invasion. 
Cell-cell adhesion and coupling to the actin cytoskeleton are mediated by adherens junctions 
proteins of the cadherin family (E-cadherin, N-cadherin and VE-cadherin), immunoglobulin 
family (NCAM, L1CAM and ALCAM), as well as integrins (Cui and Yamada, 2013). Degradation 
of the ECM through secreted and membrane anchored matrix metalloproteinases allows leading 
edge-driven cell movement of the tumour cell mass, including the largely non motile inner and 
trailing edge tumour cell collective (Khalil and Friedl, 2010; Nabeshima et al., 2000). 
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1.1.3. Vascular sprouting 
A highly organized and specialized form of collective cell invasion is vascular sprouting, a process 
whereby endothelial cell strands degrade and migrate into their immediate ECM, and reciprocally 
arrange to form tube-like structures, i.e. neovessels, along guidance tracks provided by the newly 
deposited basement membrane (Gerhardt et al., 2003; Hellstrom et al., 2007; Sainson et al., 2005). 
Endothelial cells, upon activation by vascular endothelial growth factor receptor (VEGFR) and/or 
fibroblast growth factor receptor (FGFR) signalling, remodel their cell-cell junctions, allowing a 
tip cell to lead the invasion process through engagement of integrin αvβ3 and main matrix-
metalloproteinase, MT1-MMP for BM and interstitial ECM degradation (Esser et al., 2015; Galvez 
et al., 2001; Galvez et al., 2002; Mahabeleshwar et al., 2007; Mori et al., 2017). The Notch ligands 
Delta-like 4 and Jagged 1 produced by the tip cell induce Notch signal to trailing cells which in 
turn specialize into stalk cells and, together with recruited pericytes, deposit new basement 
membrane (Suchting et al., 2007). Cadherin-based junctions (VE-cadherin) provide the junctional 
forces for collective cell movement, whereby differential VE-cadherin turnover enables 
heterogeneous endothelial cell adhesion and polarization during active sprouting through 
alternating tip cell behaviour (Bentley et al., 2014; Gerhardt et al., 2003). 

1.2. Plasticity of cell invasion 
The ability of cancer cells to switch between different invasion modalities provides tumours with 
the ability to adapt to microenvironmental and therapeutic challenges (Alexander and Friedl, 2012; 
Talkenberger et al., 2017). Cancer cells have devised mechanisms and are capable of fine-tuning 
cell invasion modalities in response to the local microenvironment and upon treatment (Friedl and 
Wolf, 2010; Pankova et al., 2010; Tozluoglu et al., 2013; Wolf et al., 2013). Cell invasion and 
colony phenotype differ within different ECMs (Cukierman et al., 2001). Protease inhibition 
results in mesenchymal to amoeboid transition in certain cancer cell types, and Rho/ROCK 
inhibition in turn induces transition from amoeboid to mesenchymal invasion in melanoma cells 
(Sahai and Marshall, 2003; Wolf et al., 2003a; Wyckoff et al., 2006). Consistently, constitutive 
ROCK activation induces the reverse transition in HT-1080 fibrosarcoma cells (Sahai and 
Marshall, 2003). 

As linkers between the ECM and the cytoskeleton, integrins are strategically positioned for 
modulating cell behaviour along cancer progression. Alteration of cell-ECM adhesion, by 
modulating integrin function, leads to switches between amoeboid and mesenchymal single cell 
invasion (Friedl and Wolf, 2010). Additionally, blocking of β1-integrin induces a transition from 
collective to single cell invasion in melanoma explant cultures (Hegerfeldt et al., 2002). The 
accumulating mutation load in progressing tumours could also provide cell inherent triggers that 
tweak cell behaviour, including invasion. Being often the cells that execute the ECM degradation 
hijacked by tumour cell collectives and chains to invade, cancer-associated fibroblasts and 
macrophages within the local tumour microenvironment are critical modifiers of tumour cell 
invasion (Gaggioli et al., 2007; Zhang et al., 2006). While the experimental use of inhibitors have 
aided the understanding of the required molecular machinery for specific cell invasion modalities, 
it is not clear how cells switch between different types of invasion in vivo (Friedl and Wolf, 2010; 
Giampieri et al., 2010; Pankova et al., 2010; Sanz-Moreno and Marshall, 2010; Yilmaz and 
Christofori, 2009). 
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1.3. Signals and regulators cell invasion 
In order to invade, cells integrate extracellular and cell-surface cues with intracellular signals to 
regulate cell-cell, and cell-ECM adhesion dynamics, cytoskeleton contraction and ECM 
degradation via membrane-anchored or secreted proteases (Friedl and Wolf, 2003b). Growth 
factors and cytokines encountered within the tumour microenvironment represent extracellular 
stimuli that modulate cell behaviour, including invasion strategies during tumour progression. 
They exert their function directly through signalling activation downstream their receptors, or 
indirectly via signalling crosstalk with integrins or their transcriptional regulation, to modulate cell 
adhesiveness and thereby contribute to invasion (Byzova et al., 2000; Ricono et al., 2009; Wang 
et al., 2014). 

1.3.1. Receptor tyrosine kinases 
Receptor tyrosine kinases are a family of cell-surface receptors that are bound by extracellular 
signalling molecules, such as growth factors and cytokines. Ligand binding induces receptor 
oligomerization, which results in tyrosine auto-phosphorylation and catalytic activation as well as 
generation of binding sites for cytoplasmic signalling proteins containing the Src homology-2 
(SH2) and protein tyrosine binding (PTB) domains. Downstream signalling through PI3K/Akt, 
MAPK, JAK/STAT and FAK controls a wide range of cell functions, thus making the RTK 
signalling as a crucial definer and modifier of cell behaviour. Growth factors and their receptors 
are upregulated in many invasive cancers compared to their non-invasive counterparts, enriched 
in tumour invasive edges, and associated with increased metastases and poor patient survival (Song 
et al., 2011). The subsequent signalling deregulation promotes aberrant cell behaviour and thereby 
malignant transformation. 

1.3.1.1. Eph receptors and ephrin ligands 
The human erythropoietin-producing hepatocellular (Eph) receptors comprise the largest 
subfamily of RTKs and include 14 members. Eph receptors are subdivided in two subclasses, 
based on sequence homology and binding affinity to their ligands (1997). The A subclass includes 
nine (EphA1-8 and EphA10) and the B subclass includes five (EphB1-4 and EphB6) receptors. 
Ligand-receptor interactions are specific within each class (A or B), with a few exceptions 
(Pasquale, 2010). Eph receptors hold a conserved multi-domain structure comprising an 
extracellular domain (ECD), a transmembrane domain and an intracellular region (Figure 2) 
(Himanen and Nikolov, 2003). The ECD comprises a ligand-binding domain (LBD), a cysteine-
rich domain (CRD) and two fibronectin-type-III repeats (FN-III-1 and FN-III-2). The intracellular 
region includes a tyrosine kinase domain, a sterile α motif (SAM) and a postsynaptic density 
protein PSD95, Drosophila disc large tumor suppressor DlgA, and zonula occludens-1 protein ZO-
1 (PDZ)-binding motif (Pasquale, 2010; Pitulescu and Adams, 2010). Unlike other RTKs, the 
ligands for these receptors, called ephrins (Eph-receptor interacting), are synthesized as 
membrane-tethered proteins. Ephrin ligands are subdivided in two classes based on their type of 
anchorage to the cell membrane. While ephrinA ligands (ephrinA1-5) are tethered to the cell 
membrane through a glycosylphosphatidylinositol (GPI)-anchor, the ephrinB ligands (EphB1-3) 
are inserted into the membrane via a transmembrane domain ending with a cytosolic tail, 
containing a PDZ motif (Kullander and Klein, 2002). 
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Figure 2. Structure of Eph receptors and ephrin ligands. RBD, receptor binding domain of 
ephrins; LBD, ligand binding domain; CRD, cysteine-rich domain; FN, fibronectin-type-III 
domain; TM, transmembrane domain; TK, tyrosine kinase domain; SAM, sterile α motif; PDZ, 
postsynaptic density protein PSD95, Drosophila disc large tumor suppressor DlgA, and zonula 
occludens-1 protein ZO-1 (PDZ)-binding motif (Gucciardo et al., 2014). 

 
Being triggered by interaction of membrane bound receptor and ligand, the Eph/ephrin signalling 
is simultaneously transduced both in the receptor- and in the ligand-expressing cell, called 
“forward” and “reverse” signalling, respectively (Figure 3) (Gucciardo et al., 2014). Binding of 
the ephrin ligand, induces conformational change in the Eph receptor, its phosphorylation and the 
activation of forward signalling through PI3K/Akt, MAPK, JAK/STAT, FAK and Src kinase. 
Reverse signalling through ephrinAs consists in lipid raft-mediated recruitment of Src family 
kinases, such as Fyn. Receptor binding of ephrinBs instead triggers tyrosine phosphorylation of 
the ligand and recruitment of SH2-domain containing signalling proteins, as well as recruitment 
of PDZ-domain containing proteins through their C-terminal tail. ADAM-mediated cleavages of 
the membrane-tethered ligand induces endocytosis of the ligand-receptor complex and signal 
termination (Hattori et al., 2000; Ieguchi et al., 2013; Janes et al., 2005; Janes et al., 2009; 
Nievergall et al., 2012). In addition to trans-interaction, cis-interaction between co-expressed Eph 
and ephrins has been described. This type of interaction is broadly implicated in neuronal 
patterning and topographic axon mapping, and leads to forward signalling attenuation (Carvalho 
et al., 2006). While the mechanism for signalling attenuation is yet unclear, sterical inhibition of 
receptor clustering or ephrin-promoted recruitment of Eph clusters to phosphatase-rich membrane 
microdomains have been proposed (Lisabeth et al., 2013). Alternatively, segregation of co-
expressed Ephs and ephrins in distinct microdomains allows parallel activation of forward and 
reverse signalling, as described in motor neurons (Kao and Kania, 2011; Marquardt et al., 2005). 
Besides ligand-dependent forward and reverse signals, Eph receptors are capable of propagating 
cell behaviour-modifying signals via crosstalk with other signalling pathways. In this context, 
attenuation of the counteracting forward signal reflected by low tyrosine phosphorylation of the 
receptor is accompanied by serine phosphorylation (Ser897) downstream of growth factor 
signalling and tumour necrosis factor-α (TNFα) (Koshikawa et al., 2015; Macrae et al., 2005; Miao 
et al., 2014; Miao et al., 2009; Zhou et al., 2015). Ligand-independent serine phosphorylation of 
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EphA2 promotes polarization, lamellipodia formation and migration of glioma cells, and this was 
found to be driven by Akt-dependent phosphorylation of EphA2 (Miao et al., 2009). However, 
more recent reports found this phosphorylation to be induced by the RSK kinase, and to promote 
MDA-MB-231 breast cancer cell motility (Zhou et al., 2015). 
 

 

Figure 3. Eph/ephrin signalling. Eph forward signalling (bottom) is triggered by ligand binding 
and involves receptor clustering and tyrosine phosphorylation. Eph activation mediates 
downstream signalling pathways through PI3K/Akt, MAPK, JAK/STAT, FAK and Src kinase. 
Eph forward signalling also regulates actin dynamics cell migration/invasion via RhoGTPases. 
Ephrin reverse signalling (top) through GPI-anchored ephrinAs relies on lipid raft-mediated 
recruitment of Src family kinases. EphrinB reverse signalling involves ephrinB cytoplasmic tail 
phosphorylation and recruitment of SH2 domain-containing proteins, as well as recruitment of 
PDZ-domain containing proteins. RTK crosstalk with growth factor receptors through RSK and 
Akt also trigger cell behaviour-modifying signals. Modified from (Gucciardo et al., 2014). 
 

1.3.1.2. Eph/ephrin signalling in cancer cell invasion 
The Eph/ephrin system is known to regulate a wide range of cell-cell communication events during 
development as well as in pathological conditions including cancer and vascular complications 
(Gucciardo et al., 2014; Nievergall et al., 2012; Pasquale, 2008; Pasquale, 2010). Eph receptors 
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and ephrins are expressed by a wide variety of cell types including vascular cells, epithelial cells, 
immune cells, and frequently upregulated in tumour cells, thus rendering the Eph/ephrin signalling 
a critical regulator of the multidirectional events taking place within the complex tumour 
microenvironment (Hafner et al., 2004; Palmer and Klein, 2003). Eph receptors and ephrin ligands 
are frequently deregulated in human cancer, being either overexpressed or down-regulated (Easty 
et al., 1999; Fox and Kandpal, 2004; Fox et al., 2006; Hafner et al., 2006; Ogawa et al., 2000; 
Udayakumar et al., 2011; Wu et al., 2004). Given the effects on RhoA GTPases, cadherins and 
integrins, the Eph/ephrin signalling is strategically positioned to affect many aspects of cancer cell 
invasion (Noren and Pasquale, 2004). Eph receptor phosphorylation induces the recruitment of 
effector proteins directly involved in actin remodelling and in the regulation of Rho GTPases 
RhoA, Rac1, and Cdc42 (Kania and Klein, 2016). EphA2 is also known to cooperate with E-
cadherin in epithelial cell junctions (Miura et al., 2009; Zantek et al., 1999). Eph-ephrin binding 
also modulates cell-ECM adhesion by modulating the activity of integrins, leading to both 
increased and decreased adhesion, depending on the context (Davy and Robbins, 2000; Miao et 
al., 2000; Yu et al., 2015). Homotypic contact inhibition of locomotion (CIL) and defective 
heterotypic CIL are processes implicated in cancer whereby the Eph/ephrin signalling is heavily 
involved (Wang, 2011). Activation of EphA2 and EphA4 induces homotypic contact inhibition of 
locomotion and amoeboid movement through effects on RhoA GTPase signalling in prostate 
cancer cells, while heterotypic attraction to stromal cells is achieved through ephrinB/EphB 
signalling (Astin et al., 2010; Parri et al., 2009; Taddei et al., 2011). Through a similar mechanism, 
activated EphA3 leads to de-adhesion, rounding and blebbing of melanoma cells (Lawrenson et 
al., 2002). One family member, EphA2, is overexpressed and has been linked to the aggressive 
progression of breast, prostate, pancreatic, colon, and lung carcinoma as well as melanoma 
(Brantley-Sieders, 2012; Margaryan et al., 2009; Wykosky and Debinski, 2008). 

1.3.1.3. Eph/ephrin signalling in pathological angiogenesis 
The Eph/ephrin signalling system has been widely reported to be involved in many aspect of 
developmental angiogenesis, vasculogenesis, as well as in pathological vascular remodelling 
including tumour angiogenesis and vascular complications. Roles in lymphangiogenesis have also 
been reported for the EphB/ephrinB signalling (Makinen et al., 2005; Wang et al., 2010). While 
the EphB/ephrinB system is of more fundamental importance for developmental angiogenesis, 
EphA/ephrinA signalling, involving mainly EphA2/ephrinA1, has been widely implicated in adult 
pathological angiogenesis (Adams et al., 1999; Brantley et al., 2002; Chen et al., 2006; Foo et al., 
2006; Gerety et al., 1999; Wang et al., 1998). EphA2 and ephrinA1 have been found to be 
expressed in the tumour vasculature of various human tumour specimens and tumour-xenograft in 
mice (Brantley et al., 2002; Ogawa et al., 2000). The decreased vascularization of tumour 
xenografts within an EphA2-deficient microenvironment and the impaired tumour 
neovascularization upon administration of EphA2-Fc and EphA3-Fc highlights the importance of 
endothelial EphA2 forward signalling for tumour neovascularization (Brantley-Sieders et al., 
2005; Brantley et al., 2002). However, the reportedly varying expression of EphA2 and ephrinA1 
ligand in tumour cells and host cells, remains to be investigated with regards to the directionality 
of signalling inducing tumour neovascularization (Brantley-Sieders et al., 2011; Dobrzanski et al., 
2004). While the involvement of bidirectional signalling is plausible, the involvement of ligand-
independent crosstalk with other growth factor receptors, such as FGFRs and VEGFR2, remains 
to be investigated (Miao et al., 2009; Ogawa et al., 2000). 
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1.3.2. Membrane-type matrix metalloproteinases 
The invasion of mesenchymal cancer cells as single cells or cell collectives is carried out through 
BM and interstitial ECM degradation. This is achieved by membrane-anchored or secreted 
proteolytic enzymes, including cathepsins and matrix metalloproteinases (MMPs) (Itoh, 2015; 
Olson and Joyce, 2015; Rowe and Weiss, 2009). MMPs comprise a family of zinc-dependent 
endopeptidases that are able to degrade several ECM components including collagen, laminin, 
fibronectin, vitronectin and elastin, to mention a few. MMPs are functionally involved in many 
biological processes from development, to adult physiological processes and pathological 
conditions, including cancer (Martin-Alonso et al., 2015; Turunen et al., 2017). 

The family of metalloproteinases includes 23 members in human, among which six are anchored 
to the cell membrane. MT1-MMP, MT2-MMP, MT3-MMP and MT5-MMP are inserted into the 
membrane via a transmembrane domain (TM), followed by a C-terminal 20-aminoacids 
cytoplasmic tail (Itoh, 2015; Sohail et al., 2008). MT4-MMP and MT6-MMP are instead tethered 
to the cell membrane via a glycosylphosphatidylinositol (GPI) anchor (Figure 4) (Sohail et al., 
2008). The common structure of the MT-MMPs includes, from the N-terminus, a signal peptide, 
a pro-domain, a furin cleavage-sensitive motif, a catalytic domain, a hinge region and a 
hemopexin-like domain (Figure 4). MT-MMPs are synthetized as latent zymogens and kept in this 
form through an interaction between the cysteine group of the pro-domain and the zinc group of 
the catalytic domain. Cleavage of the pro-domain by serin protease pro-protein convertase releases 
this interaction and leads to MT-MMP activation (Van Wart and Birkedal-Hansen, 1990). The 
hemopexin domain is used for substrate recognition and degradation as well as for protein 
interactions (Cao et al., 2004; Li et al., 2008; Suenaga et al., 2005). 

 

 

Figure 4. Domain structure of MT-MMPs. 
 

Due to their various and critical biological functions, MT-MMPs are tightly regulated 
transcriptionally and post-transcriptionally. They are also regulated post-translationally via 
activation, inhibition and cell-surface localization. Once in the pericellular space, the activity of 
MT-MMPs is dynamically controlled by tissue inhibitors of metalloproteinases (TIMPs) that bind 
to the catalytic domain of the active MMPs, thereby inhibiting their activity. There are four TIMPs, 
TIMP1-4, and they exhibit different affinity to and inhibition of the different MT-MMPs. For 
example, all MT-MMPs are inhibited by TIMP2, while TIMP4 inhibits only MT1-MMP (Bigg et 
al., 2001; Butler et al., 1997; English et al., 2001; Kolkenbrock et al., 1999; Llano et al., 1999; 
Shimada et al., 1999; Will et al., 1996). MT1-MMP, MT2-MMP, MT3-MMP and MT4-MMP and 
MT6-MMP are also inhibited efficiently by TIMP-3. 
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MT1-MMP is the most widely expressed MT-MMP and, being the main tissue collagenase, it is 
centrally involved in the degradation of collagen type I-rich tumour and is the main driver of cell 
invasion (Hotary et al., 2003; Sabeh et al., 2004). MT1-MMP was indeed found expressed on the 
surface of invasive tumour cells, when first reported in 1994, and accumulates at the invasive front 
of tumours (Sato et al., 1994; Ueno et al., 1997). Among the MT-MMPs, the expression of MT1-
MMP is highest in mesenchymal cancers, such as sarcomas and mesotheliomas, as well as in 
melanomas (Turunen et al., 2017). MT1-MMP is also expressed and utilized by endothelial cells 
during angiogenic activation and sprouting (Galvez et al., 2001; Galvez et al., 2002; Hiraoka et 
al., 1998; Koziol et al., 2012). Besides collagen I, MT1-MMP cleaves collagen II, collagen III, 
collagen IV, laminin fibronectin, fibrin and many other ECM components (Sternlicht and Werb, 
2001). Besides tumour cells, cancer-associated fibroblasts, macrophages and endothelial cells 
express and utilize MT1-MMP to remodel the ECM, thereby contributing to cancer progression 
and metastasis (Chun et al., 2004; Galvez et al., 2001; Rowe and Weiss, 2009; Sakamoto and Seiki, 
2009). 

MT3-MMP was originally cloned from human melanoma tissue and placenta and is expressed in 
several normal and tumour tissues (Nuttall et al., 2003; Shofuda et al., 1997; Takino et al., 1995; 
Yoshiyama et al., 1998). MT3-MMP is particularly overexpressed in brain malignancies and 
malignancies derived from the neuroectoderm, such as melanoma, medulloblastoma and 
neuroblastoma (Nakada et al., 1999; Nuttall et al., 2003); http://ist.medisapiens.com). 
Interestingly, MT3-MMP is instead down-regulated in oesophageal squamous cell carcinoma and 
this down-regulation is associated with poor prognosis (Xue et al., 2016). MT3-MMP can cleave 
collagen type III, collagen type IV, fibronectin, fibrin, laminin, and vitronectin (Sternlicht and 
Werb, 2001). 

In addition to their ECM degrading function, MT-MMPs are important modifiers of cell-cell 
communication and behaviour through shedding of cell-surface receptors, adhesion molecules as 
well as ligands and membrane-bound growth factors (Itoh, 2015; Kessenbrock et al., 2010; Koziol 
et al., 2012; Turunen et al., 2017). Cleavages by MT1-MMP occur as early as during development 
(Chan et al., 2012). MT1-MMP cleavage of another protease ADAM9 is important for calvarial 
osteogenesis via FGFR2 signalling, while cleavage of lymphatic vessel endothelial hyaluronan 
receptor (LYVE1) suppresses corneal lymphangiogenesis in a VEGFR3 signalling-independent 
manner (Chan et al., 2012; Wong et al., 2012; Wong et al., 2016). Furthermore, MT1-MMP cleaves 
Dll1 to negatively regulate Notch signalling required for normal B-cell development (Jin et al., 
2011). In cancer cells, MT1-MMP was found to cleave CD44 and syndecan 1 cell adhesion 
molecules to support cell invasion (Endo et al., 2003; Kajita et al., 2001; Marrero-Diaz et al., 
2009). In addition, MT1-MMP cleaves extracellular matrix metalloproteinase inducer, EMPPRIN, 
a cell-surface glycoprotein that functions as an inducer of matrix metalloproteinases in 
neighbouring cells, to induce MMP expression in tumour stroma (Egawa et al., 2006). Substrates 
of MT1-MMP also include αv, α3 and α5 integrins, as well as tissue transglutaminase, whose 
cleavage is associated with altered cell-ECM interaction and increased migratory properties 
(Belkin et al., 2001; Deryugina et al., 2000). MT3-MMP cleaves also CD44 and syndecan-1, as 
well as additional unique substrates such amyloid precursor protein (APP) and Nogo-66 receptor 
1, among others (Ahmad et al., 2006; Endo et al., 2003; Ferraro et al., 2011; Kajita et al., 2001). 
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1.3.3. Cytoskeletal dynamics 
Cancer cell invasion initiates as cells extend protrusions in the direction of movement, in response 
to extracellular stimuli. The mechanical force required for cell movement is provided by the 
dynamic actin and myosin cytoskeleton. Actomyosin contraction occurs when phosphorylated 
myosin II light chain interacts with actin, thereby activating the myosin ATPase, resulting in cycles 
of ATP hydrolysis and phosphorylation, and thereby sliding of myosin II along actin filaments. 
The phosphorylation status of the MLC results from the balance between the activities of the 
myosin light chain kinase (MLCK) and myosin light chain phosphatase (MLCP). In cancer cells, 
MLC phosphorylation is regulated by kinases associated to the Rho GTPases RhoA, RhoC, Cdc42 
and Rac1 (Yee et al., 2001). The Rho family of GTPases integrate the signals from growth factor 
receptors and adhesion receptors with the molecular effectors of cytoskeleton remodelling to 
regulate the formation of membrane protrusions and force generation. They are active when bound 
to GTP and inactive when bound to GDP. The activation of Rho GTPases is controlled by guanine 
nucleotide exchange factors (GEF), GTPase-activating proteins (GAP), and guanine nucleotide 
dissociation inhibitors (GDI). GEFs activate Rho GTPases by loading GTP in place of GDP. 
Counteractively, GAPs promote the hydrolysis of GTP into GDP thereby inactivating Rho 
GTPases that can in be turn bound by GDIs to prevent their re-activation. GTP-bound RhoA 
GTPase activates ROCK kinase, while GTP-bound Rac1 and Cdc42 activate the p21-activated 
kinase (PAK). ROCK can directly phosphorylate MLC or induce its phosphorylation indirectly 
through MLCP inhibition (Kimura et al., 1996). While RhoA is responsible of stress fibre 
formation both through actin assembly and actomyosin contractility, Rac1 and Cdc42 favour the 
assembly of membrane protrusions required for cell elongation, such as lamellipodia and filopodia, 
respectively. 

In amoeboid cells, strong actomyosin cortex at the cell rear propels forward migration while 
membrane protrusions, called “blebs”, are formed at the cell front as a result of increased rear-to-
front cytoplasmic pressure and rupture of the actin cortex (Keller and Eggli, 1998). Alternatively, 
widespread cortical contractility gradients and retrograde cortical flow has been implicated in 
stable-bleb migration within confined microenvironments (Ruprecht et al., 2015). While actin 
polymerization is not the driving force for bleb formation, actomyosin contractility has been 
implicated in cortical tension and force generation necessary for forward cell movement and 
matrix deformation, through the direct phosphorylation of MLC by ROCK, downstream of RhoA 
(Pankova et al., 2010; Wyckoff et al., 2006). Rac and Cdc42 instead promote the formation of 
dynamic cell protrusions through actin polymerization and remodelling, via a protein complex 
with N-WASP-Arp2/3, thus supporting cell polarization and elongation (Rohatgi et al., 1999). 

In mesenchymal cells, the actomyosin cytoskeleton is instrumental for the formation of membrane 
protrusions, such as lamellipodia, filopodia invadopodia and podosomes. Invadopodia and 
podosomes are specialized actin-rich membrane protrusions invested with the ability to degrade 
the ECM. Invadopodia are utilized by cancer cells to drive invasion through ECM degradation 
(Chen, 1989). Podosomes are the counterpart of invadopodia found in non-cancerous cells cells. 
They are formed by endothelial cells in response to VEGFA and are necessary for vessel branching 
and pathological angiogenesis (Seano et al., 2014). On a two-dimensional substrate, such as the 
basement membrane, invadopodia and podosomes are formed on the ventral side of cell and project 
into the ECM (Buccione et al., 2009). 
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While many proteases, such as MMP2, MMP9, seprase, urokinase-type plasminogen activator 
system have been found in invadopodia, the proteolytic function attributed to these invasive 
structures is conferred mainly by the membrane anchored MT1-MMP (Artym et al., 2002; Artym 
et al., 2006; Guegan et al., 2008; Monsky et al., 1994; Nakahara et al., 1997; Poincloux et al., 
2009). Integrin activation or growth factor stimulation, activates the N-WASP-Arp2/3-cortactin-
dynamin complex that induces actin polymerization and formation of the core invadopodial 
structure at the cell leading edge (Ayala et al., 2008; Bowden et al., 2006; Clark et al., 2007; 
Yamaguchi et al., 2005). This is composed of a core of F-actin surrounded by a ring of regulatory 
and adhesion proteins including integrins, talin, vinculin and paxillin, as well as the scaffold 
protein tyrosine kinase substrate 5 (Tks5) and Tks4, and the Rho GTPase Cdc42 (Blouw et al., 
2015; Di Martino et al., 2014; Linder et al., 2011). Src tyrosine kinase and tyrosine-phosphorylated 
proteins are also enriched at these sites (Bowden et al., 2006; Murphy and Courtneidge, 2011; 
Nakahara et al., 1998). Newly synthetized and recycled MT1-MMP is then trafficked to nascent 
invadopodia. MT1-MMP containing vesicles are then trafficked to nascent invadopodia, through 
the activity of RhoA/Cdc42 and fused to the plasma membrane by a v-SNARE Ti-VAMP/VAMP-
7 complex (Guegan et al., 2008; Nakahara et al., 1998; Sakurai-Yageta et al., 2008; Steffen et al., 
2008). 

The targeted delivery of MT1-MMP to invadopodia has been extensively studied and numerous 
mechanisms have been identified that connect cytoskeletal reorganization with exocytosis of MT1-
MMP. Cortactin, an actin binding protein and regulator of Arp2/3-mediated actin branching 
regulates the secretion of MT1-MMP and MMP2 to invadopodia (Clark and Weaver, 2008). IQ 
Motif Containing GTPase Activating Protein 1 (IQGAP1), a key polarity protein and linker of the 
microtubular and actin cytoskeleton, and the exocyst complex, required for the fusion of endocytic 
vesicles to the plasma membrane, are also required for the focal delivery of MT1-MMP to 
invadopodia (Brown and Sacks, 2006; Noritake et al., 2005; Sakurai-Yageta et al., 2008). 
However, cancer cells must utilize a more dynamic mechanism for rapid delivery, endocytosis and 
re-presentation of MT1-MMP required for efficient and sustained ECM proteolysis within an 
inhibitor-rich microenvironment (Artym et al., 2006; Watanabe et al., 2013). Such a mechanism 
has been found during the work for this thesis. MT1-MMP was found to interact through its 
cytoplasmic tail with the dynamic cytoskeletal protein palladin. Being a scaffolding protein with 
considerably faster turnover than actin or α-actinin, this interaction provides cells with a more 
dynamic mechanism for invadopodial targeting of MT1-MMP (Endlich et al., 2009; Gateva et al., 
2014). 

 

2. Tumour microenvironment 
Key for tumour progression is the ability of cancer cells to sustain invasive programs while 
orchestrating multifaceted environmental responses to promote tumour growth, metastatic spread 
and therapy resistance (Polyak et al., 2009). The extent of cell-cell and cell-ECM communication 
events involved during cancer progression underscores the importance of the extracellular 
microenvironment in determining tumour cell biology and plasticity. Therefore the complexity of 
tumours is increasingly likened to that of organs (Jain, 2013; Radisky et al., 2001). Indeed, in 
addition to tumour cell intrinsic factors, the external tumour milieu, including interstitial tissue 
together with host non-malignant cells, also modulates tumour cell behaviour and thereby modifies 
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disease progression (Hanahan and Weinberg, 2011). New therapeutic strategies will thus need to 
be based on comprehensive understanding of the cell behaviour in the tumour as a whole. The 
tumour microenvironment includes the acellular ECM, growth factors, cytokines, metabolites as 
well as the various resident and incoming cell types contributing to the tumour mass and behaviour 
(Joyce and Pollard, 2009). 

 

Figure 5. The tumour microenvironment. 
 

ECM properties have been found to be associated with disease onset and progression and affect 
patient prognosis and survival (Arendt et al., 2010; Boyd et al., 2002). Not only features of the 
acellular ECM, but also the cellular component of the tumour microenvironment affects cancer 
cell behaviour during tumour evolution and in response to treatments. The cellular component of 
the tumour microenvironment can essentially be identified as CAFs, immune infiltration and 
vasculature. Not only tumours recruit vasculature and modulate the immune system through 
production of growth factors and cytokines, but are also able to utilize them to their own advantage. 
For example, macrophages enhance the concomitant intravasation of tumour cells into blood 
vessels (Roussos et al., 2011; Wyckoff et al., 2004; Wyckoff et al., 2007). From these studies 
emerged the concept of tumour microenvironment of metastasis (TMEM), a microanatomic 
location whereby a macrophage, an endothelial cell and a cancer cell are in direct contact with 
each other (Robinson et al., 2009). One mechanism responsible of the association of TMEM with 
metastasis is due to the expression of the actin regulatory protein MenaINV in cancer cells, whereby 
it enhances their intravasation as a result of increased invasion and transendothelial migration, as 
well as enhances their sensitivity to macrophage-derived EGF, inducing invasion in proximity to 
these cells (Philippar et al., 2008; Rohan et al., 2014; Roussos et al., 2011; Wyckoff et al., 2004). 
Via cell-cell contact and molecular crosstalk/communication, cancer cells can induce phenotypic 
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changes to the stromal cells that will better serve tumour growth and spread. Host stromal cells are 
conditioned by the tumour to become cancer-associated fibroblast and be utilized for the 
production of growth, chemotactic and angiogenic factors, for ECM remodelling, as well as 
harnessed as “leader” cells that pave tracks for cell migration (Gaggioli et al., 2007). A 
predominant stromal cell type in breast cancer, the adipocyte, has been found to promote neoplastic 
transformation and tumour progression through the secretion and processing of collagen VI 
(Iyengar et al., 2005; Park and Scherer, 2012). 

Shedding of micro vesicles and exosomes by tumour cells adds another level of complexity to the 
extent to which cancer cells are able to modify the tumour microenvironment. Such a mechanism 
is able to induce tissue responses, even in distant sites, via distribution and circulation in body 
fluids. Such conditioning of the tumour microenvironment can include immune 
modulation/suppression, preparation of niche for distant metastasis as well as chemotherapy 
resistance (Clancy et al., 2015). (Weigelin et al., 2012). 

2.1. ECM 
One of the major barriers to cell invasion is provided by the ECM, a hydrated meshwork of fibrous 
proteins, glycoproteins, proteoglycans and polysaccharides, which provides support and signals 
necessary for cell and tissue structural identity. While being tightly regulated during organ 
development and homeostasis, the ECM is commonly deregulated in cancer. Fibrous ECM 
proteins include collagen, elastin, fibronectin and laminins. Proteoglycans are composed of 
glycosaminoglycan (GAG) chains covalently bound to a protein core (Schaefer and Schaefer, 
2010). 

Along tumour progression cancer cells are confronted with ECM of varying density, structure and 
composition, ranging from the 2D BM to complex three-dimensional interstitial and provisional 
ECM networks. The BM is a specialized 100-300 nm thick structure, mainly composed of laminin, 
fibronectin and collagen type IV and linker proteins like entactin and nidogen, underlying all 
epithelial tissues and enclosing blood vessels, responsible not only of tissue confinement but also 
of maintaining cell polarity and differentiation. The interstitial ECM is instead rich of collagen 
type I, proteoglycans and glycoproteins, such a fibronectin (Wolf et al., 2009). 

Pertaining cancer cell invasion, for example, the physical properties of the ECM (dimensionality, 
stiffness, composition, density, gap size, orientation) greatly impact the mode and efficiency of 
cell invasion and studies have been carried out to identify physical parameters and space limits for 
protease-dependent and -independent cell motility (Charras and Sahai, 2014; Friedl and Wolf, 
2010; Wolf et al., 2013). Whether more or less closely reflecting the in vivo physical properties of 
the tumour ECM, cancer cells possess the molecular machinery, signalling mechanisms and 
effectors to sense ECM properties and thereby modulate their shape and invasive behaviour 
(Haage et al., 2014; Hung et al., 2016; Kenny et al., 2007; Krause and Wolf, 2015; Ridley et al., 
2003; Wolf et al., 2003a; Wolf et al., 2013). Matrix stiffness is known to greatly affect tumour 
progression and chemoresistance (Rice et al., 2017; Wei et al., 2015). ECM sensing occurs both 
at the molecular level through ECM receptors, e.g. integrin, syndecans and Discoidin domain 
receptors (DDRs), or at the physical level, through mechano-sensing (Hynes, 2009; Lu et al., 
2012). Cells sense physical tension in the extracellular space and respond with cytoskeletal tension 
and contraction to expand within the ECM and perpetuate movement. The balance between Rac1 
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and Rho/myosin II is altered in response to cell confinement through a molecular mechanism 
implicating Ca2+ influx through Piezo1, a stretch-activated cation channel, to induce Rac1-
mediated cell protrusions in unconfined spaces and RhoA-mediated actomyosin contractility in 
confined spaces (Hung et al., 2016). Invadopodia can also act as matrix mechano-sensors (Albiges-
Rizo et al., 2009; Destaing et al., 2011; Di Martino et al., 2016). 

Collagen alignment also affects cancer cell behaviour (Clark and Vignjevic, 2015). Indeed, 
collagen alignment has been associated with poor prognosis in melanoma and breast carcinoma 
(Conklin et al., 2011; Warso et al., 2001). Along tumour progression, tumour cells also modify 
and deposit new ECM, thereby further modifying the tumour microenvironment (Schafer and 
Werner, 2008). For example, many ECM proteolytic fragments have stimulatory or inhibitory 
effect on angiogenesis (Mott and Werb, 2004). Furthermore ECM remodelling and deposition has 
been implicated in responses to anti-cancer treatment and development of drug resistance (Loeffler 
et al., 2006). 

2.2. Immune and inflammatory infiltration 
In the attempt to fight the presence of tumour cells and antigens, inflammation and anti-tumour 
immunity is activated, resulting in immune and inflammatory cell infiltrates within the tumour 
microenvironment (Figure 4). After the statement on the hallmarks of cancer in 2000, abundant 
evidence accumulated that immunity and inflammation are indeed pivotal features of cancers, and 
thereby included in the following version of the hallmarks of cancer (Hanahan and Weinberg, 
2000; Hanahan and Weinberg, 2011). Abundant research in the field has led to the understanding 
that, while acute local inflammation has anti-tumour effects, the chronic inflammatory response 
has tumour-promoting functions and is therefore detrimental for clinical patient outcome (Colotta 
et al., 2009). Already in 1868, Bruns described cases of patients who experienced complete tumour 
regression upon severe acute streptococcal infection (Aggarwal, 2003). The molecule involved, 
also induced by lipopolysaccharide (LPS) as the primary mediator of inflammation, was 
discovered a century later and named TNFα (Carswell et al., 1975; Pennica et al., 1984). Following 
this pioneering work, induction of acute inflammation via BCG tuberculosis vaccine is currently 
a standard treatment for bladder cancer (Askeland et al., 2012; Herr and Morales, 2008). Chronic 
inflammation is instead promoting neoplastic transformation and cancer progression. Cancers of 
the pancreas, liver, stomach, prostate and lung are just few examples of cancers that develop 
subsequent to long-term chronic inflammation (El-Serag and Rudolph, 2007; Hohenberger and 
Gretschel, 2003; Pages et al., 2010; Park et al., 2010; Takahashi et al., 2010). 

Whether associated with a chronic inflammatory disease or not, solid tumours are commonly 
infiltrated with immune and inflammatory cells, i.e. lymphocytes, natural killer cells, dendritic 
cells, macrophages, neutrophils, eosinophils, basophils and mast cells. These infiltrating cells can 
supply bioactive molecules to the tumour microenvironment such as growth factors, angiogenic 
factors, proteases with clear effects on cell growth and invasion, as well as chemicals such as 
reactive oxygen species that exacerbate malignancy with their mutagenic effect. The most frequent 
inflammatory cells found within the tumour microenvironment are tumour-associated 
macrophages, which promote tumour growth, angiogenesis, ECM proteolysis and invasion, 
thereby contributing to metastasis. Absence of macrophages in the microenvironment of the 
mammary tumour-susceptible transgenic mouse strain PyMT, resulted in delayed tumour 
progression and metastasis, while overexpression of CSF-1 in the same mouse model elicited the 
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opposite outcome (Lin et al., 2001). The proximity of macrophages to basement membrane in 
earlier cancer stages, and to invasive fronts in more advanced tumours is suggestive of their 
function in ECM degradation preceding cancer cell invasion and dissemination (Lin et al., 2001). 
Lymphocyte infiltration, especially of T cells, is instead a major prognostic factor for several solid 
cancers, including breast cancer and melanoma, and in most cases this is associated with 
favourable prognosis (Clemente et al., 1996; Menegaz et al., 2008). 

 

2.3. Vasculature 
The development of a neovasculature is a key event that occurs early in tumour progression and 
supports cancer cell survival, growth and spread. Indeed, microvascular density has been 
associated with poor prognosis in several cancers (Des Guetz et al., 2006; Hanahan and Folkman, 
1996; Meert et al., 2002; Uzzan et al., 2004). The release of angiogenic growth factors by the 
aggressively growing tumour mass leads to the formation of a vascular network aimed at providing 
sufficient oxygen and nutrients supply to the tumour. While being exploited by the tumour cells to 
metastasize, the tumour vasculature also provides a route for delivery of therapeutic agents (Jain, 
2005). The newly formed vasculature is fundamentally different from the normal vasculature, both 
structurally and functionally (Jain, 2013; Less et al., 1991; Leunig et al., 1992). The tumour 
vasculature consists of a disorganized network of leaky and tortuous vessels with discontinuous 
endothelial cell lining, defective pericyte/smooth muscle cell (SMC) coverage and discontinuous 
or absent basement membrane (Hashizume et al., 2000; Jain, 2013; McDonald and Foss, 2000). 
The diameter of these tumour vessels is irregular and the walls are thin (Hashizume et al., 2000; 
Konerding et al., 2001). Recent studies have shown that normalizing those vascular properties 
attenuates the tumour-promoting features of the microenvironment while allowing efficient 
delivery of co-administered drugs (Chauhan et al., 2012; Jain, 2001). Lymphatic vessels are also 
recruited to the tumour, and are dilated, leaky and discontinuous at the tumour periphery while 
being absent or collapsed within the tumour mass (Bono et al., 2004; Dadras et al., 2003; Leu et 
al., 2000). The lymphatic system is employed as a route for cancer cell dissemination as well as 
recruitment of inflammatory and immune cells to the tumour microenvironment. In addition to 
representing a route for inflammatory cell recruitment and efficient antigen presentation, 
lymphatic vessels have more recently been implicated in immunomodulatory effects and tumour 
inflammation through their remodelling and molecular interplay within the tumour 
microenvironment (Lund et al., 2016). The endothelial cells lining the tumour vasculature express 
the αvβ3 and αvβ5 integrins, VEGFRs, FGFRs, EphA2 and MMPs (Ruoslahti, 2002). Although 
blood endothelial cells and lymphatic endothelial cells share many features, their specialized 
function is reflected by distinct gene expression and markers (Petrova et al., 2002). Lymphatic 
vessels are characterized by the expression of specific lymphatic endothelial markers including the 
lymphatic vessel endothelial hyaluronan receptor (LYVE-1), VEGFR3, prospero homeobox 
protein 1 (Prox1) and podoplanin, while CD34, endoglin, neuropilin-1 (NRP-1) and collagen IV 
are blood vessel markers (Adams and Alitalo, 2007; Hirakawa et al., 2003; Makinen et al., 2001; 
Petrova et al., 2002). 
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3. Tumour/pathological angiogenesis  
Angiogenesis, i.e. the formation of new blood vessels from pre-existing ones, is a fundamental 
process in normal tissue function and is deregulated in many pathological disease states such as 
cancer and microvascular complications (Carmeliet and Jain, 2011; Kota et al., 2012). In 1971, 
Folkman reported that tumour growth and metastasis is dependent on angiogenesis and that 
blocking angiogenesis could represent a valid therapeutic approach (Folkman, 1971). 
Angiogenesis is initiated when the balance between pro- and anti-angiogenic factors is tilted in 
favour of the former (Semenza, 2007). The tumour microenvironment comprises several signalling 
molecules that trigger an angiogenic response. Pro-angiogenic growth factors are produced by 
cancer cells, endothelial cells and stromal cells or released from their binding to the extracellular 
matrix (Lee et al., 2005). Tumour vessels can develop by sprouting from pre-existing vessels, by 
intussusception or starting from bone-marrow derived endothelial precursor cells (EPCs) or vessel 
wall-resident vascular endothelial stem cells (VESCs) (Fang et al., 2012; Gianni-Barrera et al., 
2011; Nolan et al., 2007). While increasing evidence suggests that EPCs contribute to vascular 
repair and neovascularization, what is the identity of these cells and the set of markers expressed 
in situ is subject of current debate (Salter and Sehmi, 2017). EPCs have been found to promote 
angiogenesis by serving as substrates for new vessel formation as well as by stimulating local 
angiogenic responses in a paracrine manner (Shih et al., 2015; Yoon et al., 2005). Tumour 
angiogenesis is initiated by hypoxia which activates the expression of angiogenic growth factors. 
The presence of angiogenic growth factors in the tumour microenvironment leads to a perpetuating 
angiogenic response and defective maturation of the tumour neovasculature that indeed does not 
resolve hypoxia but sustains angiogenesis (Goel et al., 2011). Alternatively, vessel co-option, 
mainly observed in tumours of the brain, is an alternative mechanism employed by tumour cells 
through which they hijack and migrate along the existing vasculature (Kusters et al., 2002). The 
adhesion of tumour cells to the vessels can be mediated by L1CAM, β1-integrin and connexins 
(Carbonell et al., 2009; Stoletov et al., 2013; Valiente et al., 2014). Furthermore, cancer cells can 
themselves contribute to the formation of vessel-like structures, lined by ECM, through a 
mechanism involving cancer cell plasticity and called “vasculogenic mimicry” (Hendrix et al., 
2003; Maniotis et al., 1999). EphA2 signalling activation is one of the earliest events driving 
vasculogenic mimicry (Hess et al., 2001). 
 

The main angiogenic growth factor is the vascular endothelial growth factor A (VEGFA), which 
belongs to a family of angiogenic growth factors that includes placental growth factor (PlGF), 
VEGFB, VEGFC, VEGFD and the viral homolog of mammalian VEGFA, VEGFE. Their 
receptors belong to the subfamily of RTK, called VEGFRs, comprising three members (VEGFR1, 
VEGFR2 and VEGFR3). While VEGFR1 and VEGFR2 are expressed mainly in blood endothelial 
cells, VEGFR3 is largely restricted to lymphatic endothelial cells in adult tissues. In addition, the 
non-kinase coreceptors NRP-1 and NRP-2 function in VEGFR-mediated signals (Pellet-Many et 
al., 2008). Tie receptors, Tie1 and Tie2, and their ligands angiopoietin1 (Ang1) and angiopoietin 
2 (Ang2) comprise another signalling system involved in blood vessel maturation and vascular 
remodelling. Tie1 and Tie2 are both expressed mainly in endothelial cells, while being expressed 
to a lesser extent in hematopoietic cells (Batard et al., 1996; De Palma et al., 2005). Ang1 and 
Ang2 are the ligands for Tie2, while Tie1 is an orphan receptor that is activated by interaction with 
Tie2 (Saharinen et al., 2005). 
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4. Human cancer 
Despite intensive research efforts worldwide, cancer remains a major public health problem and a 
deadly disease in real need of novel therapeutic strategies. In 2012, more than 14 million new 
cancer cases and more than 8 million cancer deaths occurred worldwide. A quarter of these cases 
and a fifth of the cancer deaths occurred in Europe despite accounting for one tenth of the world 
population (Ferlay et al., 2015). Worldwide, prostate cancer was the most common cancer in males 
after lung cancer, while breast cancer was the most common cancer in women (Ferlay et al., 2015). 
In more developed regions breast, prostate, lung and colon cancer represent 50% of the cases while 
in less developed regions breast, lung, colon, stomach, liver and uterine cervix comprise 54% of 
the cases (Ferlay et al., 2015). In males, prostate cancer and lung cancer are the most common 
cancers diagnosed in more and less developed regions, respectively. In females, breast cancer is 
the most common cancer diagnosed in both regions. Epidemiologic data from United States 
predicted more than 1.6 million new cancer cases in 2016 with cancers of the lung and prostate 
most common in men and cancers of the lung and breast most common in women. Almost one 
third of these diagnosed cancers will lead to death (Siegel et al., 2016). 

4.1. Breast cancer 
In 2012, breast cancer was the second most common cancer after lung cancer, with 1.7 million 
new cases (25% of all cases), and the fifth cause of cancer death with more than half a million 
deaths worldwide (Ferlay et al., 2015). In more and less developed regions, breast cancer remains 
the most common cancer in women. In the United States, breast cancer is the most common 
malignancy and leading cause of cancer-related death among women, accounting for 29% of new 
cancer diagnoses and 14% of cancer-related deaths in 2016 (Siegel et al., 2016; Torre et al., 2016). 

4.1.1. Risk factors and genetics 
Risk factors associated with the development of breast cancer are gender, age, genetic 
predisposition, estrogen exposure, reproductive factors and lifestyle. Genetic predisposition is also 
associated with increased breast cancer risk (Abdulkareem, 2013). Germline mutations of BRCA1, 
BRCA2, p53 and PTEN are responsible of 5-10% of all breast cancers. Those are identified as 
familial cases. Polymorphisms in breast cancer susceptibility genes contribute, together with 
lifestyle factors, to majority of sporadic cancer cases (90-95%). Familial cases have usually earlier 
onset, bilateral involvement and worse prognosis compared to sporadic cases with later onset, 
mostly unilateral and with better prognosis. The human epidermal growth factor receptor 2 (HER-
2)/neu oncogene is amplified in 20-30% of breast cancers and correlates with worse outcome and 
poor survival. 

4.1.2. Histopathology and molecular classification 
Breast cancer is a highly heterogeneous disease with diverse histopathological features. 
Immunohistochemical markers have aided the classification of breast cancer in several subtypes. 
These markers are the estrogen receptor (ER), progesterone receptor (PR) and HER2. Based on 
their expression, breast cancers have been subdivided in 4 subtypes: ER/PR+HER2-, 
ER/PR+HER2+, ER/PR-HER2+ and ER/PR-HER2- (triple negative). Tumours with ER or PR 
positivity have better prognosis that their negative counterparts. ER+/PR+ tumours are well-
differentiated, comprise about 75% of breast cancers and have better prognosis also due to better 
response, in 50% of the cases, to selective estrogen receptor modulators (SERMs) and aromatase 
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inhibitors (Dai et al., 2016; Weigelt and Reis-Filho, 2009). Triple negative breast cancers (TNBC) 
comprise 15% of all breast cancers and present dismal prognosis due to unresponsiveness to 
currently available therapies (Carey et al., 2007; O'Toole et al., 2013). Gene expression profiling 
studies published first in 2000 has established the classification of breast tumours in 4 “intrinsic 
subtypes” that correspond to the previously established classification based on the hormonal and 
HER status. They are the “luminal” subtypes A and B that are hormone receptor positive, the 
“HER2-enriched”, and the “basal-type” similar to the TNBCs (Perou and Borresen-Dale, 2011; 
Perou et al., 2000; Sorlie et al., 2003). More recently, a “claudin low” subtype was also identified 
(Herschkowitz et al., 2007). 
In normal conditions, the glandular tissue comprises a network of ducts formed by an epithelial 
compartment composed of two cell layers, epithelial and myoepithelial, surrounded by a basement 
membrane. Surrounding stroma consists of fibroblasts, blood vessels, lymphoid and adipose tissue. 
With puberty the ductal breast structure develops a lobular compartment and undergoes 
physiological remodelling during pregnancy, lactation as well as menstrual cycle. Breast cancer 
arises from the tissue within the terminal ductolobular unit of the mammary gland. Most breast 
cancers (95%) are adenocarcinomas of epithelial origin. They can further be subdivided into “in 
situ” or “invasive” carcinomas. In situ carcinomas are confined within the epithelial ductolobular 
layer and can be easily cured by resection. Two types of carcinoma in situ can be distinguished, 
the ductal carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS) with the difference being 
that the latter lacks E-cadherin expression. However, in 55% of the cases, breast cancers are 
diagnosed as invasive ductal carcinomas (IDCs) that have proliferated and invaded beyond the 
physical confine of the terminal duct epithelium into surrounding stroma and may have already 
formed metastatic foci in distant anatomic sites (Fentiman and D'Arrigo, 2004; Weigelt and Reis-
Filho, 2009). The TNM staging is used in clinical practice to assess the disease and determine the 
stage at which the carcinoma is found (Table 1). The natural history of the disease goes through 
the in situ stage, followed by local invasion, invasion to adjacent tissue, growth into regional lymph 
nodes and dissemination to distant organs. 

TNM clinical staging 
Primary tumour (T) Lymph node (N) Metastasis (M) 

Tx  = Unassessable Nx = Unassessable Mx = Unassessable 
T0 = No evidence of primary N0 = No metastasis M0 = No distant mets 
Tis =  Non-invasive cancer N1 = Movable metastasis M1 = Distant mets 
T1 = Mass ≤ 2 cm N2 = N1 + fixed lymph node  
T2 = Mass > 2cm, ≤ 5 cm N3 = Internal mammary node mets  
T3 = Mass < 5cm   
T4 = Any size + extension   

Table 1: TNM clinical staging for breast cancer. 
 

4.2. Melanoma 
Melanoma is the deadliest skin cancer and accounts for 1.6% of new cancer cases and 0.7% of 
cancer deaths in 2012 worldwide, affecting mostly white individuals (Ferlay et al., 2015). In the 
United States, melanoma is the fifth and seventh most common malignancy in males and females, 
respectively, and accounts for more than 10000 cancer-related deaths in 2016 (Siegel et al., 2016; 
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Torre et al., 2016). In Finland melanoma incidence has increased yearly (1955-2014, 
http://tilastot.syoparekisteri.fi/syovat/), reaching 25.8 cases per 100,000 individuals for male 24.1 
cases per 100,000 individuals for females in 2014. In Europe, 100000 new melanoma cases were 
estimated (743 million population), 10% of which were in Italy despite its population represents 
8% of the European population (Ferlay et al., 2013). 

4.2.1 Risk factors and genetics 
The highest risk factors for the development of melanoma are environmental factors such as UV 
radiation, leading to more than 90% of melanoma cases in the United States, as well as genetic 
predisposition. Skin pigmentation and nevus number also contribute to melanoma risk. Light skin 
and multiple nevi increase the risk of melanoma. Moreover, intermittent exposure to sun is a 
stronger risk factors for melanoma as compared to chronic sun exposure. Five to ten percent of 
melanoma cases are familial (Gandini et al., 2005). However, no germ-line mutations in 
susceptibility genes have been identified. Genetic factors responsible of cutaneous melanoma are 
somatic mutations in BRAF (40-60% of the cases), in NRAS (20% of the cases) (Davies et al., 
2002; Samatar and Poulikakos, 2014). They cause majority of superficially-spreading melanomas 
together with other genetic factors such as loss of PTEN (Curtin et al., 2005). Gene amplification 
of cyclin-dependent kinase (CDK4) and KIT are instead more frequent in acral and mucosal 
melanomas (Bastian, 2014). Mutations in GNAQ and GNA11 are more common in uveal 
melanomas (Van Raamsdonk et al., 2009; Van Raamsdonk et al., 2010). In addition, different 
types of miRNAs and long non-coding RNAs have been associated with the pathogenesis of 
melanoma (Hulstaert et al., 2017). A set of genes implicated in familial melanoma susceptibility 
has been identified. Among them are rare high-penetrant genes such as CDKN2A, CDK4, BAP1, 
TERT, POT1, ACD, as well as more common low-penetrance genes as MC1R and MITF (Aoude 
et al., 2015; Carbone et al., 2012; Horn et al., 2013; Hussussian et al., 1994; Shi et al., 2014; 
Williams et al., 2011; Yokoyama et al., 2011; Zuo et al., 1996). 

4.2.2. Histopathology 
Melanoma accounts only for 5% of all skin cancers, with about 90% of melanoma cases being 
cutaneous melanoma, while the remaining 10% of cases include non-cutaneous melanomas 
occurring near the eye, in mucosal tissues and oral cavities. Cutaneous melanomas arise from 
melanocytes, a specialized cell type within the epidermis responsible of the production of the 
melanin brown pigment that protects the deeper layer of the skin (dermis) from damaging 
ultraviolet (UV) radiation. Despite the low incidence among skin cancers, cutaneous melanoma 
causes the majority of skin cancer deaths. Cutaneous melanomas can be classified into 
superficially-spreading (SSM, 70%), lentigo maligna (LMM, 4-10%), acral lentiginous (ALM, 2-
8%) and nodular melanoma (NM, 15-30%), although this classification has not been broadly 
adopted in clinical practice. The first three types spread superficially for a long time before 
penetrating more deeply, while the nodular melanoma is usually invasive at diagnosis. Despite 
being a less common subtype, nodular melanoma causes majority of deaths. Interestingly, these 
types display differences in genomic aberrations, suggesting that different molecular pathways are 
associated with extent of sun exposure and susceptibility to UV light (Curtin et al., 2005). Four 
systems of staging are used for melanoma. They are the Clark scale, Breslow scale and TNM 
staging (Balch et al., 2009; Breslow, 1970; Clark et al., 1969). 
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5. Proliferative diabetic retinopathy 
Diabetes is one of the world’s oldest diseases and currently a major and widespread medical 
problem. There are two major forms of diabetes, type I and type II, although diabetes may also 
manifest during pregnancy (gestational diabetes mellitus, GDM) and present itself as less common 
types, such as maturity onset diabetes in the young (MODY), latent autoimmune diabetes in adults 
(LADA), cystic fibrosis related diabetes (CFRD) and Cushing’s syndrome. Chronic 
hyperglycaemia and other metabolic changes inherent to diabetes cause a wide array of devastating 
systemic and end-organ complications, grouped as “microvascular”, including neuropathy, 
nephropathy, retinopathy, diabetic foot and “macrovascular” such as cardiovascular and 
cerebrovascular diseases. Diabetic retinopathy is the most common microvascular complication, 
characterized by a broad spectrum of changes in the retina that will eventually evolve into a 
proliferative disease called “proliferative diabetic retinopathy” (PDR). 

5.1. Epidemiology 
Diabetes incidence is increasing worldwide due to increasing life span, obesity and other 
concurring metabolic disorders, as well as improved detection of the disease. The World Health 
Organization states that ~ 442 million individuals were affected by diabetes in 2014. The global 
incidence of this disease is predicted to increase dramatically in the next 20 years (Guariguata et 
al., 2014). In Finland, about 50.000 and 300.000 individuals are currently affected by type I and 
type II diabetes, respectively. Finland displays the world’s highest relative incidence of diabetes 
with 60 cases per 100.000 individuals per year, followed by Sardinia with incidence of 40 cases 
per 100.000 individuals (Atkinson, 2012; Knip et al., 2005; Patterson et al., 2009). While type II 
diabetes is the most common form of diabetes, type I diabetes is one of the most common chronic 
diseases of childhood (Karvonen et al., 2000). 

Despite the incidence has diminished of 2-3 fold over the last three decades, diabetic retinopathy 
(DR) remains the most common microvascular complication of diabetes and the leading cause of 
preventable blindness in working-age adults (Liew et al., 2017). Nearly all patients with type I 
diabetes and > 60% of patients with type II diabetes develop retinopathy after 20 years of diabetes, 
despite metabolic control (Fong et al., 2003; Yau et al., 2012). 

5.2. The retina 
The retina is a specialized thin sheet of neural tissue that lines the posterior two-thirds of the eye 
globe and is responsible of the conversion of light into electric signal. Being part of the central 
nervous system, the retina is embryologically derived from the neural tube. The retina has an 
extremely organized structure composed of three layers. The outer nuclear layer (ONL), making 
up the sensory retina, contains the cell bodies of rods and cones photoreceptors involved in the 
photo-transduction of light. The inner nuclear layer (INL) contains the cell bodies of horizontal, 
bipolar and amacrine cells. The innermost later, the ganglion cell layer (GCL) contains mainly 
ganglion cells. Their axons converge posteriorly to form the optic nerve. The three nuclear layers 
are alternated by two plexiform layers, structures that contain the synapses and dendrites of the 
cells in the adjacent layers. The outer plexiform layer (OPL) is located between the ONL and INL, 
while the inner plexiform layer (IPL) separates the INL and the GCL. Distally, the GCL is 
surrounded by the nerve fibre layer (NFL) wherein the axons of the ganglion cells travel and 
converge towards the optic nerve. The innermost part of the retina, termed the inner limiting 
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membrane (ILM) is a structure composed of the basement membrane deposited by the Müller 
cells. The outermost portion of the retina is instead represented by the retinal pigment epithelium, 
a continuous epithelial monolayer connected by tight junctions. 

The retina is one of the most metabolically active tissues in the body and with the highest oxygen 
consumption. Oxygen and blood supply occurs in two zones. The choroidal vasculature supplies 
the outer retina, including the inner nuclear layer, outer plexiform layer, outer nuclear layer, 
photoreceptors and the retinal pigment epithelium. The retinal vasculature supplies the inner retina, 
including the nerve fibre layer, ganglion cell layer, inner plexiform layer and the inner nuclear 
layer. The retinal vascularization begins at the optic disc and proceeds peripherally (Saint-Geniez 
and D'Amore, 2004). While choroidal angiopathy is also observed in diabetic retinopathy, the 
pathogenesis of DR primarily involves the retinal vasculature (Adhi et al., 2013). 

5.3. Pathogenesis of proliferative diabetic retinopathy 
The pathogenesis of proliferative diabetic retinopathy is characterized by ischemia- and 
inflammation-induced vascular leakage and abnormal angiogenesis coupled with fibrotic 
responses within retina. Those changes take place over time with faster or slower pace depending 
on factors such as the glycaemic control and other diabetes management factors (LeCaire et al., 
2013; Yau et al., 2012). Several biochemical  and molecular pathways have been implied in the 
development of diabetic retinopathy as linkers between hyperglycaemia to retinal damage and 
subsequent neovascularization, such as the polyol pathway, the PKC pathway, increased 
expression of VEGFA and insulin-like growth factor-1 (IGF-1), formation of advanced glycation 
end-products (AGE), oxidative stress and low grade inflammation (Cui et al., 2006; Dagher et al., 
2004; Klein et al., 2009; Koya and King, 1998; Loukovaara et al., 2015; Stitt et al., 2002). The 
natural history of DR has been classified by two major studies, the Wisconsin Epidemiologic Study 
of Diabetic Retinopathy (WESDR) and the Early Treatment of Diabetic Retinopathy Study 
(ETDRS) (Klein et al., 1989). Recently, a unified disease severity scale has been created, based 
on the findings of the above-mentioned studies (Wilkinson et al., 2003).  

 

Figure 6. Cross section of the human eye with signs of proliferative diabetic retinopathy. 

 
Already before clinical manifestation of DR, the diabetic retina undergoes a number of 
biochemical alterations, such as basement membrane thickening, pericyte loss, leukostasis (Ciulla 
et al., 2003). In most cases, proliferative diabetic retinopathy evolves from a mild non-proliferative 
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stage (non-proliferative diabetic retinopathy, NPDR) to moderate and severe NPDR before 
reaching the advanced end-stage PDR (Wilkinson et al., 2003). Already at the time of first 
diagnosis of diabetes, about 20% of patients display retinopathy. The initial DR stage, NPDR, is 
characterized by retinal haemorrhage and microaneurysms, intraretinal microvascular 
abnormalities and venous beading. These are followed by pericyte dropout which leads to vaso-
degeneration and subsequent retinal ischemia, setting up the conditions for the angiogenic 
response, via the production of vascular endothelial growth factor-A (VEGFA), and end-stage 
vaso-proliferation (Cai and Boulton, 2002; Enge et al., 2002). The newly formed vessels are fragile 
and leaky, which leads to vitreous haemorrhage (VH), diabetic macular oedema (DME) and a 
fibrotic response that will eventually pull the retina towards the vitreous causing tractional retinal 
detachment (TRD) and subsequent visual loss. Although DR is considered a microvascular 
complication, studies in humans and animal models have found that neurodegenerative changes 
can also take place before vascular alterations (Barber et al., 2011; Vujosevic and Midena, 2013). 
New insights into retinal physiology indeed suggest the idea of a neurovascular unit whereby the 
neural and vascular retinal components are in tight physical and biochemical connection (Antonetti 
et al., 2012). 

 

Stage of DR Ophthalmology findings 

No apparent DR No abnormalities 

Mild NPDR Micro-aneurysms only 

Moderate NPDR 
Micro-aneurisms, intraretinal microvascular abnormalities and 
venous beading 

Severe NPDR 

Any of the following: more than 20 intraretinal hemorrhages in each 
of 4 quadrants; definite venous beading in 2 or more quadrants; 
Prominent intraretinal microvascular abnormalities in 1 or more 
quadrant and no signs of proliferative retinopathy 

PDR 
One or more of the following: neovascularization, vitreous/preretinal 
haemorrhage 

Table 2. Diabetic retinopathy disease severity scale. Adapted from (1991; Wilkinson et al., 
2003). 
 

5.4. Current treatments 
Current treatments for diabetic retinopathy, including intensive blood pressure, metabolic and 
glycemic control and lipid-lowering therapy, solely reduce the risk of DR development and 
progression (Fong et al., 2003). Studies have shown that, despite tight glycemic control, 
microvascular changes continue to take place in the retina and this may be due to other long-
standing triggers such as advanced glycation end-products, mitochondrial damage, oxidative 
stress, as well as epigenetic changes (Kowluru, 2017). Advanced PDR stages, as well as non-
proliferative DR stages and diabetic macular oedema, are treated with laser photocoagulation, 
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intravitreal steroids and anti-VEGFA, as well as pars plana vitrectomy. However, these treatments 
do not revert vision loss. It is therefore increasingly clear that new treatments are required not only 
for the worldwide endemic diabetes, but also for its micro- and macro-vascular complications. 

5.5. Current models for the study of PDR 
The increasing prevalence of diabetes and proliferative diabetic retinopathy make the discovery of 
alternative treatment options a pressing need (Robinson et al., 2012). Several animal models, 
including mice, rats, cats, dogs, pigs, zebrafish and non-human primates, have been used for the 
study of the aetiology and pathogenesis of diabetic retinopathy as well as to develop and test new 
treatments. Due to their small size, short life span and fast breeding rate, rodent models have been 
most commonly employed (Olivares et al., 2017). DR animal models have been created by 
induction or genetic manipulation. Induced models have been created through pancreatectomy, 
administration of alloxan or streptozocin (STZ) drugs inducing selective destruction of pancreatic 
β-cells, dietary manipulation as well as through more direct chemical or laser damage to the eye 
(Feit-Leichman et al., 2005; Gaucher et al., 2007; Kern and Engerman, 1996; Martin et al., 2004; 
Ogura et al., 2017; Weerasekera et al., 2015). Genetic models have been created for both type I 
and type II diabetes. The Ins2Akita, harbouring a missense mutation in the Insulin gene, and the 
NOD mouse model, which develops autoimmune diabetes are used as models of diabetes type I 
(Barber et al., 2005; Han et al., 2013; Li and Sun, 2010). The db/db model, harbouring a mutation 
in the leptin receptor gene, which develops hyperglycaemia and obesity, is used as a model of 
obesity-induced type II diabetes (Midena et al., 1989). The Kimba mouse is a nondiabetic model 
that develops proliferative retinopathy as a result of the overexpression of the Vegf gene under the 
control of the rhodopsin promoter, leading to the overproduction of VEGFA by the photoreceptor 
cells in the retina (Okamoto et al., 1997). The Akimba model was developed by crossing the Kimba 
with the Ins2Akita mouse. This model displays many of the changes naturally occurring in human 
DR, including micro-aneurisms, retinal thickening, pericyte loss, vascular leakage and retinal 
neovascularization (Rakoczy et al., 2010). While the Akimba mouse model develops many 
features of human PDR, including the end-stage neovascularization, none of the above-mentioned 
models recapitulates the full-range vascular and neural complications of human DR (Olivares et 
al., 2017). Other nondiabetic mouse models have been used to study the retinal neovascularization, 
such as via oxygen-induced retinopathy (OIR) and retinal occlusion (Gole et al., 1990; Zhang et 
al., 2007). However, the hypoxic aetiology of the neovascularization produced in these model 
lacks the systemic biochemical characteristics inherent to diabetes, including hyperglycaemia, 
hyperlipidaemia and low-grade inflammation, among many others. 
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AIMS OF THE STUDY 
Cell invasion and pathological angiogenesis are key processes in tumour progression and in 
microvascular complications. Tumour cell as well as endothelial cell invasion are complex 
processes driven by cell-surface signalling, cytoskeletal rearrangements and pericellular 
proteolysis. Invading cancer cells as well as endothelial cells upregulate and use MT1-MMP for 
invasion into the extracellular matrix. By cooperating with protein kinase signalling and cleaving 
cell-surface proteins, MT-MMPs further modify cell behaviour. The accumulating mutation load 
in progressing tumours could also provide cell inherent triggers that tweak cell behaviour, 
including invasion. Lymphatic and blood endothelial cells utilize the invasion machinery, 
including signals and proteolysis effectors, during developmental and adult physiological 
angiogenesis as well as in pathological vascular remodelling events like those occurring in the 
context of cancer and microvascular complications of diabetes. Pathological angiogenesis, 
occurring in tumours as well as in microvascular complications of diabetes, also involves the 
invasion of the ECM as well as close interaction with the overall microenvironment for efficient 
neovessel formation. Endothelial progenitor cell recruitment as well as abnormal endothelial 
differentiation also contribute to pathological vascular growth. Phenotypic switches in e.g. 
invasion modality and cell differentiation are responsible of therapy resistance. Therefore, 
understanding the complex network of cellular communication occurring at the cell-
microenvironment interface and its effects on invasion and phenotypic plasticity is fundamental. 

The aims of this study were: 

1) To identify novel biologically significant molecular networks that regulate the tissue 
microenvironment-dependent tumour invasion. 

2) To study the molecular interactions between pericellular proteolysis, receptor tyrosine kinase 
signaling and cytoskeleton during tumour invasion. 

3) To investigate the endothelial cell-microenvironment communication in pathological 
angiogenesis utilizing proliferative diabetic retinopathy as a model. 
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MATERIALS AND METHODS 
The methods used in this study are also described in the Materials and Methods section of the 
respective publications and are listed here. The publications in which the methods were used are 
referred to with their roman numerals. All animal experiments were approved by the State 
Provincial Office of Southern Finland. The studies involving patient-derived tissue specimens 
were conducted according to the Declaration of Helsinki, and approved by the Institutional Review 
Board and Ethical committee of Helsinki University Hospital. 

1. Methods used in this study 

Method Publication 
Cell labelling III 
Cell surface biotinylation assay I 
Culture of cancer cells I, II, II 
Culture of primary cells II, V 
ELISA V 
Ex vivo human tissue culture V 
Gelatin degradation assay II 
Gelatin zymography I, II 
Gene knockdown by shRNA I, II, III 
Gene knockdown by siRNA I, II, III 
Immunoblotting I, II, III 
Immunofluorescence of cultured cells and tissues I, II, III, IV 
Immunohistochemistry I, IV, V 
Immunoprecipitation I, II, III 
In vivo xenografts in mice I 
Mass spectrometry I 
Microscopy (epifluorescence and confocal) I, II, III, V 
Plasmid cDNA mutagenesis I 
Production of shRNA-containing lentiviral particles I, II, III 
Real-time quantitative PCR (qPCR) I, II, III 
Rho-GTPase activity assay I 
RNA extraction and reverse transcription I, II, III 
Sample fixation for TEM and SBF-SEM IV, V 
SDS-PAGE I, II, III 
Statistical analysis I, II, V 
Time-lapse imaging I 
Three-dimensional co-culture of melanoma cells with LEC and BEC 
spheroids 

III 

Three dimensional spheroid culture II, III, V 
Three-dimensional type I collagen invasive growth assay I, II, III 
Three-dimensional type I collagen invasion assay I, II 
Transfection of cells I, II, III 
Whole-mount immunofluorescence I, II, III, V 

 

2. Cell lines 
The following cell lines were used and are listed in the table below. The publications in which the 
cell lines were used are referred to with their roman numerals. Human breast carcinoma cells 
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ZR75-1, MCF7, BT-474, T47D, MDA-MB-453, SUM159, Hs578T, BT-549 and MDA-MB-231, 
human melanoma cells WM852, WM165 and Bowes, DU145 and PC3 prostate carcinoma cells, 
as well as COS1 and 293FT cells were cultured according to the manufacturer’s instructions. All 
cell lines were grown in Dulbecco´s modified Eagle´s medium (DMEM), Minimal Eagle´s 
essential medium (MEM), or RPMI-1640 medium containing 10 % (v/v) heat inactivated fetal 
bovine serum (FBS), 100 IU/ml penicillin, 100 μg/ml streptomycin and 2mM L-glutamine. Human 
umbilical vein endothelial cells (HUVEC, BEC) and human juvenile foreskin lymphatic 
endothelial cells (LEC) were cultured in Endothelial Cell Growth Medium MV containing 
gentamicin (BEC, 50 μg/mL; LEC, 25 μg/mL). All cells were grown at 37 °C in a humidified 5% 
CO2 atmosphere. 

Name Origin Source Publication 
293 FT Human embryonal kidney, 

SV40 transformed 
Life Technologies I, II, III 

BT-474 Human breast carcinoma ATCC I, II 
BT-549 Human breast carcinoma ATCC I, II 
Hs578T Human breast carcinoma ATCC I, II 
MCF7 Human breast carcinoma ATCC I, II 
MDA-MB-
231 

Human breast carcinoma ATCC I, II 

MDA-MB-
453 

Human breast carcinoma ATCC I, II 

SUM159 Human breast carcinoma Asterand I, II 
T47D Human breast carcinoma ATCC I, II 
ZR75-1 Human breast carcinoma ATCC I, II 
COS1 African green monkey 

kidney, SV40 transformed 
ATCC I, II, III 

WM165 human melanoma, derived 
from SSM metastasis 

Wistar Institute, USA III 

WM852 human melanoma, derived 
from NM skin metastasis 

Wistar Institute, USA II, III 

HUVEC human umbilical vein Promocell III, V 
LEC primary juvenile foreskin  Promocell III, V 
DU145 Prostate carcinoma ATCC II 
PC3 Prostate carcinoma ATCC II 

 

3. Chemicals and growth factors 
The following chemicals and growth factors were used and are listed in the table below. The 
publications in which they were used are referred to with their roman numerals. 

Name Description Manufacturer Publicat
ion 

Aprotinin  Sigma III, V 
bFGF Human recombinant bFGF Millipore V 
Collagen type I Collagen type I from rat tail Sigma I, II, III 
ephrinA1-Fc Recombinant mouse ephrinA1-Fc 

chimera, ligand for EphAs 
R&D Systems I 

Fibrinogen Plasminogen-depleted fibrinogen Calbiochem III, V 
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Fugene cDNA plasmid transfection Promega I, II, III 
GM6001  Cell-impermeable MMP inhibitor Millipore I 
Lipofectamine siRNA transfection Invitrogen I, II, III 
PDGF-AB Human recombinant PDGF-AB R&D Systems II 
Phalloidin - (TRITC) Filamentous actin fluorescence 

probe 
Sigma I, II, III 

PP2  Src inhibitor Millipore I 
Puromycin Selection reagent for lentivirally 

transduced cells 
Sigma I, II, III 

Sulfo-NHS-biotin Biotinylation Thermo Fisher Scientific I, III 
TGFβ Human recombinant TGFβ Millipore V 
Thrombin  Sigma III, V 
VEGFA Human recombinant VEGFA R&D Systems V 
VEGFC Human recombinant VEGFA R&D Systems V 
VEGFR3-Fc Recombinant human VEGFR3-Fc 

chimera 
R&D Systems V 

 

4. Antibodies (I-V) 
The following antibodies were used and are listed in the table below. The publications in which 
they were used are referred to with their roman numerals.’ 

Name (clone) Source Manufacturer Application Publication 
α-actinin (BM75.2) Mouse Sigma IF II 
α-SMA (1A4) Mouse Sigma IF, 3D-IF IV, V 
α-tubulin (B-5-1-2) Mouse Sigma IB I, II 
ADAM10 Rabbit Abcam IB III 
ADAM17 Rabbit Abcam IB III 
Cadherin-11 (5B2H5) Mouse Invitrogen IB I, II 
CD31 (JC70A) Mouse Dako IHC, 3D-IF III, IV, V 
CD34 (QBEND10) Mouse Dako IHC, 3D-IF III, V 
CD44 (DF1485) Mouse Santa-Cruz 

Biotechnology 
3D-IF I, III 

CD45 (2B11+PD7/26) Mouse Roche IHC IV 
CD45 (2B11+PD7/26) Mouse Dako IHC, 3D-IF V 
CD68 (KP1) Mouse Dako IHC IV 
CD68 Mouse ImmunoWay 3D-IF V 
CD117 (K45) Mouse Thermo Scientific IHC, 3D-IF IV, V 
Cdc42 (B-8) Mouse Santa-Cruz 

Biotechnology 
IB I 

Cleaved caspase-3 (5A1E) Rabbit Cell Signalling 3D-IF V 
Collagen I Goat Millipore IHC III 
Cortactin (4F11) Mouse Millipore IF II 
E-Cadherin (36/E-Cadherin) Mouse BD Biosciences IB I, II 
EphA2 (C-terminal) Rabbit Santa-Cruz 

Biotechnology 
IB, IF I, III 

EphA2 (N-terminal) Goat R & D Systems IB I 
ephrinA1 Rabbit Santa-Cruz 

Biotechnology 
IB I 

ERG (CM421C) Mouse Biocare Medicals IHC IV 
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ERG (EP111) Rabbit Dako IHC, 3D-IF V 
Fibrinogen Rabbit Dako IHC III 
GAPDH (GAPDH-71.1) Mouse Sigma IB I, II, III 
GFAP Rabbit Dako 3D-IF V 
GFP Mouse Dr. Emmy Verschuren IB I 
HA Rabbit Abcam IB II 
HA (6E2) Mouse Cell Signalling IB I, II, III 
GST Goat GE Healthcare IB II 
Ki67 Rabbit Leica Microsystems IHC, 3D-IF IV, V 
L1CAM (C-terminal) Rabbit LSBio IB III 
L1CAM (C-terminal) Goat Santa-Cruz 

Bioteechnology 
IB III 

L1CAM (14.10; N-terminal) Mouse Covance IHC III 
L1CAM (UJ127.11; N-
terminal) 

Mouse Millipore IB III 

Lyve-1 Rabbit Abcam IHC IV 
MMP1 Rabbit Millipore IB III 
MMP16 Rabbit Abcam IB III 
Mouse CD31 Rat BD Biosciences IHC III 
Mouse Collagen I Rabbit Millipore IHC III 
Mouse Collagen IV Rabbit Millipore IHC III 
Mouse Lyve-1 Rabbit (He et al., 2005) IHC III 
MT1-MMP (hinge domain) Rabbit Millipore IB I, II 
MT1-MMP (LEM-2/15.8; 
catalytic domain) 

Mouse Millipore IB, IHC I, II, III 

N-Cadherin (32/N-Cadherin) Mouse BD Biosciences IB, IF I, II, III 
NG2 Rabbit Millipore IHC, 3D-IF IV, V 
Palladin Rabbit (Ronty et al., 2006) IB, 3D-IF II 
Palladin-4Ig Rabbit (Ronty et al., 2006) IB II 
Phospho-FAK (18/FAK, 
pY397) 

Mouse BD Biosciences IF II 

Phospho-MLC Rabbit Abcam IB I 
Phospho-Src Rabbit Santa-Cruz 

Biotechnology 
IB I 

Phospho-tyrosine (4G10) Mouse Millipore IB I, II 
Podoplanin (D2-40) Mouse Abcam IHC III 
Podoplanin (D2-40)-RTU Mouse Roche IHC IV 
Prox1 Goat R&D Systems IHC, 3D-IF IV, V 
Prox1 Rabbit ReliaTech IHC, 3D-IF V 
Rac1  Mouse Santa-Cruz 

Biotechnology 
IB I 

RhoA (26C4) Mouse Santa-Cruz 
Biotechnology 

IB I 

S100B Rabbit Dako IHC III 
Src Rabbit Santa-Cruz 

Biotechnology 
IB I 

V5  Mouse Invitrogen IB, IF, 3D-
IF 

I 

VE-Cadherin Goat Santa-Cruz 
Biotechnology 

3D-IF III 
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VEGFR3 (9D9F9) Mouse Millipore IHC, IF, 
3D-IF 

IV, V 

Vimentin (V9) Mouse Santa-Cruz 
Biotechnology 

IB II 

ZO-1 Rabbit Invitrogen IF III 
 

5. Expression constructs and transfection (I, II, III) 
Expression constructs were transfected with Fugene HD (Roche) or TransIT-2020 (Mirus) 
according to the manufacturer’s instructions. The expression constructs used are listed in the table 
below. The publications in which they were used are referred to with their roman numerals. 

Name Protein coded Tag Source Publication 
Mammalian expression constructs 
pCR3.1 Empty vector None Invitrogen I 
pCR3.1-MT1-MMP Full-length MT1-MMP None (Lehti et al., 

2000) 
I, II 

pCR3.1-MT1-MMP-E/A Full-length MT1-MMp with 
point E240A mutation 

None (Lehti et al., 
2000) 

I 

pCR3.1-MT1-MMP-ΔCat Pro- and catalytic domain-
deleted MT1-MMP 

None (Lehti et al., 
2002) 

I 

pCR3.1-MT1-MMP- ΔC Cytoplasmic tail-deleted MT1-
MMP 

None (Lehti et al., 
2002) 

I, II 

pCR3.1-MT1-MMP-HA Full-length MT1-MMP with 
HA-tag within the hinge domain 

HA Dr. Stephen 
Weiss 

I, II 

pCR3.1-MT1-MMP-E/A-
HA 

Full-length MT1-MMP with 
point E240A mutation and HA-
tag within the hinge domain 

HA Dr. Stephen 
Weiss 

I 

pCR3.1-MT2-MMP-HA Full-length MT2-MMP with 
HA-tag within the hinge domain 

HA Dr. Stephen 
Weiss 

I, II 

pCR3.1-MT3-MMP-HA Full-length MT3-MMP with 
HA-tag within the hinge domain 

HA Dr. Stephen 
Weiss 

I, II 

pcDNA3.1/V5-HisC Empty vector V5-His Invitrogen I 
pcDNA3.1/V5-HisC-
EphA2 

Full-length EphA2 
(NM_004431) 

V5-His  I 

pcDNA3.1/V5-HisC-
EphA2-D/I 

Full-length EphA2 with D359I 
mutation 

V5-His  I 

pcDNA3.1/V5-HisC-
EphA2-G/I 

Full-length EphA2 with G391I 
mutation 

V5-His  I 

pcDNA3.1/V5-HisC-
EphA2-G/R 

Full-length EphA2 with G391R 
mutation 

V5-His  I 

pcDNA3.1/V5-HisC-
EphA2-DIV/AAA 

Full-length EphA2 with 
DIV359-361/AAA mutation 

V5-His  I 

pcDNA3.1/V5-HisC-
EphA2-YSV/AAA 

Full-length EphA2 with 
YSV362-364/AAA mutation 

V5-His  I 

pcDNA3.1/V5-HisC-
EphA2-HGL/AAA 

Full-length EphA2 with 
HGL390-392/AAA mutation 

V5-His  I 

pcDNA3.1/V5-HisC-
EphA2-GLT/AAA 

Full-length EphA2 with 
GLT391-393/AAA mutation 

V5-His  I 
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pcDNA3.1/V5-HisC-
EphA2-KD 

Full-length EphA2 with K646M 
mutation 

V5-His  I 

pcDNA3.1/V5-HisC-
EphA2-KD-D/I 

Full-length EphA2 with K646M 
mutation and D359I mutation 

V5-His  I 

pcDNA3.1/V5-HisC-
EphA2-KD-G/I 

Full-length EphA2 with K646M 
mutation and G391I mutation 

V5-His  I 

pcDNA3.1/V5-HisC-
EphA2-KD-G/R 

Full-length EphA2 with K646M 
mutation and G391R mutation 

V5-His  I 

pEGFP-N1 Empty vector GFP Invitrogen I 
EphA3-GFP Full-length of EphA3 GFP Dr. Emmy 

Verschuren 
I 

pEGFP-C2 Empty vector GFP Clontech II 
pEGFP-C2-Palladin Full-length Palladin GFP (Gateva et 

al., 2014) 
II 

pCR3.1-MT3-MMP-
T822C-T825C 

Full-length MT3-MMP with 
point double silent mutation in 
shMT3-2 binding sequence 

None  III 

pCR3.1-MT3-MMP-
T831C-A834C 

Full-length MT3-MMP with 
point double silent mutation in 
shMT3-2 binding sequence 

None  III 

     
Lentiviral expression constructs 
pLVX-puro-V5/HisC Empty vector V5-His  I 
pLVX-puro-V5/HisC-
EphA2 

Full-length EphA2 
(NM_004431) 

V5-His  I 

pLVX-puro-V5/HisC-
EphA2-D/I 

Full-length EphA2 with D359I 
mutation 

V5-His  I 

pLVX-puro-V5/HisC-
EphA2-G/R 

Full-length EphA2 with G391I 
mutation 

V5-His  I 

pLVX-puro-V5/HisC-
EphA2-KD 

Full-length EphA2 with K646M 
mutation 

V5-His  I 

pLVX-puro-V5/HisC-
EphA2-KD-D/I 

Full-length EphA2 with K646M 
mutation and D359I mutation 

V5-His  I 

Retroviral expression constructs 
GFP-Renilla-Luciferase GFP and Renilla-Luciferase GFP Dr. Kari 

Alitalo 
I 

pMX-GFP-MT1-MMP Full-length MT1-MMP GFP (Cheng et 
al., 2011) 

II 

 

6. cDNA mutagenesis (I, III) 
Point mutations in the EphA2 and MT3-MMP sequences were generated using the QuikChange® 
Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA). The primers used 
are listed below. 

Name Forward primer Reverse primer Publication 
EphA2-D/I 5′-C CGG GGC CGC GAG 

ATC ATT GTC TAC AGC G-
3′ 

5′-C GCT GTA GAC AAT GAT 
CTC GCG GCC CCG G-3′ 

I 
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EphA2-G/I 5′-G GAG CCT CCT CAC 
ATA CTG ACC CGC ACC 
AG-3′ 

5′-CT GGT GCG GGT CAG 
TAT GTG AGG AGG CTC C-3′ 

I 

EphA2-G/R 5′-GAG CCT CCT CAC CGA 
CTG ACC CGC ACC AG-3′ 

5′-CT GGT GCG GGT CAG 
TCG GTG AGG AGG CTC-3′ 

I 

EphA2-
DIV/AAA 

5′-GG GGC CGC GAG GCC 
GCT GCC TAC AGC GTC 
ACC-3′ 

5′-GGT GAC GCT GTA GGC 
AGC GGC CTC GCG GCC CC-
3′ 

I 

EphA2-
YSV/AAA 

5′-C GTC ACC TGC GAA 
CAG GCC GCG GCC GAG 
TCT GGG G-3′ 

5′-C CCC AGA CTC GGC CGC 
GGC CTG TTC GCA GGT 
GAC G-3′ 

I 

EphA2-
HGL/AAA 

5′-C TCG GAG CCT CCT 
GCC GCA GCG ACC CGC 
ACC AGT G-3′ 

5′-C ACT GGT GCG GGT CGC 
TGC GGC AGG AGG CTC 
CGA G-3′ 

I 

EphA2-
GLT/AAA 

5′-G GAG CCT CCT CAC 
GCA GCG GCC CGC ACC 
AGT GTG AC-3′ 

5′-GT CAC ACT GGT GCG 
GGC CGC TGC GTG AGG 
AGG CTC C-3′ 

I 

MT3-rescue-1 5′-C TAC AGT GAA TTA 
GAA AAT GGC AAA CGC 
GAC GTG GAT ATA ACC-3′ 

5′-GGT TAT ATC CAC GTC 
GCG TTT GCC ATT TTC TAA 
TTC ACT GTA T-3′ 

III 

MT3-rescue-2 5′-GGC AAA CGT GAT GTG 
GAC ATC ACC ATT ATT 
TTT GCA TCT GG-3′ 

5′CC AGA TGC AAA AAT 
AAT GGT GAT GTC CAC 
ATC ACG TTT GCC-3′ 

III 

 

7. siRNA and shRNA (I, II, III) 
The following siRNAs and shRNA were used and are listed below. The publications in which they 
were used are referred to with their roman numerals. The siRNAs were transfected using 
Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions. The shRNAs were 
lentivirally transduced. In order to produce shRNA-expressing lentiviral particles, 297FT producer 
cells were co-transfected with the packaging plasmid (pCMVdr8.74), the envelope plasmid 
(pMD2-VSVG) and the shRNA-containing plasmid (pLKO.1), using Lipofectamine 2000. The 
cell growth medium was changed 24 h after transfection. The viral supernatants were collected 
after 48 h, filter-sterilized (0.4-μm filter), and the viral titer determined. For stable gene 
knockdown, target cells were infected with the viral stocks for 24 hours. Thereafter, the medium 
was replaced with complete media supplemented with Puromycin (5μg/ml) for selection of the 
shRNA expressing cells. The knockdown efficiency was assessed by quantitative real time PCR 
(qRT-PCR) and immunoblotting. 

siRNA 
Name Target Source Publication 
Non-silencing control None Qiagen I, III 
SI03648841 MT1-MMP Qiagen I, III 
M-004145-00-0005 MT1-MMP Dharmacon II, III 
MMP14sIR1Q MT1-MMP Qiagen III 
M-016891-01-0005 Palladin Dharmacon II 
SI00083006 MT3-MMP Qiagen III 
MMP16sIR1Q-1 MT3-MMP Qiagen III 
SI00009275 L1CAM Qiagen I 
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SI00009282 L1CAM Qiagen I 
SI00022029 ADAM10 Qiagen III 
SI02664501 ADAM17 Qiagen III 
SI00037492, 
SI03021802, 
SI03033772, 
SI05160141 (Pool) 

MMP1 Qiagen III 

SI02780666, 
SI02781079, 
SI00064974, 
SI00064995 (Pool) 

MMP2 Qiagen III 

shRNA 
Non-targeting 
scrambled 

None Open Biosystems I 

TRCN0000050855 MT1-MMP Open Biosystems I 
TRCN0000050853 MT1-MMP Open Biosystems I 
TRCN0000006403 EphA2 Open Biosystems I 
TRCN0000006404 EphA2 Open Biosystems I 
TRCN0000006405 EphA2 Open Biosystems I 
TRCN0000006406 EphA2 Open Biosystems I 
TRCN0000006407 EphA2 Open Biosystems I 

 

8. Total RNA extraction, RT-PCR, qRT-PCR (I, II, III, IV) 
Total mRNA was extracted from the cultured cells and mouse tissues (I, II, III) with RNAeasy 
Mini Kit (Qiagen), followed by reverse transcription (RT-PCR) with iScript cDNA synthesis kit 
(BioRad), according to manufacturer’s instructions. Total mRNAs from paraffin-embedded 
biopsies (III) was extracted using High Pure RNA Paraffin Kit (Roche). Target cDNAs were 
amplified by quantitative real time PCR using TaqMan Universal PCR Master Mix and validated 
Taqman(R) primers on a CFX96 platform (BioRad). TBP was used as an internal control and the 
relative target gene expression levels were quantified with the ΔΔCT method. 

9. Gelatin zymography (I, II) 
Cell conditioned media was subjected to electrophoresis under non-reducing conditions, using 
10% SDS-polyacrylamide gels containing 1mg/ml gelatin, at 4°C. Thereafter, gels were washed 
with 50mM Tris-HCl buffer, pH 7.6 containing 5 mM CaCl2, 1 μM ZnCl2 and 2,5% Triton X-100 
(v/v) to remove the SDS contained in the gel, followed by rinsing in the same buffer without Triton 
X-100. Subsequently, the gels were incubated at 37 °C overnight to allow gelatin digestion. Gels 
were then stained and the digestion terminated with staining buffer containing 10 % (v/v) acetic 
acid, 10 % (v/v) methanol and 0.1% Coumassie Brilliant Blue R250 for ~30 minutes. Subsequently 
gels were de-stained with de-staining buffer containing 10% (v/v) acetic acid and 50% (v/v) 
methanol. The gelatin degradation was visualised as negatively stained bands. 

10. Immunoprecipitation (I, II, III) 
Cell lysates were harvested using RIPA lysis buffer (50 mM Tris-HCl buffer, pH 7.4, 150 mM 
NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.02% (w/v) sodium azide) supplemented with 
protease inhibitor cocktail (Roche), 1 mM Na3VO4 and 10μM GM6001. After solubilisation at 4 
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°C, nuclei and cell debris were removed by centrifugation. Aliquots of the lysates were thereafter 
subjected to pre-clearing with proteinA-sepharose for 1h at 4 °C. Target proteins were then 
immunoprecipitated by specific antibodies and GammaBind G Sepharose (GE Healthcare). HA-
tagged proteins and V5-tagged proteins were immunoprecipitated using anti-HA- and anti-V5-
agarose beads, respectively. The agarose/Sepharose-bound proteins were subsequently eluted with 
Laemmli sample buffer containing 10% β-mercaptoethanol (v/v) or 100mM DTT. 

11. SDS-PAGE and immunoblotting (I, II, III) 
Soluble cell lysates and immune-precipitates were separated by SDS-PAGE into 4-20% gradient 
gels, followed by transfer onto nitrocellulose membrane (BioRad) using the semi-dry Trans-Blot® 
Turbo™ Transfer System (BioRad). The efficiency of the transfer was confirmed by Ponceau Red 
staining. In order to block non-specific protein binding, the membranes were then incubated with 
5% BSA or 5% non-fat milk in TBS containing 0,1 % Tween. Subsequently the membranes were 
incubated with primary antibodies diluted in blocking buffer at 4 °C overnight. After several 
washes, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary 
antibodies (Dako), diluted in blocking buffer, for 1h at room temperature (RT). After washes, the 
immune-complexes were detected by using ECL chemiluminescent detection reagent (GE 
Healthcare) and visualized by exposure of X-ray films (Fujifilm) subsequently developed using 
the Kodak X-OMAT 2000 film developer (Kodak). 

12. Cell-surface biotinylation (I) 
For the detection of cell surface proteins, cells were rinsed with ice-cold PBS and incubated with 
PBS containing 0.5 mg/ml non cleavable Sulfo-NHS- Biotin (Thermo Fisher Scientific) on ice for 
1h. The biotinylation process was terminated by washing with 10 mM Tris-HCl buffer, pH 7.4, 
containing 150 mM glycine for 10 min. The cells were then lysed and subjected to 
immunoprecipitation and SDS-PAGE as described above. The immunoprecipitated biotinylated 
proteins were detected with HRP-conjugated streptavidin (Dako).  

13. 2D immunofluorescence (I, II, III, V) 
Cells grown on glass coverslips were fixed with 4% PFA in PBS, pH 7.4 for 20 minutes at RT, 
followed by blocking and permeabilization with 5% BSA (w/v) in Dulbecco PBS containing 0.1% 
Triton X-100, for 30 minutes at RT. Target proteins were detected by incubation with primary 
antibodies diluted in 5% BSA/Dulbecco PBS for 1 hour at RT, followed by incubation with Alexa-
conjugated secondary antibodies (Invitrogen). Washes with PBS and a final wash with water was 
followed by mounting of the coverslips using Vectashield anti-fading mounting medium (Vector 
Laboratories) containing 4',6-diamidine-2-phenylindole dihydrochloride (DAPI). The stained cells 
were imaged using a LSM 5 DUO or a LSM 780 laser scanning confocal microscope (Zeiss). 
Brightness and contrast were linearly adjusted using Corel Photo Paint X5 (Corel Corporation). 

14. Whole-mount 3D immunofluorescence (I, II, III, V) 
Cells and tissues embedded within 3D matrices were fixed with 4% PFA in PBS, pH 7.4 for 1 h at 
RT and post-fixed with ice-cold methanol-acetone (50:50) for ~1 minute. The 3D gels were then 
subjected to blocking and permeabilization with 15% FBS (v/v) in PBS containing 0.3 % Triton 
X-100 for 2 hours at RT, followed by incubation with primary antibodies, diluted in the 
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blocking/permeabilization buffer, overnight at 4 °C. After washes, the gels were incubated with 
Alexa-conjugated secondary antibodies for 4 hours at RT. The gels were subsequently washed and 
mounted with Vectashield containing DAPI. 

15. Histologic analysis and immunohistochemistry (I, IV, V) 
Mouse xenografts and lymph nodes (I, III), as well as human diabetic neovascular tissue specimens 
were fixed with 4% PFA immediately after removal, dehydrated in graded ethanol series and 
embedded in paraffin. Serial 5 μm-sections from each specimen were cut and placed unto 
SuperFrost™ microscope slides (Thermo Fisher Scientific). Hematoxylin and eosin staining was 
performed on each 5th-7th glass to guide the selection of representative neighbouring serial sections 
for immunohistochemistry analysis. For immunohistochemistry, paraffin sections as well as tissue 
arrays (I and II) and archival human melanoma sections were deparaffinised in TissueClear 
(Tissue-Tek) and rehydrated in graded ethanol series. Antigen retrieval was performed by heating 
the sections in 10 mM sodium citrate buffer pH 6.0 containing 0.02 % (v/v) Tween-20 for 15 
minutes. Alternatively, antigen retrieval was performed by incubating the sections with 0.025% 
trypsin in 50 mM Tris-HCl pH 7.8 containing 0.1 % calcium chloride, for 30 minutes at 37 °C. 
Subsequently, endogenous peroxidases were quenched by incubation with 0.6% (v/v) hydrogen 
peroxide for 10 minutes. The sections were then rinsed and incubated with 2.5 % Normal Horse 
Serum (Vector Laboratories) for 30 minutes at RT. Subsequently, the sections were incubated with 
primary antibodies diluted in blocking buffer, for 2 hours at RT, followed by washes and 
incubation with HRP-conjugated secondary antibodies for 30 minutes at RT. Alternatively, for the 
amplified detection of signal, the sections were incubated with biotinylated secondary antibodies 
followed by incubation with HRP-conjugated streptavidin. This was followed by washes and 
incubation with biotinylated tyramine and subsequent incubation with HRP-conjugated 
streptavidin (TSA Biotin System, Perkin Elmer). The normal and amplified signal was detected 
by incubating the sections with diaminobenzidine (DAB, Vectastain) or 3-amino-9-ethyl-
carbazole (AEC, Sigma), respectively. Sections were then counterstained with hematoxylin 
(sigma) and mounted using Cytoseal (Electron Microscopy Sciences) or Aquatex (Merck). The 
stained sections were imaged using a Leica DM LB microscope equipped with a computer-
controlled digital camera (Olympus) and Studio Lite software. Brightness and contrast were 
linearly adjusted using Corel Photo Paint X5 (Corel Corporation). 

16. 3D cell invasion and invasive growth assays (I, II, III) 
Cell invasion and invasive growth were assessed in collagen (I and II) and in fibrin (III, V) 
matrices. For the assays conducted in collagen, rat tail type I collagen (Sigma) was dissolved in 
0.2 % acetic acid, mixed with equal amount of 2X MEM to a final concentration of 2.2 mg/ml and 
neutralized with NaOH to pH 7.4. For the 3D collagen invasion assay (1, II, and III), 150 μl of the 
collagen solution was cast into Falcon cell culture inserts placed in 24-well cell culture plates and 
allowed to polymerize into gel by incubation for 1 hour at 37 °C. The cell suspensions in complete 
medium were then seeded on top of the collagen gels (3*105 cells/insert). Medium supplemented 
with HGF (25 ng/ml) as a chemoattractant was added into the well beneath the insert. The assay 
was carried out for 5 days, replenishing the medium every second or third day, and subsequently 
fixed with 4% PFA in PBS, pH 7.4 for 1 hour at RT, dehydrated in graded ethanol series and 
embedded into paraffin. Serial 5 μm gel cross sections were cut, stained with hematoxylin and 
eosin and imaged using a Leica DM LB microscope for quantification of cell invasion. The 3D 
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collagen invasive growth assay (I, II) was performed by mixing single-cell suspensions (3*103 
cells/gel) or 500/3000-cell preformed spheroids (II) with 50 μl of the collagen solution and casting 
the collagen/cell mixture onto 24-well plates as a drop. The gels were then allowed to polymerize 
for 1 hour at 37 °C before media covering the collagen gels was added. The cells were cultured 
for 4 days and the cell invasive growth was followed and the cultures imaged using an inverted 
epifluorescence microscope (Axiovert 200, Zeiss). The assay was terminated by fixing the 
collagen gels with 4% PFA in PBS, pH 7.4 for 1 hour at RT. The gels were stained by whole-
mount immunofluorescence and imaged using a LSM 5 DUO confocal microscope (Zeiss). 

17. 3D endothelial cell spheroid monoculture and co-culture with melanoma 
cells (III, V) 
Human umbilical vein endothelial cells (HUVECs, BECs) and human juvenile foreskin lymphatic 
endothelial cells (LECs) were cultured in Endothelial Cell Growth Medium MV containing 5 % 
calf serum (Promocell), supplemented with 50 μg/ml and 25 μg/ml gentamycin (Biowest), 
respectively. Cell spheroids were allowed to form by culturing 4000 cells/well in agarose-coated 
round-bottom 96-well plates overnight. Three or four spheroids were implanted into fibrin (V), 
cultured for two days, imaged with Axiovert 200 (Zeiss), fixed with 4% PFA in PBS, pH 7.4 for 
1 hour at RT and stored in PBS containing 0.02 % sodium azide. For studying melanoma cell 
intravasation, WM852 and WM165 melanoma cells were first stained with green fluorescent 
Vibrant CFDA SE Cell Tracer (Invitrogen), according to manufacturer’s instructions. Ten 
endothelial cell spheroids were then mixed with single-cell suspension of 5000 green fluorescent 
melanoma cells and 50 μl of fibrin. Fibrin gels were cast unto 24-well plates by combining 25 μl 
of 6mg/ml plasminogen-depleted human fibrinogen (Calbiochem) in Hank’s Balanced Salt 
Solution, pH 7.4 (HBSS) and 25 μl of HBSS containing 4 U/ml thrombin (Sigma) and 400 μg/ml 
aprotinin (Sigma) and allowing fibrin cross-linking by incubating the gels at 37 °C for 45 minutes. 
Melanoma cell intravasation was followed for 3 to 5 days. Subsequently the cultures were fixed, 
stained by whole-mount immunofluorescence and imaged using Leica SP5 confocal microscope. 
Melanoma cell intravasation was quantified using the Anduril workflow (Ovaska et al., 2010). 

18. 3D ex vivo culture of PDR neovascular tissue (V) 
The collection of PDR neovascular tissue specimens was authorized by the Institutional Review 
Board and Ethical Committee of the Helsinki University Hospital (license number 
439/13/03/02/2009 to vitreoretinal surgeon Loukovaara) and performed according to the 
Declaration of Helsinki. Signed informed consent was obtained from each patient. The PDR 
neovascular tissues were immediately immersed in balanced salt solution after surgery and 
transferred to research laboratory for further processing. The PDR tissues were cut into ~1mm2 
pieces under an upright dissection stereomicroscope (Olympus SZX9) using a sterile scalpel and 
microdissection tweezers. The tissue pieces were implanted into cross-linked fibrin and cultured 
ex vivo in Endothelial Cell Growth Medium MV (Promocell) containing 5% fetal calf serum or 
human serum and 50 μg/ml gentamycin (Biowest). For 3D deconstruction of the native PDR 
neovascular tissue landscape, part of the fibrin-embedded explants were fixed with 4% PFA in 
PBS, pH 7.4 for 1 hour at RT on the excision day. The remaining tissue explants were cultured for 
4 to 18 days, imaged with an inverted epifluorescence microscope (Axiovert 200, Zeiss) every 
other day, and terminated by PFA fixation. The cultures were supplemented, where indicated, with 
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human recombinant vascular endothelial growth factor (VEGFA), basic fibroblast growth factor 
(bFGF), vascular endothelial growth factor (VEGFC) or transforming growth factor-β (TGFβ). 
The PDR tissue growth was quantified from phase-contrast micrographs as the total length of two 
perpendicular dimeters across the explant. Explants that outgrew in 2D or reached the fibrin clot 
border were excluded from the analysis. 

19. Vitreous samples and ELISA (V) 
Vitreous fluid was collected from PDR patients peri-operatively by manual suction into a sterile 
syringe, without the infusion of artificial fluid, and transferred into sterile 1.5 ml microcentrifuge 
tubes and immediately frozen at -80 °C. To ensure equal sample quality, all vitreous samples were 
melted, centrifuged at 21.000 g for 15 minutes at 4 °C, aliquoted into 0.2 ml PCR tubes and re-
frozen at - 80 °C. VEGFA, VEGFC, VEGFD, bFGF and TGFβ were measured using Quantikine 
ELISA kits (R&D Systems). The vitreous samples were diluted × 1.25 in the calibrator diluent 
provided with the kit. The latent forms of TGFβ were acid-activated before the ELISA 
measurement, according to the manufacturer’s instructions. The optical density of each standard 
and sample was measured using a microplate reader set to 450 nm and to 540. Wavelength 
correction was performed by subtracting the optical density at 540 from the optical density at 450. 
The standard curve was constructed by plotting the concentration of standards and the 
corresponding optical densities after wavelength correction and fitting the plot to a second-order 
polynomial equation. The sample concentration was calculated from the standard equation, using 
the known sample optical density. 

20. Electron microscopy (IV, V) 
The freshly excised patient-derived PDR fibrovascular tissues were fixed with 0.1 M sodium 
cacodylate buffer containing 2.5 % glutaraldehyde, 2 % PFA and 2mM CaCl2, pH 7.4 for 2 hours 
at RT. Thereafter, the fixation buffer was replaced with same buffer devoid of glutaraldehyde and 
transferred to electron microscopy laboratory for further sample processing for transmission 
electron microscopy (TEM, IV and V) and serial block face-scanning electron microscopy, as 
described (Puhka et al., 2012). For TEM, the sample was subsequently contrasted and embedded 
in Durcupan ACM resin (Fluka) as described (Anttonen et al., 2014). Sixty nm-thick sections were 
subsequently cut using Leica Ultracut UCT ultramicrotome (Leica Microsystems) and imaged 
using Jeol JEM 1400 transmission electron microscope (Jeol Ltd). For 3D volume rendering, 
image series from a sample processed for SBF-SEM were acquired using FEG-SEM Quanta 250 
(FEI Company) equipped with a microtome (3View; Gatan), using a backscattered electron 
detector (Gatan). Image processing, segmentation and visualization were done using Microscope 
Image Browser (MIB) (Belevich et al., 2016) and Amira (VSG, FEI Company). 

21. Statistical analysis (I, II, V) 
Results are represented as the mean of at least three independently repeated experiments. Error 
bars represent the standard deviation or standard error of the mean. Fisher’s exact-test and Chi-
square test were used to compare two categorical variables. Student’s two-tailed unpaired t-test 
was used to compare means between two groups. Data was checked for normality with the 
Shapiro-Wilk test. All statistical analyses were computed with SPSS software (SPSS, IBM). For 
all tests, two-tailed P values < 0.05 were considered statistically significant.  
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RESULTS AND DISCUSSION 
 

1. Identification of EphA2 as positive-regulator of pro-invasive MT1-MMP 
activity (I) 
Cancer cells upregulate and utilize MT1-MMP to navigate through the stromal ECM mainly 
composed of cross-linked collagen type I, thereby sustaining tumour invasion and metastasis. 
While cancer cell invasion in these settings is totally reliant on the proteolytic activity of MT1-
MMP, ECM, cell-surface or soluble cues can modulated switches between different invasion 
modalities (Friedl and Wolf, 2010; Giampieri et al., 2010; Sabeh et al., 2009). Using a gain-of-
function kinome screen in the HT-1080 fibrosarcoma cell line, our research group has identified 
EphA2 as a positive regulator of the pro-invasive MT1-MMP activity. Using the same screen, the 
polymorphic variant of FGFR4, FGFR4-R/R, that has been associated with poor cancer prognosis, 
was also identified as a positive regulator of MT1-MMP (Sugiyama et al., 2010). Among the 11 
Eph receptors included in the kinome cDNA library, EphA2 increased MT1-MMP‒mediated 
MMP2 activation more than two-fold. To study the potential relevance of this functional 
interaction for cell invasion, we first assessed the expression of EphA2 and MT1-MMP in nine 
breast cancer cell lines. The non-invasive breast cancer cell lines ZR-75-1, MCF-7, BT-474, T47D, 
and MDA-MB-453 expressed low levels of EphA2 and MT1-MMP while expressing high levels 
of the main EphA2 ligand, ephrinA1. When plated atop of cross-linked collagen type I, main ECM 
substrate of MT1-MMP, these cells displayed negligible invasiveness. Conversely, four other 
breast cancer cell lines, the triple-negative SUM159, Hs578T, BT549 and MDA-MB-231 cells, 
that expressed high levels of EphA2 and MT1-MMP, together with low levels of ephrinA1, were 
able to efficiently invade collagen type I. 

Knockdown of EphA2 and MT1-MMP by lentiviral shRNAs impaired the invasion of these cells, 
indicating that EphA2 and MT1-MMP cooperatively promote cell invasion. This is in agreement 
with later reports that found EphA2 and MT1-MMP to be co-expressed in aggressive fibrosarcoma 
(HT1080), squamous cell carcinoma (A431) and ovarian cancer (STKM-1, SKOV-3 and OVCAR-
8) cell lines (Koshikawa et al., 2015). The invasive fibrosarcoma cell line HT1080 was also used 
by Sabeh et al. to describe the absolute requirement of MT1-MMP for efficient cross-linked 
collagen I invasion (Sabeh et al., 2009). Aberrant EphA2 expression has been associated with 
amoeboid type of invasion in melanoma cells cultured within Matrigel, a matrix whereby cell 
penetration does not require MMP-mediated proteolysis (Parri et al., 2009; Sodek et al., 2008). In 
our MT1-MMP‒dependent invasive growth assay wherein cells are implanted as single cells 
within cross-linked 3D collagen type I, the ephrinA1-expressing cells grew as small non-invasive 
colonies. In contrast, SUM159 and Hs578T cells displayed a mesenchymal morphology, while 
BT549 and MDA-MB-231 cells displayed more rounded morphology, together with prominent 
cortical actin. Also in this assay, EphA2 as well as MT1-MMP knockdown reduced invasive 
growth. Knockdown of EphA2 also resulted in decreased MT1-MMP protein and mRNA 
expression as well as decreased phosphorylation of Src, an intracellular protein kinase involved in 
the regulation of cell motility as well as in the expression and phosphorylation of MT1-MMP 
(Nyalendo et al., 2007). These results provided one mechanism for the regulation of the pro-
invasive MT1-MMP activity. 
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2. MT1-MMP interacts with and cleaves EphA2 (I) 
Interestingly, we found that the co-expression of EphA2 and MT1-MMP in BT549 and MDA-
MB-231 cells was coupled with the presence of truncated EphA2 fragments that were detected 
with an antibody recognising the C-terminal portion of the receptor. This was associated with cell-
surface and perinuclear EphA2 as well as with the presence of cortical actin and intercellular 
spaces both in 2D and 3D. Consistently, MT1-MMP silencing in these cells lead to a more 
dispersed EphA2 localization in the same manner as did Src inhibition, thus indicating that the 
functional EphA2‒MT1-MMP‒Src interaction regulates EphA2 localization and cell junctional 
properties. 

Importantly, by co-immunoprecipitation we discovered that this functional interaction was 
associated with a physical EphA2-MT1-MMP association coupled with EphA2 cleavage, in all the 
four invasive cell lines. EphA2 was cleaved into two main fragments. The presence of the 50kDa 
fragment was increased by stimulation with recombinant ephrinA1, while the cleavage into the 
60kDa fragment was specifically prevented by MT1-MMP knockdown. In a similar manner, 
ephrinA3 stimulation failed to affect the MMP-dependent cleavage of EphA4 (Inoue et al., 2009). 
Our result on the ligand-independence of the cleavage is in keeping with the later finding of 
Koshikawa et al. that showed that cleavage of EphA2 renders the receptor insensitive to the ligand 
(Koshikawa et al., 2015). Indeed, in the absence of MT1-MMP, ephrinA1 induced the 
accumulation of the 50kDa fragment, plausibly the cleavage product of a different protease 
recruited by presence of the ligand (Atapattu et al., 2014; Lin et al., 2008). The 60kDa cleavage 
was induced by both proteolytically active and C-terminal domain-deleted MT1-MMP, while this 
was prevented by inactivating MT1-MMP mutation (MT1-MMP-E/A). The cleavage was specific 
for MT1-MMP, as MT2- and MT3-MMP did not cleave EphA2. Two years later, Koshikawa et al 
reported 60 and 65kDa C-terminal, MT1-MMP‒dependent, cleavage fragments in HT1080 and 
A431 cells (Koshikawa et al., 2015). Although the authors of the above-mentioned study identified 
different cleavage sites, it is still possible that these cleavages do occur within a proteolytic cascade 
or in a cell type- or context-dependent manner (Rodriguez et al., 2010). Concomitantly with EphA2 
cleavage, in the above-mentioned study as well as in our study, ~35 kDa EphA2 fragments were 
detected in cell conditioned medium. 

By mass spectrometry analysis, we identified the EphA2 cleavage site to be located in the 
Fibronectin-type-III domain 1 (FN1) containing the MT1-MMP cleavage consensus sequence. 
EphB2 receptor has been reported to be cleaved in same domain (FN1) by MMP2 and MMP9 
soluble matrix metalloproteinases in neurons (Lin et al., 2008). MMP-mediated cleavage of 
another receptor of the same family, EphA4, has also been reported although the site for this 
cleavage was not identified (Inoue et al., 2009). EphA3 receptor has the highest homology within 
the cleavage area identified for EphA2 but lacks the consensus sequence for MT1-MMP and was 
not cleaved when overexpressed together with MT1-MMP. In order to locate the cleavage site, we 
selected possible substrate cleavage sequences based on MEROPS 
(http://merops.sanger.ac.uk/index.shtml) and generated EphA2 mutant proteins by site-directed 
mutagenesis. By mutation analysis, we identified two point mutations, G391/I and G391/R, that 
decreased the cleavage. Interestingly, the G391/R mutation that has been previously found in human 
lung cancer cells to promote coherent invasive growth, rendered EphA2 completely resistant to 
the cleavage (Faoro et al., 2010). We also identified a mutation, the D359/I, which increased the 
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processing. To identify whether the cleavage occurs intracellularly or on the cell surface, we used 
the cleavage-prone and cleavage-resistant EphA2 mutant proteins and cell-impermeable MMP 
inhibitor GM6001 to perform a cell-surface biotinylation experiment. We found that both the full-
length and cleaved receptor were exposed on the cell surface, while GM6001 reduced the cleaved 
cell-surface EphA2 fragment, indicating that the cleavage occurs on the cell surface. 

The Eph/ephrin signalling is known to be regulated by in trans ADAM-mediated ephrin cleavages 
(Janes et al., 2005; Janes et al., 2009). To check whether the EphA2 cleavage occurred on the same 
cell membrane or involved two adjacent cells, EphA2 and MT1-MMP were either co-transfected 
or allowed to interact by co-culturing single-transfected MDA-MB-453 cells, devoid of EphA2 
and MT1-MMP. We found that only co-transfection enabled the cleavage, indicating that the 
cleavage occurred in cis. 

3. EphA2 cleavage by MT1-MMP triggers single cancer cell invasion via 
homotypic cell repulsion and increased RhoA activation (I) 
The EphA2 processing was associated with increased intercellular spaces on 2D substrate and 
rounded cell morphology within 3D collagen. We used live cell imaging to study the effect of 
EphA2 expression and cleavage on cell junction disassembly. We found that EphA2 cleavage 
induced the detachment of colliding cells and contact-mediated cell repulsive responses, as 
indicated by greater directional switches following cell collision. These effects were observed on 
2D substrates. To study whether the cell repulsion observed in 2D correlated with cell-cell 
detachment and invasion in an MT1-MMP‒dependent 3D microenvironment, cells overexpressing 
wild type EphA2, cleavage-prone or cleavage-resistant EphA2 were embedded within 3D cross-
linked collagen. Whereas more dispersed EphA2 distribution and collective cell invasion was 
induced by the expression of the cleavage-resistant EphA2, the expression of the cleavage-prone 
EphA2 specifically induced loss of cell-cell contacts and rounded single-cell invasion coupled 
with intracellular EphA2 localization. Aberrant EphA2 expression and signalling is known to exert 
effects on the actin cytoskeleton thus impacting cell shape, adhesion and motility (Brantley-
Sieders et al., 2004; Fang et al., 2008; Parri et al., 2009). We found that the EphA2 cleavage‒
induced single cell invasion was associated with RhoA activation and MLC phosphorylation. 
Therefore, EphA2 cleavage induces cell junction disassembly and single cell invasion via RhoA-
mediated contractility. We further confirmed the cooperation of EphA2 and MT1-MMP on cell 
junction disassembly and cell invasion by ectopic expression in MDA-MB-453 cells devoid of 
these proteins. Importantly, the expression of the cleavage-prone EphA2-D/I specifically increased 
cell-cell detachment and promoted single cell invasion. 

4. EphA2 cleavage promotes single cell dissemination in vivo (I) 
To test the in vivo significance of EphA2-MT1-MMP cooperation and EphA2 cleavage, we 
performed a mouse experiment where MDA-MB-231 cells expressing wild-type and cleavage-
prone EphA2 were injected into the mammary fat pad of severe combined immunodeficient 
(SCID) female mice. The expression of cleavage prone EphA2-D/I induced cell junction 
dissociation and single cell invasion both in the primary tumour and in sentinel lymph nodes 
together with increased MT1-MMP expression. To further test the relevance of the EphA2-MT1-
MMP axis in human breast carcinoma, we analysed a human tissue array containing invasive 
primary tumours with their matched normal tissue and lymph node metastasis. We found a positive 
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correlation between EphA2 and MT1-MMP immunohistochemical staining. In addition, single 
cell groups within primary tumour as well as metastases displayed increased MT1-MMP together 
with intracellular EphA2 localization. These results altogether established a functional axis 
between the receptor tyrosine kinase EphA2 and pericellular proteolysis by MT1-MMP through 
an EphA2 cleavage-dependent response involving increased migratory signals and actomyosin 
contractility, leading to cell junction disassembly and single-cell invasion. This axis could well 
work in tumour invasive edges where MT1-MMP is specifically induced and EphA2 is 
overexpressed. Indeed, intracellular EphA2 and up-regulated MT1-MMP co-localized in tumour 
invasive edges, where EphA2 cleavage-dependent responses could lead to single cell 
dissemination. Within tumour mass, in the presence of homotypic cancer cell-cell contacts, limited 
EphA2 receptor activation could lead to further receptor clustering and activation, with the 
potential involvement of ligand-independent cross-talk with growth factor receptor signalling 
(Gucciardo et al., 2014; Hiramoto-Yamaki et al., 2010; Koshikawa et al., 2015). Given the 
reportedly varying expression of the EphA2 receptor and ephrinA1 ligand in tumour stroma, more 
complex EphA2 signalling mechanisms and cleavages are likely to contribute to events beyond 
tumour cell dissemination, including tumour stemness and microenvironmental aspects connected 
to tumour angiogenesis and immunity (Binda et al., 2012; Brantley et al., 2002; Ogawa et al., 2000; 
Sharfe et al., 2008). 

5. The actin-associated protein palladin interacts with MT1-MMP in 
invadopodia (II) 
Efficient cell invasion within inhibitor-rich microenvironment requires fast turnover and delivery 
of MT1-MMP to cell protrusive structures tailored for ECM degradation, such as invadopodia 
(Murphy and Courtneidge, 2011; Poincloux et al., 2009). In publication II included in this thesis, 
we searched for binding partners of MT1-MMP that regulate its localization and pro-invasive 
functions. Following a yeast two-hybrid screen using the cytoplasmic tail of MT1-MMP, we 
identified a functional interaction between the dynamic cytoskeletal scaffold protein palladin and 
MT1-MMP, utilized for mesenchymal cell invasion. Palladin belongs to the 
myotilin/palladin/myopalladin immunoglobulin (Ig) domain–containing protein family and is 
ubiquitously expressed as two main isoforms of 90 and 140kDa (Otey et al., 2009). The interaction 
between MT1-MMP and palladin was confirmed by GST-pull down assay whereby GST-fused 
palladin was used to pulldown HA-tagged MT1-MMP. The interaction involved the cytoplasmic 
tail of MT1-MMP and the C-terminal Ig4-5 domains of palladin. By binding to actin and actin-
associated proteins, and being a Src substrate, palladin functions as a Src-regulated scaffold protein 
in cell invasive structures (Boukhelifa et al., 2006; Endlich et al., 2009; Ronty et al., 2004). 
Palladin was expressed in the triple-negative invasive breast cancer cell lines SUM159, Hs578T, 
MDA-MB-231 while being expressed at lower levels in BT549 cells which display a more rounded 
morphology in 3D collagen, and in the MT1-MMP‒negative non-invasive breast carcinoma cells 
ZR-75-1, MCF-7, BT-474, T47D, and MDA-MB-453. Palladin and MT1-MMP co-localized in 
focal adhesions and membrane ruffles as well as in invadopodia where the two proteins physically 
interact, as indicated by co-immunoprecipitation results in Hs578T cells. 
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6. Palladin-MT1-MMP interaction promotes mesenchymal breast carcinoma 
cell invasion (II) 
We found that the interaction between palladin and MT1-MMP was functionally involved in ECM 
degradation, as shown by a reduced number of ECM-degrading spots upon palladin knockdown, 
observed in a gelatin degradation assay. We studied the function of palladin and MT1-MMP in 
cell invasion by using WM852 melanoma cells that are essentially devoid of palladin and display 
an MT1-MMP‒dependent expansive growth phenotype with single-cell and collective type 
invasion (Tatti et al., 2011). The expression of 90 kDa palladin in these cells implanted within and 
atop 3D collagen type I, induced single-cell invasion and mesenchymal cell phenotype. 
Knockdown of MT1-MMP specifically hindered the invasion of palladin expressing cells, 
indicating that the palladin-mediated invasion occurs via MT1-MMP. Importantly, this 
mesenchymal type invasion occurred in a Src-dependent manner, since the Src inhibitor PP2 
prevented invasion as well as the platelet-derived growth factor-AB (PDGF-AB)‒induced palladin 
phosphorylation. Palladin and MT1-MMP were able to induce cell invasion in Hs578T and MDA-
MB-231 cells expressing both proteins. MT1-MMP localized at the tips of invading pseudopods 
in Hs578T and in spot-like structures in MDA-MB-231 cells. Importantly, we found that silencing 
of palladin hampered MT1-MMP localization in these invasive structures in conjunction with 
reduced collagen invasion. Moreover, overexpression of palladin in the non-invasive MCF7 cells, 
essentially devoid of MT1-MMP, did not result in increased cell invasion, indicating that palladin 
cooperates with MT1-MMP in cancer cell invasion. Immunohistochemical analysis of human 
breast carcinoma tissue biopsies revealed a co-localization of palladin and MT1-MMP in the main 
tumour mass as well as at the invasive fronts, thus indicating that these proteins cooperate in cancer 
cell invasion in vivo. 

7. MT3-MMP induces nodular-type growth of adhesive melanoma cell nests 
(III) 
MT1-MMP is also frequently overexpressed in invading edges of melanomas and its expression 
is associated with melanoma progression (Hofmann et al., 2000). MT3-MMP/MMP16, close 
homologue of MT1-MMP, is specifically overexpressed in the most aggressive melanoma 
subtype, nodular melanoma (Jaeger et al., 2007). While being an inefficient type I collagenase, 
MT3-MMP cleaves efficiently collagen II, collagen IV and fibrin, among other substrates 
(Shimada et al., 1999). Previous work in our lab, discovered an MT3-MMP function as a matrix 
composition-dependent effector of melanoma 3D cell growth and invasion through association 
with and cleavage of MT1-MMP, thereby limiting cell invasion in collagen and inducing efficient 
invasion in fibrin (Tatti et al., 2011). In order to study how MT3-MMP, as a counter partner of the 
pro-invasive MT1-MMP, could function in melanoma progression, we first analysed the 
corresponding mRNA expression in cell lines using Oncomine. MT3-MMP was significantly 
upregulated in melanoma cell lines compared to cell lines of 17 other cancer types, including breast 
cancer. In clinical melanoma samples, while the high expression of MT1-MMP did not segregate 
according to patient outcome, MT3-MMP expression as well as DNA copy-number gain were 
associated with poor patient survival. In order to assess the function of MT1-MMP and MT3-MMP 
in clinical melanoma, their expression was compared with tumour histopathology. Tumours with 
high MT1-MMP and MT3-MMP expression displayed invasion into podoplanin+ lymphatic 
vessels of cell aggregates and two of those tumours had also spread to skin, indicative of local 
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lymphatic spread. These MT1-MMPhigh/MT3-MMPhigh tumours also displayed adhesive cell nests 
surrounded by collagen bundles and assembled into tumour nodules. Tumours with low MT3-
MMP expression instead displayed more fragmented collagen and no lymphatic vessel invasion 
(LVI). These results indicated that MT3-MMP expression may contribute to collagen assembly 
into bundles, adhesive cell growth and LVI, the properties that have been associated with 
aggressive melanoma progression (Egger et al., 2011; Warso et al., 2001). 

8. MT3-MMP prevents collagen degradation and promotes melanoma cell 
adhesion and lymphatic invasion (III)  
Using WM852 melanoma xenografts in mice and lentiviral shRNA-mediated knockdown, we 
tested the functional contribution of MT3-MMP in melanoma growth and vascular invasion. 
Silencing of MT3-MMP dramatically decreased the intratumoral collagenous ECM while not 
affecting its mRNA expression, suggesting that MT3-MMP decreases pericellular collagen 
degradation, consistent with the reported increase of cell-surface MT1-MMP upon MT3-MMP 
silencing (Tatti et al., 2011). These results are consistent with the continuous collagen networks of 
the MT1-MMPhigh/MT3-MMPhigh and the destructed collagen in the MT1-MMPhigh/MT3-MMPlow 
human clinical melanoma samples. Consistent with the findings on clinical melanoma biopsies, 
MT3-MMP silencing dramatically increased BVI, while shScr tumour cell collectives invaded into 
lymphatic vessels. Therefore, the WM852 melanoma xenografts recapitulated the features of the 
clinical melanoma samples dependent on MT3-MMP. 

Considering the association of collective cell migration with LVI, we tested the effect of MT3-
MMP on cell-cell adhesion in cultured WM852 cells (Giampieri et al., 2009). While shScr cells 
grew as collective colonies, MT3-MMP knockdown induced a switch to single-cell invasion, 
associated with BVI (Giampieri et al., 2009). These effects could likely be related to the increased 
activity of MT1-MMP and its effects on mesenchymal invasion and cell junction disassembly 
(Sugiyama et al., 2010; Turunen et al., 2017; Willis et al., 2013). Interestingly, WM852 cells 
express EphA2. MT3-MMP silencing in these cells decreased EphA2 containing cell junctions a 
result that is consistent with the MT1-MMP‒mediated EphA2 cleavage discovered during the 
work for this thesis (Publication I). These results indicate that rather than inducing single-cell 
dissemination, MT3-MMP hinders collagen degradation and promotes cell-cell-cell adhesion, 
associated with collective cell migration and LVI, via halting MT1-MMP activities (Giampieri et 
al., 2009). 

9. MT3-MMP cleaves L1CAM to facilitate LEC transmigration (III) 
The discontinuous basement membrane characterizing lymphatic vessels, renders them permissive 
to the intravasation of tumour cell collectives through a relatively passive process favoured by 
intratumoral pressure and chemoattraction to LECs (Azzali, 2007; Wiley et al., 2001). Given the 
effects of MT3-MMP on lymphatic invasion, we next tested the effect of this protease on 
melanoma-endothelial cell interaction. ShScr or shMT3-MMP melanoma cells were plated on top 
of blood endothelial cells (BECs) or lymphatic endothelial cells (LECs) and their adhesion and 
transmigration properties were compared. Consistent with the increased BVI of the shMT3-MMP 
melanoma xenografts, silencing of MT3-MMP increased adhesion and transmigration across 
BECs. While shScr cells adhered efficiently to monolayer cultures of BECs and poorly to LECs, 
when these cells were embedded with preformed endothelial cell spheroids, they invaded most 
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efficiently into LEC rather than BEC spheroids, indicating the importance of a 3D tissue 
environment for LEC interaction and transmigration. Consistently, MT3-MMP silencing inhibited 
LEC spheroid intravasation which was restored by ectopic MT3-MMP overexpression. While 
MT3-MMP silencing could impede LEC transmigration due to decreased fibrinolysis by this 
protease, MT3-MMP could modify melanoma cell behaviour through shedding of cell-surface 
proteins (Ferraro et al., 2011). To search for MT3-MMP substrates, the conditioned medium of 
shScr and shMT3-MMP cells was tested for the presence of cleavage products of cell-surface 
proteins using an antibody array. A soluble form of Neural cell adhesion molecule L1 (L1CAM), 
a receptor previously linked to transendothelial migration, was reduced by 50% in shMT3-MMP 
cells (Zhang et al., 2012). By ectopic expression of MT3-MMP and L1CAM in COS cells devoid 
of these proteins, we validated the MT3-MMP‒mediated shedding of L1CAM. In WM852 and 
WM165 cells expressing endogenous L1CAM, knockdown of MT3-MMP reduced the cleavage 
of this receptor, while knockdown of the previously identified L1CAM sheddase, ADAM10, did 
not have a similar effect (Beer et al., 1999). To test the functional significance of MT3-MMP‒
mediated L1CAM shedding, the transmigration and invasion of shMT3-MMP melanoma cells was 
tested in presence or absence of L1CAM. While knockdown of L1CAM did not alter LEC 
transmigration and intravasation, the increased BEC transmigration of shMT3-MMP cells was 
reverted to the lower levels of shScr cells upon L1CAM knockdown, suggesting that full-length 
L1CAM facilitates BEC transmigration. Consistently, the increased BVI in shMT3-MMP 
melanoma xenografts was accompanied by increased full-length L1CAM. Therefore, by limiting 
BVI, MT3-MMP could indirectly enhance LVI via L1CAM shedding. 

In order to test the effects related to MT1-MMP regulation on the MT3-MMP dependent cell-cell 
adhesion, LVI and limited collagen degradation, we tested the levels of MT1-MMP protein and 
mRNA in the WM852 melanoma xenografts. Importantly, shScr tumours displayed mainly 
intracellular MT1-MMP in the collagen-surrounded cell nests, while shMT3-MMP displayed 
prominent cell-surface MT1-MMP in infiltrative cell masses within fragmented collagen 
networks. In vitro, LEC spheroid intravasation was not altered by MT1-MMP silencing, indicating 
that the fibrinolytic activity of MT3-MMP is sufficient for fibrin invasion. The effect of MT3-
MMP on cell-cell adhesion occurred instead via the effects on MT1-MMP, as the knockdown of 
this protease rescued the cell adhesive phenotype in shMT3-MMP cells. 

10. Lymphatic differentiation is involved in proliferative diabetic retinopathy 
(PDR) (IV, V) 
While lymphatic invasion is a poor prognostic factor for certain tumours, especially melanoma 
and breast cancer, certain areas in the human body have been until only recently thought to be 
alymphatic, although lymphatic drainage occurs (Alitalo and Detmar, 2012; Aspelund et al., 2015; 
Egger et al., 2011; Leong et al., 2011; Marinho et al., 2008; Weller et al., 2009). The eye is one of 
these structures, thought to lack lymphatic vessels except for the conjunctiva (Albuquerque et al., 
2009; Nakao et al., 2012; Singh et al., 2013). Subsequent research has recently discovered the 
existence of lymphatic vessels in other structures of the anterior eye segment, however the 
posterior segment of the human eye has not been associated with the existence of a lymphatic 
system (Nakao et al., 2012). Being a microvascular complication, associated with ischemia- and 
inflammation-induced neovascularization affecting the retina, proliferative diabetic retinopathy 
raised our interest on the possible existence of lymphatics also in the posterior segment of the 
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human eye and the microenvironmental factors responsible of this pathological 
neovascularization. By immunohistochemistry of thin section of formalin-fixed paraffin-
embedded patient-derived neovascular tissue specimens from 28 diabetic patients, we studied the 
histopathological features of human PDR. The CD31+ or ERG+ positive neovessels were 
commonly covered by NG2+ or SMA+ pericytes/smooth muscle cells, although some of the 
endothelial capillaries displayed only partial or negligible pericyte/smooth muscle cell coverage. 
Active proliferation, marked by Ki67 and stem cell-like properties, marked by CD117, were 
present in the neovascular tissues, consistent with active angiogenesis occurring in PDR and 
suggesting that vascular endothelial stem cells may contribute to the pathological neovessel 
formation. VEGFR3 receptor was also prominently expressed in some of the capillaries. Intrigued 
by this finding, we further investigated the expression of the major driver of lymphatic vascular 
differentiation, Prox1, and found its expression typically in the CD31+ neovessels in areas that 
displayed active proliferation and CD117 expression. The lymphatic markers Lyve-1 and 
Podoplanin were also found in the PDR neovasculature. Together with these indication of 
lymphatic endothelial involvement, electron microscopy analysis by TEM (2D) and SBF-TEM 
(3D) revealed remarkably thin EC walls, lack of pericytes, clear vessel wall openings, overlapping 
junctions and anchoring filaments, all ultrastructural features typical of a lymphatic endothelium 
(Detry et al., 2011; Ebata et al., 2001). 

11. Development of a novel clinically-relevant model for the investigation on 
PDR (V) 
Considering the urgent need of improved therapies as well as the lack of optimal retinopathy mouse 
model for the study of PDR pathophysiology and the discovery of new therapy targets, we sought 
to utilize the patient-derived PDR tissue specimens to establish a clinically relevant model of 
human PDR. In the work for this thesis we performed an unprecedented 3D deconstruction of the 
native PDR tissue landscape and investigated the possibility to study PDR pathophysiology upon 
culture ex vivo. The excised PDR tissue specimens were dissected into explants of ~1 mm2 and 
embedded within fibrin for 3D characterization and ex-vivo culture. Fibrin was used as the 3D 
matrix since it typifies the in vivo provisional ECM formed upon thrombin-mediated cleavage of 
serum fibrinogen in direct contact with the leaky neovessels in the inflamed fibrotic 
microenvironment (Loukovaara et al., 2015; Senger and Davis, 2011). Three-dimensional analysis 
of the fresh explants by whole mount immunofluorescence revealed irregular and unorganized 
vascular structures with discontinuous ERG as well as coexisting patterns of proliferation (Ki67) 
and apoptosis (cleaved caspase-3). In addition, CD45+ leukocytes or hematopoietic stem cells were 
found in proximity to irregular and dense vascular structures, lined in some cases by Prox1+ 
positive cells, raising questions on their contribution to the pathological neovessel formation. 
CD68+ macrophages also resided in areas of strikingly organized endothelium. GFAP+ 
glial/Müller cells were also intermingled with the PDR neovasculature as single cells or compact 
colonies. Importantly, while preserving this native cellular diversity, the ex vivo cultured PDR 
neovascular tissue explants developed CD31+, CD34+, NG2+ and SMA+ positive cellular 
outgrowths, as well as preserved sphere-like vascular islets found in the native neovascular tissues. 
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12. The PDR vitreous and tissue microenvironment support lymphatic 
neovascularization (V) 
When combined with the study of corresponding vitreous fluid, the patient-derived PDR 
neovascular tissues comprise valuable material for the investigation of PDR tissue 
pathophysiology in the context of the physical and functional interactions between the cellular and 
acellular tissue microenvironment (Loukovaara et al., 2015). We therefore set out to peri-
operatively collected parallel vitreous samples for the detection of the in vivo extracellular soluble 
factors. The levels of VEGFA, bFGF and TGFβ were variable among the patients. Interestingly, 
also VEGFC was readily detected, consistent with the lymphatic-like endothelial involvement in 
PDR. Importantly, the ex vivo culture preserved the sensitivity of the neovascular tissue specimens 
to the vitreal growth factors. Indeed, VEGFA induced prominent sprouting of CD31+ endothelial 
capillaries and preserved the PDR vasculature along the ex vivo culture, while the fibrotic response 
via prominent outgrowth of SMA+ pericytes/SMCs was enhanced by TGFβ. Therefore this PDR 
ex vivo model can enable the simultaneous investigation on molecular mechanisms and treatment 
responses in live human fibrovascular tissue remodelling. 

In order to understand the mechanisms related to the lymphatic endothelial involvement (VEGFC, 
VEGFR3), we first studied the effect of recombinant VEGFC at a vitreal concentration range on 
cultured LECs and found that even the relatively low concentrations of VEGFC found in vitreous, 
were able to induce Prox1 and VEGFR3 expression in LECs. Consistently, recombinant soluble 
VEGFR3 reverted this response. Therefore, we hypothesized that the vitreal microenvironment 
could contribute to the lymphatic endothelial identity of the PDR neovasculature. To test this 
hypothesis, we subjected LECs to vitreous samples and compared their effect on LEC identity 
with the corresponding patient-matched excised PDR tissue specimen. Strikingly, we found that 
in conjunction with the Prox1 expression induced by the vitreous samples with variable VEGFC 
content, patient matched PDR neovascular tissues contained VEGFR3+ capillaries in vivo and 
developed Prox1+ capillary sprouts ex vivo. These results indicate that the complexity of the 
soluble factors found in vitreous as well as the local PDR tissue microenvironment are likely 
contributing to the formation of capillaries with lymphatic endothelial identity along PDR 
progression.  
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CONCLUSIONS AND PERSPECTIVES 
 

Cell-cell and cell-microenvironment communication are crucial for any biological event. Every 
cell in the human body is wired to respond to signals coming from its immediate and distal 
microenvironment through chemical, physical and molecular sensing, and signal integration. 
Tumorigenesis is modulated by the tumour microenvironment with which cancer cells continually 
negotiate. Tumours more than just a clonal expansion of aberrant cells are extremely 
heterogeneous and evolve through interactions with several cell types, including fibroblasts, 
lymphocytes, adipocytes, immune, inflammatory and endothelial cells. These cell types and many 
other tissue-specific cell types, together with the cell-free ECM, constitute the tumour 
microenvironment. The tumour microenvironment is implicated in many aspects of cancer 
progression and chemo resistance. For example, tumour-resident adipocytes augment fibrosis, 
angiogenesis and inflammation in breast, prostate, ovarian and colon cancer (Amemori et al., 2007; 
Kaneko et al., 2010; Nieman et al., 2011; Park and Scherer, 2012; Tabuso et al., 2017). In order to 
increase access to nutrients and oxygen tumour cells trigger angiogenesis to recruit new blood 
vessels. Cancer cells also hijack the host immune cells and pre-existing vasculature to fulfil the 
tumour’s agenda for growth and metastasis. Interaction between cancer cells and cell-free ECM is 
also able to induce gene expression changes that modify cell adhesion and invasion (Barbolina et 
al., 2007). 
 
During tumour progression, cancer cells acquire the capability to initiate ECM invasive programs 
while orchestrating responses within the microenvironment to support metastatic spread and evade 
anti-cancer treatments (Hanahan and Weinberg, 2011). While specific driver genes have been 
defined causative of specific cancer types, it is being increasingly recognized that cancer 
development is a result of the interaction of cell intrinsic and tumour environmental factors in a 
manner that is highly context-dependent. Constant communication with the microenvironment 
initiates cellular responses via integration of growth signals with cytoskeletal rearrangements and 
ECM remodelling. In this context, the cell membrane is a barrier as well as a gateway of signal 
integration and propagation towards context-dependent cellular outcomes. In this thesis we have 
investigated cell-cell and cell-microenvironment communication events taking place in cancer as 
well as during pathological angiogenesis. These processes involve biological networks where 
responses to growth stimuli, cytoskeletal and extracellular matrix remodelling are tightly 
interconnected.  
Pericellular proteases are increasingly found to modulate cell behaviour and fate also through 
cleavage of non-ECM proteins, such as cell-surface receptors, growth factors and cell adhesion 
molecules (Rodriguez et al., 2010). Matrix metalloproteinases lead to cell migration not only by 
ECM proteolysis, but also by proteolysis of mediators of cell-cell and cell-ECM interaction via 
ectodomain shedding, receptor cleavage or exposure of protein cryptic sites (Gilles et al., 2001; 
McGuire et al., 2003). 
 
The metalloproteinase MT1-MMP is a major driver of cell invasion through efficient degradation 
of the most abundant fibrillary ECM protein, collagen type I. While many other non-ECM 
substrates for the pro-invasive MT1-MMP metalloproteinase have been identified, regulators of 
its activity as well as of its delivery to the cell membrane for efficient pericellular proteolysis in 
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inhibitor-rich microenvironment were yet unknown. In this thesis, we revealed an invasive 
regulatory function whereby EphA2 upregulates the activity of MT1-MMP which in turn sheds 
the extracellular domain of EphA2 on the cell surface to induce Src-dependent EphA2 intracellular 
translocation leading to contact-mediated cell junction disassembly and a switch from collective 
to single-cell invasion. This novel mechanism connects cell-surface events to signalling 
compartmentalization, cytoskeletal migratory responses and invasion outcome that showed to be 
uniformly regulated both in 2D and 3D. On the cytoplasmic side, we found a regulatory mechanism 
whereby the interaction between the actin-associated protein palladin and MT1-MMP dynamically 
coordinates ECM proteolysis and cell cytoskeleton during mesenchymal type invasion. While the 
delivery of MT1-MMP to invasive cell structures, such as invadopodia, is valid for invasive cells 
with mesenchymal as well as rounded morphologies, the EphA2-MT1-MMP interrelationship in 
the mesenchymally invasive relative to more rounded cells with constitutive EphA2 cleavages, 
will be of future interest. A ternary complex between EphA2, MT1-MMP and palladin is not ruled 
out but rather supported by the presence of other RTKs in invadopodia structures and the close 
association of EphA2 with other actin-associated proteins and its effects on cytoskeletal signalling 
and remodelling (Eriksson et al., 2016; Fang et al., 2008; Rajadurai et al., 2012; Salaita et al., 
2010). 
 
Limited activity of MT1-MMP is instead crucial in the most aggressive nodular type melanoma. 
While being a protease itself, MT1-MMP is cleaved in melanoma by analogous protease MT3-
MMP, frequently overexpressed in these tumours and found in this study associated with poor 
melanoma prognosis. In this case, cell-cell adhesion and collective invasion are the effects through 
which MT3-MMP-dependent limited MT1-MMP activity and cleavage of L1CAM cell adhesion 
molecule confer to melanoma cells the properties associated with aggressive melanoma 
dissemination. In those cases of breast cancer and melanoma, cleaved EphA2 and L1CAM 
respectively could be detected in cell culture supernatants. On a broader sense, analysis of body 
fluids could be instrumental in understanding the tumour settings. Indeed recent evidences indicate 
that complete understanding of the pathogenesis of certain diseases requires systematic 
mechanistic and functional studies contextualized to the physical three-dimensional 
microenvironment as well as the soluble and local cues therein. This is the case for proliferative 
diabetic retinopathy a microvascular complication of diabetes for which currently available mouse 
models do not fully recapitulate the full-range pathological mechanisms and features of human 
PDR (Jo et al., 2015; Olivares et al., 2017; Robinson et al., 2012; Simo and Hernandez, 2015; 
Villacampa et al., 2015). By deconstructing the landscape of patient-derived PDR fibrovascular 
tissue and utilizing patient-matched vitreous material, we discovered that the ischemia- and 
inflammation-induced human PDR microenvironment supports the pathological 
neolymphvascularization discovered in PDR during the work for this thesis. These findings can 
provide deeper understanding of other ischemia- and inflammation-induced sight threatening 
diseases involving the posterior eye segment and lead to novel treatment approaches, such as the 
blockade of lymphatic and inflammatory factors as alternative or combinatorial therapy. In the 
current era of personalized medicine, better understanding of the molecular mechanisms behind 
cell phenotype and behaviour plasticity, including the microenvironmental determinants, will be 
of great advantage for targeting key modifiers of disease progression. This is relevant particularly 
for diseases like cancer and diabetes whose incidence is ever increasing globally, and will require 
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a multidirectional and holistic approach made possible through the combined effort of clinical and 
translational research. 

 

Figure 7. The main findings of this thesis. The publications in which the findings are reported 
are indicated with their roman numerals. A cooperative signalling mechanism between MT1-MMP 
and the receptor tyrosine kinase EphA2, whereby MT1-MMP cleaves EphA2, followed by Src-
dependent intracellular EphA2 translocation, RhoA signalling activation and cell junction 
disassembly, provides breast cancer cells with a mechanism for switching from collective to 
single-cell invasion (Publication I). On the cytoplasmic side, a cytoskeletal binding partner of 
MT1-MMP, palladin, dynamically coordinates ECM proteolysis and cell cytoskeleton, important 
for efficient cell invasion within inhibitor-rich tissue microenvironment (Publication II). In 
melanoma, limiting the activities of MT1-MMP toward pericellular collagen degradation and cell 
junction disassembly, and of cell surface L1 cell adhesion molecule (L1CAM) towards blood 
endothelial transmigration, via MT3-MMP dependent cleavages, supported expansive growth and 
lymphatic vessel invasion of adhesive collagen-surrounded melanoma cell collectives (Publication 
III). In proliferative diabetic retinopathy (PDR), a microvascular complication of diabetes, the 
ischemia- and inflammation-induced vitreal microenvironment supported lymphatic endothelial 
identity as well as angiogenic sprouting leading to the formation of lymphatic neovessels also 
discovered during the work for this thesis (Publications IV and V). 
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