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ABSTRACT 
 

Pancreatic ductal adenocarcinoma (PDAC) is the fifth leading cause 

of cancer death in the developed countries and one of the most 

aggressive human tumors. Despite the key contribution of 

angiogenesis – the growth of new vessels from pre-existing ones- to 

the progression and spread of many cancers, its role in PDAC has 

been poorly characterized. Tissue plasminogen activator (tPA), a 

multifunctional protein regulating a broad range of cellular 

functions, has been reported to exert pro-angiogenic effects in in 

vivo models of PDAC, although the underlying molecular 

mechanism has not been analyzed. This work aims to elucidate the 

role of tPA in the angiogenesis of PDAC as well as to identify the 

factors responsible for tPA increase in pancreatic cancer. First, we 

demonstrated that tPA pro-angiogenic effects are both indirect and 

direct. On the one hand, tPA does not change the levels of the pro-

angiogenic molecules VEGF, TGF-β, IL-1 or IL-8 produced by 

pancreatic tumoral cells or endothelial cells, but it is involved in 

MMP-9 –a potent stimulator of angiogenesis- upregulation and 

activation in pancreatic and endothelial cells, suggesting that this 

matrix metalloproteinase can indirectly mediate tPA angiogenic 

effects. On the other hand, we found that tPA, in a catalytic-

independent way, directly promotes endothelial cell proliferation, 

migration and tubulogenesis. These direct effects of tPA are 

mediated by activation of ERK1/2, AKT and JNK signaling 

pathways in endothelial cells. In addition, using siRNA technology 

or chemical inhibitors, we found that AnnexinA2, Galectin-1 and 
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EGFR are required for tPA-mediated signaling activation in 

endothelium. Finally, we found that inflammatory cytokines and 

hypoxia, two hallmarks of PDAC and also angiogenic stimuli, lead 

to a sharp increase in tPA levels in pancreatic tumoral cells. These 

data support a feed-back loop between proangiogenic stimuli 

present in both tumoral and stromal cells and the increase of the 

proangiogenic molecule tPA. 
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INTRODUCTION 

 

I.1  The Pancreas and Pancreatic Cancer 

 

Pancreas is an elongated dual functioning gland which lies in the 

abdominal cavity consisting of both endocrine and exocrine units 

which help in the glucose metabolism and food digestion. It is 

located deep in the abdomen sandwiched between the stomach and 

the intestine Fig.I.1. Pancreas is described having a head,body and 

tail. The exocrine unit of the pancreas is composed of acinar cells 

which produce and secrete zymogens which pass through the duct 

and into the gastro intestinal tract which then add mucous and 

bicarbonate to the enzyme mixture. The centroacinar cells are found 

at the junction of the ducts and the acini. The endocrine units,or 

islets of Langerhans,are most numerous in the tail region of 

pancreas. The hormones they produce are secreted into the blood. 

The major endocrine cell types present are α, β, δ and PP cells 

which secrete glucagon, insulin, somatostatin, and pancreatic 

polypeptide  respectively. 
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Fig.I.1.- A. Morphological structure and location a of Pancreas in the body. B 

Hematoxylin and eosin staining of the pancreas with its major components: an 

islet of Langerhans in the lower right side, acini (asterisk), and a duct (arrow). 

 

 

Pancreatic cancer has one of the poorest prognoses of all cancers. 

Currently, it is the fourth leading cause of cancer-related deaths in 

Western industrialized countries, and the incidence has been 

increasing throughout the past decades [1]. Pancreatic ductal 

adenocarcinoma (PDAC) is by far the most frequent type of 

pancreatic cancer accounting for approximately 85% of all 

pancreatic tumors [2].  

 

I.1.1 PDAC origin, characteristics, and molecular alterations. 

The ductal morphology of PDAC led to postulate that ductal cells 

were at the origin of transformation. Supporting this hypothesis, 

PDAC occurs with high frequency in association with dysplastic 

and hyperplastic ductal lesions [4 ,5]. However, other data using 

experimental animal models have suggested that PDAC may derive 

A 

B 
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from acinar, endocrine or centroacinar cells [223]. In addition, 

independently of their origin, putative cancer stem cells, defined by 

their ability to self-renew, to differentiate into the bulk tumor 

population and their potential for tumor formation have been 

recently identified from human PDAC using cell surface markers 

[23,24].  

 

The risk factor known for PDAC includes advance age, smoking, 

constantly recurring chornic pancreatitis, diabetes and obesity [6-7]. 

A recent analysis of 24 pancreatic cancers suggested that the mature 

pancreatic  cancer cell carries on an average 63 genetic alterations 

per cancer [8]. Non invasive precurson lesions have also been 

identified, being able to link multi step progression of pancreatic 

cancer with the subsequent genetic alterations. 

 

Three different ductal preneoplastic lesions have been described: 

pancreatic intraepithelial neoplasia (PanIN), mucinous cystic 

neoplasms (MCN) and intraductal papillary mucinous neoplasms 

(IPMNs). Common and distinct molecular events have been found 

among these lesions, suggesting that each precursor lesion may 

reflect variations leading to malignant transformation [10]  

(Fig.I.2). Activating mutations of K-RAS can be found in 30% of 

early neoplasms but are present in almost 100% of advanced 

PDAC’s indicating a central role for K-RAS mutations in 

tumorigenesis [11]. Mutations in K-RAS, including the frequent 

glycine to aspartate mutation at codon 12 are most frequently 

located near or at the catalytic site of the molecule, thereby reducing 
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the rate of GTP hydrolysis. K-RAS activation seems to be essential 

for PDAC maintenance as has been demonstrated by dominant 

negative mutants as well as RNAi knockdown studies [12, 13]. In 

addition to K-RAS activating mutations, loss of expression of tumor 

suppressor genes has also been reported in PDAC, as CDKN2A 

(80-95% of PDAC, [11] or SMAD/DPC4 (30 % of pancreatic 

cancers [14].  

 

Desmoplasia is a hallmark in pancreatic cancer [3], in which 

extracellular matrix, stromal fibroblasts, inflammatory cells and 

proliferating endothelial cells are accumulated surrounding the 

tumor epithelial cells [4]. The pancreatic stellate cells 

(myofibroblast) play a critical role in the formation and turn over of 

the stroma. On activation of growth factors such as transforming 

growth factor-1 (TGF-β1), platelet derived growth factor (PDGF), 

and fibroblast growth factor (FGF), these cells secrete collagen and 

other components of extracellular matrix. In addition, stellate cells 

also appear to be responsible for the poor vascularisation that is 

characteristic of pancreatic cancer. Other factors produced by 

fibroblasts, immune and inflammatory cells, adipocytes, etc. are 

involved in tumor- stroma interaction and may contribute to the 

development of pancreatic cancer, as shown in FigI.3 
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Fig.I.2.-PanIN-to-PDAC progression. As pancreatic ductal cells acquire 

successive molecular alterations, they develop from low-grade PanINs  to high-

grade PanINs. a) Histopathological images of normal pancreatic parenchyma, 

consecutive PanIN lesions with progressive histological changes from PanIN1, 2, 

3 and to PDAC. b) Schematic drawing of the histopathological features. c) arrows 

indicating some alterations occur early and some late. Adapted from Maitra et al, 

Mod Pathol, 2003. 16(9):p. 902-12 
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Fig.I.3.- Interaction between tumor and stroma in Pancreatic cancer. 

Adapted from Hidalgo, N Engl J Med 2010; 362:1605-17 

 

Recently, Jones et al.using a genome-wide genetic analysis have 

found that genetic alterations in PDA define a core set of signalling 

pathways and processes that were each altered in the great majority 

of pancreatic cancers. In this analysis, 1,562 somatic mutations, 198 

homozygous deletions, and 144 amplifications were identified, 

indicating the genetic complexity and diversity of PDAC. However, 

69 gene sets were identified that were genetically altered in the 
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majority of the 24 tumors, and 31 of these sets could be grouped 

into 12 core signaling pathways [8] as shown in Fig.I.4. 

 

 

Fig.I.4. - Core signaling pathways altered in Pancreatic Cancer . The signaling 

pathways listed are altered in 69-100% of PDACs. Adapted from Jones et al, 

Science 2008. 

 

I.1.2. PDAC Treatments 

Most patients with pancreatic cancer present with locally advanced 

or metastatic disease. Conventional treatments include surgery, 

gemcitabine (a nucleoside analogue) and erlotinib (an EGFR 

tyrosine kinase inhibitor). Overexpression of EGFR occurs in many 

pancreatic tumors and has been found to correlate wih poor 
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prognosis and disease progression [16]. In xenograft animal model 

studies it was shown that antagonizing EGFR signaling could 

inhibit growth and metastatis of pancreatic tumors [17] . Treatment 

with Erlotinib along with gemcitabine used as chemotherapy had an 

improvement in median overall survival compared with those who 

recived gemcitabine alone but with side effects like rashes and 

diarrhea [18]. In the absence of effective screening methods, 

considerable efforts have been made during the past decade to 

identify better systemic treatments. Unfortunately most trials have 

not shown a survival advantage for most therapies. The studies that 

K-Ras mutations which occur in 90% of pancreatic cancer [15] 

paved the way to check whether inhibition of K-ras will have any 

effect in the progression of the disease. However this strategy of 

using inhibitors failed to make any progress. The reason for these 

result might be that K-Ras mutations occur early in the development 

of pancreatic cancer and cancer cells become less dependent on this 

pathway as disease progression occurs. Pancreatic cancer 

development seems to be related to alterations in group of genes 

involved in specific pathways and process [8] but for each idividual 

the genes and pathways affected were varied which indicated that 

individualised approach  is likely to be required and hence targeted 

agents fail to provide a benefit for patients with pancreatic cancer in 

clinical trials. The identification of pancreatic cancer stem cells 

defined the new treatment strategy based on agents that could target 

developmental pathways such as  Notch and Wnt signaling which 

are quiesent in normal pancreas but found to be overexpressed in 

specimens of pancreatic cancer where it is beleived they could 
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sustain tumor growth and responsible for resistance to 

chemotherapy [19].  

 

I.2 Angiogenesis and its molecular mechanisms 

 

Angiogenesis is the formation of new capillaries and blood vessels 

from pre-existing blood vessels. It is an important biological 

process as well as in a variety of diseases including cancer, diabetic 

retinopathy and rheumatoid arthritis [20]. Angiogenesis is a tightly 

regulated process by which variety of circulating and sequestered 

inhibitors suppress proliferation of vascular endothelium [21] 

thereby maintaining a balance. Like normal tissues, tumors require 

an adequate supply of oxygen, metabolites and an effective way to 

remove waste products [22] but these requirements do change over 

the course of tumor progression and varies among tumor types [23]. 

Induction of tumor vasculature called ‘angiogenic switch’ Fig.I.5 is 

activated when induced by physiologic stimuli such as hypoxia, 

angiogenic inducing factors such as VEGF family, angiopoietins, 

TGF−β, PDGF, tumor necrosis  factor –α (TNF-α),  interleukins 

and the members of the fibroblast growth factor (FGF) family, 

membrane bound proteins, cell-matrix and cell-cell interactions etc 

[22, 24]. 
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 Fig.I.5. - Model of Angiogenic Switch: a) most tumors start as avascular 

nodules (dormant) until they reach a steady state level of proliferating and 

apoptotic cells. b) Perivascular detachment and vessel dilation occurs. c) 

Sprouting of blood vessels. d) New vessel formation and maturation. e) Blood 

vessel formation continues as long as the tumor grows, thereby providing 

nutrients. Adapted from Bergers et al, Nature 2002 

 

Blood vessels are composed of basement membrane (BM) 

components, pericytes and endothelial cells. Endothelial cells are 

among the most quiescent and genetically stable cells of the body. 

During angiogenesis, endothelial cells can proliferate rapidly, being 

one of the main events that are required for the formation of new 

capillary blood vessel. Vascular endothelial cell proliferation is 

associated with degradation of BM, which leads to sprouting of pre 

existing micro vessels. These vessels invade the extra cellular 
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matrix, form tubes and finally the tips of the tubes connect to create 

loops that are capable of conducting the blood flow[25]. The 

vascular network that forms in tumors is often leaky and 

hemorrhagic due to the overproduction of VEGF and other soluble 

factors FigI.6 

 

Fig.I.6. - Tumor influenced angiogenesis: the stepwise process of angiogenesis 
begins with the breakdown of ECM and BM followed by endothelial 
proliferation, migration and finally re-formation of blood vessel. Tumor cells 
secrete variety of factors which ensures that the new vessels formed are fed 
directly to the tumor tissues. Adapted from Herman et al, Journal of Oncology, 
2010 
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I.2.1 Soluble Factors in regulating Angiogenesis 

 

I.2.1.1 Vascular Endothelial growth factor 

 

Vascular endothelial growth factor-A (VEGF-A) is a tumor-

secreted cytokine with grave importance in both normal and tumor-

associated angiogenesis and is the most potent pro-angiogenic 

protein described to date. It induces proliferation, sprouting and 

tube formation in endothelial cells [26, 27]. VEGF-A gene is 

located on the short arm of chromosome 6 and through alternative 

splicing is processed to yield four mature isoforms (VEGF121, 

VEGF165, VEGF189 and VEGF206 [28]. VEGF165 is the 

predominant isoforms and is over-expressed in a variety of solid 

tumors. VEGF189 is the most potent for vascularization of various 

cancers[29]. VEGF-A exert its biologic effect through interaction 

with cell surface receptors which includes VEGF receptor-1 

(VGFR-1/Flt-1) and VEGFR-2/Flk-1 expressed on endothelial cells 

and neuropilin receptors (NP-1 and NP-2) expressed on neurons and 

vascular endothelium [30].When VEGF-A binds to the extracellular 

domain of the receptor, a cascade of downstream proteins are 

activated after the dimerization and autophosphorylation of the 

intracellular receptor tyrosine kinase domains. VEGFR-2 appeared 

to be the main receptor responsible for mediating pro-angiogenic 

effects of VEGF-A [27]. Deletion of VEGF-A resulted in vascular 

defects and cardiovascular abnormalities in mice [31] 
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Vascular endothelial growth factor-B (VEGF-B) is encoded by 

VEGF-B gene. It yields two polypeptide forms, VEGF-B167 and 

VEGF-B186 by alternate splicing [32]. The precise role of VEGF-B 

in vivo is not known but they might have a role in inflammatory 

angiogenesis in view of the results from knock out mice, that 

displayed reduced angiogenic responses in collagen-induced 

arthritis [33]. Silvestre et al demonstrated that VEGF-B promotes 

angiogenesis in association with activation of Akt and eNOS-related 

pathways in mice [34].  

 

Other VEGF related molecules include VEGF-C and VEGF-D 

which have same structural similarity and less homology with 

VEGF-A [35]. Both growth factors stimulate angiogenesis in vitro 

and in vivo [36] 

 

 

I.2.1.2 Angiopoietins and Tie receptors 

 

Angiopoietins are a family of secreted protein growth factors that 

play a key role in angiogenesis and binds to Tie2 receptors [37]. 

Expression patterns of two Tie receptors, Tie1 and Tie2, are similar 

to those of VEGFRs [38]. Genetic studies also associate the Tie 

receptors with angiogenesis. Tie1 knock out mice die after they 

develop edema and hemorrhage. The vascular integrity is severely 

compromised in the knock out mice, indicating that Tie1 is 

necessary for the integrity and survival of endothelial cells during 

angiogenesis [39]. Tie2 deficient mouse died before birth and 

Introduction 



 31 

displayed a reduction of endothelial cells in their blood vessels 

which showed an abnormal vasculature, lacking of branching and 

sprouting blood vessels, indicating the importance of Tie2 in these 

events [40]. 

 

Angiopoietin-1 (Ang-1) is the most studied angiopoietins and the 

mRNA is detected in embryonic days 9-11 in the myocardium and 

later in the mesenchyme surrounding blood vessels.  In transgenic 

mice Ang-1 induced more abundant, highly branched and large 

blood vessels than in wild-type mice. The role of Ang-2 is more 

complicated than that of Ang-1. The use of Ang-2 inhibitors 

resulted in tumor inhibition in mice and corneal angiogenesis 

inhibition in rats [41]. 

 

I.2.1.3 Fibroblast growth factor 

 

Another important set of proteins that mediates angiogenesis is 

fibroblast growth factor family (FGF). FGFs are soluble growth 

factors which has both acidic (aFGF) and basic (bFGF) variety. 

Both types are powerful inducers of EC migration, proliferation and 

micro vessel tube formation [22]. FGF is important in the 

remodeling of damaged blood vessels which can occur during both 

wound healing and tumor angiogenesis [42]. Murakami et al studied 

the function of FGF by inhibiting FGF receptors which led to the 

loss of function in the adherens and tight junctions, which then 

caused the loss of ECs, severe impairment of the endothelial barrier 

[43] 
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I.2.1.4 Transforming Growth Factor-Beta 

 

Transforming Growth factor-beta (TGF-β) are family of 

homodimeric cytokines that help in controlling many different 

processes in the body, including angiogenesis. TGF-β are normally 

found in the ECM of many different cell types [44]. TGF-β has both 

pro and anti angiogenic properties in which low doses of TGF-β 

help initiating the angiogenic switch by upregulating angiogenic 

factors and proteinases and at high doses TGF-β inhibits EC 

growth, promotes basement membrane reformation, SMC 

differentiation and recruitment [37]. Genetic studies in mice has 

shown that loss of TGF-β leads to leaky vessels lacking structural 

integrity and to premature endothelial cell death [45]. Stimulation of 

angiogenesis through TGF-β is mostly via indirect mechanisms. 

TGF-β signals inflammatory mediators to the site of angiogenesis, 

where inflammatory cells release pro angiogenic factors such as 

VEGF, FGF, and PDGF [46]. 

 

I.2.1.5 Interleukins 

 

Interleukins (ILs) are group of cytokines released by leukocytes and 

control a wide range of biological activities.  They are mainly 

released by leucocytes but can be also synthesized by macrophages, 

endothelial cells and tumoral cells. Several interleukins have been 

shown to affect the growth of blood vessels [47]. Interleukin-1α 

(IL-1α) is a prototypical proinflammatory cytokine that has been 

shown to be strongly angiogenic in in vivo assays for measuring 
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angiogenesis [48]. IL-4 acts as a tumor inhibtor but its mechanism 

varies wih different tumor cells. IL-6 and IL-8 have also been 

implicated as inducers of angiogenesis in various cancers[49, 50]. 

Cells over secreting interleukins will rearrange the ECM which in 

turn enables the endothelial cells to leak out and makes branching 

of tubes.  

 

I.2.1.6 Matix Metalloproteinases (MMPs) 

 

The degradation of basement membrane is an essential requirement 

for the formation of new vessels. Matrix metalloproteinases 

(MMPs) are a family of highly homologous Zn2+-endopeptidases 

that cleave and remodel the extracellular matrix. There are two 

types, secreted type and membrane type MMPs  [47]. The main 

members of this family comprise: collagenases (MMP-1, MMP-8, 

MMP-13), stromelysins (MMP-3, MMP-10 and MMP-11), and 

gelatinases (gelatinase A or MMP-2; gelatinase B or MMP-9), 

among others [47]. Recent studies by Bergers et al have shown that 

MMP-9 and to a lesser extent, MMP-2, are required for the 

mobilization of the sequestered VEGF and the initiation of tumor 

angiogenesis [48]. MMP-9 degrades type IV collagen which 

disrupts the organization of BM leading to the release of BM-bound 

VEGF. As BM undergoes MMP-mediated degradation and 

structural changes, cryptic domains of partially degraded collagens 

become exposed  and promote angoiogenesis and tumor growth 

[49].  
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I.3 Angiogenesis in Pancreatic Cancer 

 

Contribution of angiogenesis to PDAC progression has been poorly 

characterized, mainly because these tumors are poorly vascularized 

and therefore it has been assumed that angiogenesis does not play a 

relevant role in this pathology. However, recent studies suggest that 

pancreatic cancer can entail the substantial development of new 

blood vessels within the tumor tissue and that angiogenesis could be 

a key contributor to PDA malignancy [50]. Pancreatic 

microenvironment may also serve to promote tumor angiogenesis 

[51]. In one study by Fujioka et al immunohistologic datas of one 

hundred and four patients with pancreatic ductal adenocarcinoma  

were performed for VEGF, thymidine phosphorylase (TP), bFGF, 

CD34, p53 and Ki-67 and came to conclusion that angiogenesis in 

human pancreatic carcinoma is dependent on VEGF, TP and bFGF 

and p53 abnormality is likely to take part in VEGF related 

angiogenesis [50] (Fig.I.7). 
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Fig.I.7.-Expression of proangiogenic growth factors in pancreatic ductal 
adenocarcinoma. Strong immunoreactivity for A) vascular endothelial growth 
factor-A (VEGF A), B) VEGF-C, C) basic fibroblast growth factor in the 
cytoplasm of the tumor cells D) positive inflammatory cells is visible in the 
stroma around the tumor cells and at the tumor pheriphery. Adapted from 
Esposito et al, J Clin Path, 2004 
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Morphological analysis of tumor specimens together with the 

immunohistochemical analysis allowed the characterization of 

inflammatory cells infiltrated in pancreatic adenocarcinoma, in 

which mast cells and macrophages (CD68) were identified. By 

means of double immunohistochemistry, most of the VEGF-A, 

VEGF-C, andf bFGF expressing cells were identified as mast cells 

and macrophages (Fig.I.8). The capacity of mast cells and 

macrophages to produce proangiogenic factors has been described 

previously [52, 53] 

 

Fig.I.8. - Characterization of the inflammatory infiltrate in pancreatic ductal 
adenocarcinoma. A) Tryptase positive mast cells and B) CD68 positive 
macrophages are the most common inflammatory cells in the stroma of PDAC. 
Double immunohistochemistry shows that C) mast cells and D) macrophages (red 
staining) in PDAC. Adapted from Esposito et al, J Clin Path, 2004 
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The result of the study by Esposito et al showed that pancreatic 

cancer cells themselves are an important source of pro angiogenic 

factors [54]. They suggested that not only the cancer cells, but also 

the inflammatory cells, which expressed pro angiogenic growth 

factors and accumulate in cases with higher intratumorous 

microvessel density (IMD), influence the angiogenic property of 

pancreatic cancer. The number of VEGF-A positive inflammatory 

cells was higher in tumors with VEGF-A positive cancer cells. The 

mast cell specific proteases tryptase and chymase both expressed by 

pancreatic mast cells can promote angiogenesis [55] and in 

particular tryptase can specifically induce endothelial cell 

proliferation and capillary formation [56] 

 

PDACs overexpress multiple additional mitogenic growth factors 

which are angiogenic in nature [57] (Table 2). 

 

  
 Table.2 Angiogenic Growth Factors over expressed in Human Pancreatic     
  Cancer and their cognate receptors. 
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VEGF-A is of crucial importance in promoting the growth and 

metastasis of pancreatic cancer cells in PDAC. It has been 

demonstrated that pancreatic cancer cells secrete biologically active 

VEGF-A [58] and cancer cells in PDAC as well as pancreatic 

cancer cell lines sometimes express VEGFR-1 or VEGFR-2 [59]. 

Adeno viral vectors carrying the sequences encoding soluble 

VEGFR-1 and VEGFR-2 or the VEGFR tyrosine kinase inhibitor 

PTK 787 inhibit the growth or metastasis of pancreatic cancers in 

mouse models [60]. These findings supported that VEGF –A plays 

a role in angiogenic process of PDAC and may exert direct effects 

on pancreatic cancer cells in vivo. 

 

In addition to VEGF, other growth factors activate tyrosine kinase 

that are expressed in endothelial cells within the pancreatic tumor 

mass, such as EGFR [61]. The importance of tyrosine kinase 

receptors other than VEGFR in pancreatic cancer angiogenesis is 

described by the observation that inhibition of EGFR tyrosine 

kinase activity suppresses pancreatic cancer angiogenesis [17].  

 

Other proangiogenic factors that are over expressed in PDAC 

include chemokines such as Mip3α and interleukin-8, which 

activate G-protein coupled receptors [62, 63]. The evidence for 

cross-talk between various angiogenic actors have been established 

like TGF-β1 and plasminogen activator inhibitor-1 (PAI-1) are over 

expressed in PDAC [64, 65], TGF-β1 induces PAI-1 expression in 

pancreatic cancer cells [66], and both TGF-β1 and PAI-1 can 

promote angiogenesis in vivo [67, 68]. The angiogenic potential of 
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TGF-βs may be enhanced by the presence of Smad4 mutations 

which are frequent in PDAC [69]. Since uPA and its receptors are 

overexpressed in PDAC it can transctivate EGFR and EGFR 

activation can induce the expression of VEGF and pro angiogenic 

chemokine IL-8 [70]. These observations suggest that multiple 

pathways interact to enhance angiogenesis in PDAC. 

 

Pancreatic adenocarcinomas exhibit high levels of intratumoral 

microvessel density (IMD) which suggests tumor induced 

angiogenesis. Immunohistochemical studies by Kuehn et al found 

that IMD was increased in pancreatic cancer specimens over normal 

pancreas and chronic pancreatitis specimens[71]. Other researchers 

have found that high IMD in pancreatic cancer correlate with poor 

patient survival Karademir et al., by immunohistochemical analysis 

of 22 PDAC patients, found that tumor vascular surface density and 

number of microvessels in the stroma correlated with increased 

tumor proliferation, poor differentiation, larger tumor size and 

decreased patient survival [75]. These findings indicate that PDAC 

exhibit a high degree of IMD and, as has been demonstrated in 

other tumors such as breast, lung, prostate, cervix etc., high IMD 

can correlate with poorer prognosis and greater risk for metastasis. 
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I.3.1 Hypoxia in Pancreatic Cancer 

 

Tumor hypoxia is a common feature of many cancers and it 

essentially occurs when the growth if the tumor outstrips the 

accompanying angiogenesis [76].  The master regulator of hypoxic 

response is the transcription factor hypoxia inducible factor-1 (HIF-

1) [77]. It mediates the adaptive response to hypoxia by affecting 

the transcription of numerous hypoxia- inducible genes. It 

undergoes conformational changes in response to varying oxygen 

changes [78].  HIF-1 directly activates VEGF and VEGFR-1 

transcription by binding to HRE, and plays an important role during 

normal growth and tumor formation [79]. Deletion of HIF-1α in 

endothelial cells disrupted an autocrine loop necessary for hypoxic 

induction of both VEGFR-1 and VEGFR-2 by VEGF signaling 

[80].  VEGFR-1 is directly upregulated by hypoxia via an HIF 

binding enhancer element located in the VEGFR-1 promoter, while 

the upregulation of VEGFR-2 is through post transcriptional 

regulation [81].  

 

Hypoxia is clearly a driving force in pancreatic cancer and 

metastasis. The presence of significant hypoxia in pancreatic 

cancers has been long suspected in case the lesions characteristic of 

vascular appearance on X-ray computed tomography scan [82]. 

Koong et al first reported hypoxia in pancreatic cancer where they 

analysed the results from direct intratumoral needle oxygen 

measurements at the time of resection in seven patients with 

operable pancreatic cancers [83]. Several studies have indicated a 
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link between tumor hypoxia and VEGF production in pancreatic 

cancer. In this regard, Duffy et al reported that HIF-1 is activated in 

pancreatic cancer in response to low oxygen levels in vitro and in 

vivo [84]. Studies in human specimens of pancreatic cancer showed 

co localization of VEGF mRNA, which is produced in ductal cancer 

cells, and HIF-1α protein which was detectable in the cell nuclei of 

cancer cells. HIF-1α expression was upregulated in pancreatic 

cancer specimens [84]. Pancreatic cancer cell lines increased VEGF 

production under low oxygen levels by highly specific activation of 

HIF-1 DNA binding activity to the VEGF promoter. Cell lines with 

high constitutive levels of HIF-1α protein were found to produce 

higher basal levels of VEGF [84]. Study by Sun et al investigated 

the expression of HIF-1α, VEGF, Glut-1, CD34 and surviving in 

pancreatic tumors. These proteins were not detected in exocrine 

portion of all normal pancreatic samples. In contrast, in tumor cells 

HIF-1α was present in diffused pattern in the nucleus or cytoplasm 

and VEGF and Glut-1 were detected within the cytoplasm and cell 

membrane of the cancerous cells [85] (Fig.I.9). 
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Fig.I.9.- Hypoxia in Pancreatic Cancer A) Negative expression of HIF-1α in 
normal pancreatic tissue B) Nucleus staining of HIF-1α in malignant cells C) 
Cytoplasmic staining of HIF-1α D) VEGF expression within cytoplasm and cell 
membrane of cancerous tissue E) Glut-1 expression in cytoplasm F) Survivin 
staining in the cytoplasm G) CD34 expression in vascular endothelial cells within 
the tumor (arrow shows one of the microvessels) H) Ki-67 positivity in the 
nucleus of malignant ductal cells I) An apoptotic cell (arrow). Adapted from Sun, 
et al.,Int J Oncol, 2007.  
 
I.3.2 Angiogenesis Inhibitors in PDAC 

 

The crucial role for angiogenesis in pancreatic cancer growth and 

metastasis comes from the effects of anti-angiogenic compounds on 

tumor growth, spread, and vascularity in vitro and in vivo. An 

angiogenic inhibitor fumagillin TNP- 470 decreased the growth and 

metastasis of pancreatic cancer [86, 87]. Studies by Hotz et al 

showed that treatment with TNP-470 in orthopic model of human 
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pancreatic cancer decreased tumor growth, IMD, and metastatic 

spread by anti angiogenic mechanisms versus anti tumor effects 

[88]. In a hamster model of metastatic pancreatic cancer the 

endogenous anti angiogenic compound angiostatin, a fragment of 

Plasminogen, has been shown to inhibit growth and 

neovascularisation of hepatic metastases [89]. 

 

Other experiments have targeted specific pro-angiogenic cytokines 

like VEGF-A to inhibit tumor growth. VEGF inhibition is being 

evaluated as a strategy for the prevention of angiogenesis and 

vascular leakage in malignant tissue and represents one possible 

strategy for improving survival in patients with advanced pancreatic 

cancer [27]. In one study by Hotz et al they used diphtheria toxin-

VEGF fusion protein which significantly reduced the tumor 

volume, IMD, metastasis and increased animal survival in vivo [90]. 

Bruns et al used an anti-VEGFR-2 antibody (DC101) with or 

without gencitabine in an orthopic mouse model [91]. Treatment 

with DC101 alone and gencitabine alone both inhibited tumor 

growth, but the combination therapy yielded better result and 

produced endothelial cell apoptosis. These result suggested that 

VEGF targeted therapies may potentiate the effects of cytotoxic 

treatments in pancreatic cancer. 

 

Overexpression of cyclooxygenase-2 (COX-2) is detected in 75% of 

resected pancreatic cancer and correlates with aggressive tumor 

biology [92]. COX-2 promotes tumor growth by up-regulating 

angiogenesis and invasiveness, and inhibiting apoptosis [93]. 
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Celecoxib, a COX-2 specific inhibitor, has demonstrated anti-tumor 

activity against a variety of human cancers in animal models, 

including pancreatic cancer xenografts [94].  

 

Epidermal growth factor (EGF) and its receptor EGFR are believed 

to be important in the control of angiogenesis. Pancreatic 

adenocarcinomas and dysplasias frequently overexpress receptor 

tyrosine kinases, such as EGFR [95]. In one analysis of 12 human 

pancreatic cell lines, 100% expressed EGFR.Cytoplasmic EGFR 

expression in human pancreatic cancer, particularly in the 

progression of pancreatic ductal adenocarcinoma, is associated with 

metastases (P<.01), as well as poor prognosis [16]. Blocking EGFR 

via the oral administration of a novel EGFR TKI, PKI166, has been 

shown to decrease VEGF expression and increase apoptosis of 

tumor associated endothelial cells in pancreatic cancer xenografts 

[17]. Blocking VEGF-induced angiogenesis, as well as EGFR and 

other growth factors, may lead to prolonged survival especially for 

those patients with advanced disease.  

Sunitinib is a multitarget inhibitor of tyrosine kinase membrane 

receptors, with a potent antitumoral and antiangiogenic activity. In 

vivo studies have shown that it decreases microvascular density, 

prevents neovascularization and decreases lung metastasis in a 

Lewis carcinoma model [229]. Antitumoral effects of sunitinib has 

been also demonstrated in several xenograft models of colon, 

breast, lung, melanoma, glioblastoma and renal cancers [230] as 

well as clinical studies [231,232]. In fact, sunitinib has been 
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recently aproved by the FDA for the treatment of advanced and/or 

metastatic renal cell carcinoma and for malignant gastrointestinal 

stromal tumours [233] . In pancreatic cancer, sunitinib effects have 

been explored in patients with advanced tumors and in combination 

with gemcitabine [228].  Sunitinib effects together with gencitabine 

or radiotherapy  have also been explored In animal models using 

subcutaneous xenografts of pancreatic tumoral cells [236]. 
 

 

I.4 Plasminogen System 

 

The zymogen plasminogen is mainly produced by the liver and is 

present in the plasma as well as extravascularly in the interstitial 

fluids. It is converted locally to the active serine protease plasmin 

by proteolytic processing mediated by either of the two 

plasminogen activators, the serine proteases urokinase Plasminogen 

activator (uPA) and tissue type Plasminogen activator (tPA).  Even 

though both uPA and tPA share a common plasminogen converting 

function they have a structural and functional differences.  tPA 

mainly acts as a fibrin-dependent and intravascular activation 

enzyme involved in clot dissolution while uPA operates as a fibrin-

independent, a cell surface receptor bound plasminogen activator 

and controls pericellular proteolysis [96] (Fig.I.10). 
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Fig.I.10. - The Plasminogen system. Adapted from Xavier Pi-Sunyer et al, 
Obesity, 2004 
 

 

I.4.1 Components of Plasminogen system 

 

I.4.1.1 Plasminogen and Plasmin 

 

The precursor of the active protease plasmin is Plasminogen [97] 

and is produced by the liver. The plasma concentration of the 

Plasminogen is about 100-150 mg/L and the half life in circulation 

is about 2.8 days [98]. Plasminogen is a single chain glycoprotein 

of Mr about 90,000, consisting of 790 amino acid, and about 2% 

carbohydrate. The plasminogen gene, located on chromosome 6, 

spans 53.5 kb and consists of 19 exons [99]. Plasminogen is 

activated to the two-chain proteolytically active plasmin by tPA or 

uPA by cleavage of a single peptide  bond,  Arg560-Val561 [100]  . 

The  two chains are held together by two disulphide bonds. There 

is a heavy (A) chain (M r 60,000) and a light (B) chain (Mr   25,000). 
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The light chain contains  the serine protease catalytic triad [101].  

The  heavy  chain  contains  five kringles and mediates  

interactions of plasminogen with fibrinogen,  inhibitors and cell-

surface receptors (Fig.I.11). 

 
Cell surface associated plasmin catalyses the breakdown of ECM 

and basement membrane molecules such as fibronectin, laminin, 

vitronectin, fibrin and collagen [102]. Latent forms of bFGF, TGF-β 

can also be activated by plasmin which on activation induces cell 

proliferation, angiogenesis etc. 

 

Plasminogen deficient mice suffer multiple spontaneous thrombotic 

lesions, organ damage, high early morbidity and have impaired skin 

wound healing [103]. 

 

Fig.I.11.- Plasminogen structure.  The 77-residue activation peptide (AP) is 
followed by 5 consecutive kringle (K) domains, with introns serving as the 
boundary determinants. These regions are also known to fold independently. The 
cleavage (activation) loop (CL) is depicted (residues 543–582), bounded by its 
gene introns. Plasminogen activators catalyze cleavage at the peptide bond of 
residues Arg561-Val562, leading to plasmin formation. Adapted from Castellino 
et al, Thromb Haemost 2005.  
 

I.4.1.2 The Urokinase-type Plasminogen activator 

 

The human single-copy gene uPA codes for a 53-kDa serine 

protease produced as a single chain protein (scuPA or pro-
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uPA)[104]. When secreted pro-uPA is converted to the active two-

chain form uPA by cleavage of the peptide bond K158-1159 by 

plasmin [105]. uPA contains  one  growth  factor-like (EGF) 

domain and one kringle domain but no finger domain like tPA. The 

human uPA gene located on chromosome 10, spans 6.5 kb and 

has 11 exons. (Fig.I.12). 

 

 

 

 

 

Fig.I.12: Schematic representation of Urokinase- type Plasminogen activator 

  

 The uPA present at the cell surface initiate a proteinase 

cascade which in turn leads to the activation of plasmin, 

the breakdown of the ECM and the release of cytokines, 

growth factors promoting cellular migration. Binding of 

uPA to its cellular receptor uPAR is important for the efficient 

activation of plasminogen at the cellular surface in several in vivo 

and in vitro systems [106]. In addition to supporting pericellular 

zymogen activation, the formation of the uPA-uPAR complex on 

the cell surface is nown to influence cell adhesion, migration, and 

chemotactic properties [107]. uPA/uPAR system was expected to 

contribute to cell associated proteolysis in biological process where 

cells are invasive. Several model systems indicated the ability of 

tumor cells to invade and metastasize can be downregulated by uPA 

inhibitors, anti-uPA antibodies, antisense uPAR expression and 

uPAR antagonists [108, 109]. 
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Elevated levels of uPA/uPAR have been reported in numerous 

tumours, including pancreatic cancer. In PDAC patients 

concominant overexpression of uPA and uPAR was found to be 

associated with a shorter post operative survival compared with 

those patients in whom only uPA or its receptor were overexpressed 

[110]. In a study by Paciucci et al, the uPA/uPAR receptor 

proteolytic system has been reported to be involved in the 

hepatocyte growth factor (HGF) stimulated motility of pancreas 

cancer cells. HGF-induced cell motility is significantly reduced by 

inhibitors of uPA proteolytic activity, such as antibodies 

neutralising uPA activity , PAI-1 and amiloride [111]. Anti –uPA 

antibodies injected into mice together with tumor cells caused a 

significant inhibition of metastasis formation suggesting the 

involvement of this enzymatic system in tumor invasion and 

metastasis. Xue et al analysed mRNA expression of 15 genes from 

epidermal growth factor receptor, insulin-like growth factor (IGF), 

and uPA families were measured in 46 PDAC tissue samples using 

quantitative real-time reverse transcription-polymerase chain 

reaction. They came to conclusion that IGF, uPA/uPAR has the 

greater influence on survival in PDAC [112] 

 

 

I.4.1.3 The Tissue- type Plasminogen activator 

 

The tissue type plasminogen activator (tPA) molecule is synthesized 

by endothelial cells [113] and released into the blood stream  by  
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various  stimuli  such  as  stress, physical exercise and nicotinic 

acid. It is a 70-kDa protein secreted as a precursor in a  single chain 

form  [114]. Plasmin convert the precursor by cleaving the peptide 

bond Arg275-Ile276 to give an active two chain form held together 

by a  single interchain disulphide bond. The tPA molecule contains 

530 amino acids and has a molecular weight of about 67,000. The 

A-chain (Mr   38,000), is derived from the NH2-terminal  portion,  

and the B- chain (Mr  30,000) containing the active site from the 

COOH-terminal portion [115]. The A-chain contains four 

domains; a finger do- main, a growth factor-like domain and two 

kringle domains. The finger and kringle 2 domains are involved in 

binding to fibrin. The human tPA gene is located on chromosome 8 

[114], spans 33 kb and has 14 exons (Fig.I.13). tPA exists as two 

different isoforms (type I and type II) that differ on their 

glycosylation, displaying species, cell and site specific patterns of 

this post translation modification [116] 

 

 

 

 

 

 

 

 

 

 

Fig.I.13: Schematic representation of Tissue- type Plasminogen activator 
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The main biological role of tPA is associated with fibrinolysis due 

to its high affinity for fibrin and activation by fibrin binding [117]. 

The finger domain present at the amino terminal enables tPA to 

have high affinity for fibrin making tPA a thrombolytic agent. 

Unlike uPA, tPA has got no specific receptors but it has a wide 

range of receptors including AnnexinA2 (AnxA2), α-enolase, 

HMG-1, LRP, NMDAR, etc.  

 

I.4.1.4 The Plasminogen activator inhibitors 

 

The Plasminogen activator inhibitors (PAI)s are members of serine 

protease inhibitor super family (SERPIN) and are the most potent 

inhibitor of both tissue type (t-PA) and urokinase type plasminogen 

activator (u-PA) and thus regulate fibrinolysis as well as 

proteolysis, cell migration, and tumor cell invasiveness[118]. They 

are stimulated by cytokines, lipopolysaccharide, very low density 

lipoprotein, TGF- β-1 etc. In pathological conditions, increased 

PAI-1 levels mainly result from release by endothelial cells or 

tumor cells [119]. There are several inhibitors of plasminogen 

activators: PAI-1, PAI-2, PAI-3 and TAFI 

 

 

I.4.1.4.1 Plasminogen activator inhibitor type-1 

 

Plasminogen activator inhibitor type-1 is a single chain 45-50 kDa 

glycoprotein secreted by many cell types and is the most important 

component of the PA system in the regulation of both physiologic 
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process and in the pathogenesis of many disorders including cancer 

[120]. It inhibits both uPA and tPA and also has high affinity for 

ECM proteins. PAI-1 not only binds to free uPA but also to uPAR –

bound uPA [121].  uPA/PAI-1 complex interact with the 

transmembrane α2-macroglobulin receptor low-density lipoprotein 

(LDL) receptor- related protein (LRP), an endocytic receptor. By 

the combined action of uPAR ad LRP, the uPA/PAI-1 complex is 

internalized and degraded in lysosomes and the uPAR is recycled 

back to the cell surface [96, 122]. PAI-1 is believed to play a central 

role in cell adhesion mediated through integrins and the uPAR/uPA 

complexes [123]. Kwaan et al studied the action of PAI-1 in 

vascular smooth muscle cells and tumor cells and found out that 

PAI-1 inhibited apoptosis and contribute to tumor proliferation and 

to angiogenesis [124].  In vivo studies has shown that PAI-1 

expression can be highly induced in both endothelial cells and 

activated platelets and it plays a role in inhibiting thrombolysis 

through rapid inhibition of tPA [125]. 

 

 

I.4.1.4.2 Plasminogen activator inhibitor type-2 

 

PAI-2 is a single chain protein of 47 kDA. PAI-2 is synthesized in 

the placenta and the monocytes as well as in the ovarian tumors and 

myeloid leukemic cells. PAI-2 also inhibits uPA and tPA [126]. 

PAI-2 exists in both secreted and cytosolic forms. In the secreted 

form PAI-2 participates in the control of tissue remodeling and 

fibrinolysis while in the cytosolic form it plays a role in intracellular 
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proteolysis involved in apoptosis and inflammation. In experimental 

tumor mouse models PAI-2 has shown to decrease the tumor 

growth and metastasis. The physiological outcomes obtained by the 

administration of exogenous PAI-2suggested that inhibition of 

extracellular uPA activity is the mechanism underlying the 

reduction in tumor size [127] 

 

I.4.2 The Plasminogen system in Cancer 

 

The plasminogen activator system has been linked to prognosis in a 

number of different clinical studies in various cancers.  Many 

studies report that some of these molecules are associated with a 

poor prognosis presumably because of their ability to degrade the 

extracellular matrix (ECM) and thus allow tumor cells to spread to 

the rest of the body. Plasmin destroys components of tumor stroma, 

acts on components of the ECM like laminin, and activates latent 

matrix metalloproteases (MMP’s) such as collegenase IV.  

Collagenase IV then cleaves collagen and other parts of the basal 

membrane and promotes metastasis[128]. Other than the 

degradation of the ECM, which is a prerequisite for cancer invasion 

and metastasis, uPA promotes angiogenesis and mitogenesis, 

modulates cell adhesion, stimulates proliferation and migration, and 

prevents apoptosis [129]. uPA binding to uPAR is capable of 

directing the mobility of the cell.  According to Reuning et al, uPA 

is capable of triggering signal transduction pathways; the effects 

including mitogenic, chemotactic, migratory, and adhesive 

properties [130]. The binding of uPA to PAI-1 disrupts the normal 
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PAI-1-Vitronectin interaction, initiating a conformational change in 

PAI-1 that exposes a cryptic high-affinity binding site for LRP, 

allowing endocytosis to occur.  Recycling of uPAR to the cell 

surface occurs following intracellular degradation of the complex. 

By binding to vitronectin, PAI-1 can modulate cellular adhesion and 

migration [131]. This effect on adhesion is one of the reasons why 

increased PAI-1 may be associated with poorer prognosis.  

According to Czekay et al, PAI-1 detaches cells from extracellular 

matrices by inactivating integrins, thereby facilitating the metastasis 

of cancer cells [132].  Chazaud et al reported that cells take 

advantage of high amounts of PAI-1 to migrate using a novel 

function of the uPA complex [133].   According to a study, uPAR is 

most often located in macrophage surrounding malignant 

epithelium, and this macrophage mediated proteolytic activity is 

involved in the invasion and spreading of cancerous cells [134]. In 

several reports concentrations of the uPA and PAI-1 complex 

showed stronger prognostic importance than uPA antigen or PAI-1 

antigen individually. Plasminogen activator system has a greater 

role in breast cancer. According to Hansen et al, PAI-1 was an 

independent prognostic marker for recurrence-free survival in 

patients with primary breast cancer [135].  PAI-1 was also an 

independent prognostic marker in both low and high-risk breast 

cancer patients [136].  Cytosolic levels of uPA alone have been 

shown to be predictive of early relapse in primary breast cancer 

[137]. In gastric cancer, high levels of uPA and PAI-1 are 

significantly associated with decreased survival [138]. In colorectal 

carcinoma, increase in tumor and serum levels of uPA, uPAR, and 
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PAI-1 are associated with poor prognosis [139]. In adenocarcinoma 

of esophagus, uPA and PAI-1 levels were significantly elevated in 

cancerous tissues. In PDAC, PAI-2 seemed most important 

prognostic factor as strong PAI-2 expression was significantly 

associated with higher survival compared to lower levels of PAI-2 

[64]. In endometrial and lung cancer  uPA, uPAR, PAI-1 and PAI-2 

levels were higher in tumor tissue than compared to the normal 

ones[140, 141]. 

tPA has also been related to tumor progression and the role of this 

protease in cancer and PDAC will be described in another section 

(see point I.4.4). 

 

I.4.3 The Plasminogen system and Angiogenesis 

 

The Plasminogen-plasmin system is involved in tumor angiogenesis 

in two aspects. First, along with tumor derived cytokines and 

VEGF, uPA and PAI-1 modulate endothelial cell proliferation. 

Second, plasmin and plasminogen activators proteolyse 

plasminogen and, acting with several cofactors, release one or more 

of the kringle structures. These kringles possess inhibitor effects on 

tumor angiogenesis, best exemplified by angiostatin. Plasmin, 

derived from uPA activation of plasminogen, can be reduced by 

plasmin reductase (phosoglycerate kinase) in the presence of co-

factors, including glutathione and cysteine. The disulfide bonds 

between kringles are further proteolysed to form kringle peptides 

with potent inhibitory activity against the proliferation of 

microvascular endothelial cells [142, 143]. 
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Studies by Pepper et al confirmed that when endothelial cells 

migrate they upregulate uPA, uPAR and PAI-1 [144]. A variety of 

angiogenic factors control the expression of these proteins in ECs,  

like VEGF and bFGF induces the expression of uPA, tPA, uPAR 

and PAI-1, while TGF-β down regulates uPA and enhances PAI-1 

production [145].  Plasmin promotes tissue degradation and 

remodeling of the local extra cellular environment directly, by 

degrading ECM molecules and activating or releasing latent growth 

factors [146]. Plasmin also potentially activates pro–matrix 

metalloproteinases such as pro-MMP2 and pro-MMP9 [147] 

(Fig.I.14). 

 

Hypoxia which is the major angiogenic stimulus has been reported 

to increase uPAR and PAI-1 expression in endothelial cells [148]. 

Regarding tumoral angiogenesis clinical studies have demonstrated 

that high uPA, uPAR and PAI-1 levels indicate a poor prognosis for 

the survival of patients suffering from wide variety of cancers [68, 

149]. Microvessel density was markedly reduced in tumors cells 

transfected with mutant murine uPA that retained receptor binding 

but not proteolytic activity [150]. The endothelial cells with 

increased Plasminogen activator activity when compared to non 

transformed endothelial cells form cyst like structures when 

embedded into a fibrin gel. These findings implicated increased 

Plasminogen activator-plasmin-mediated proteolysis in aberrant 

vascular morphogenesis [151]. Injection of endothelial cells into 

uPA, tPA, PAI-1 or Plasminogen-deficient mice demonstrated that 
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tumor growth in vivo is dependent on the generation of uPA 

mediated plasmin. Angiogenic endothelial cells require uPA and 

plasmin to degrade ECM components and migrate [152].  O’Reilly 

and Stack et al demonstrated that angiostatin can be generated by 

limited proteolysis of Plasminogen by plasmin, uPA, tPA and MMP 

[143, 153]. Studies in PAI-1 deficient mice have revealed an 

absolute requirement for PAI-1 in tumor angiogenesis. The absence 

of PAI-1 markedly impaired tumor invasion and vascularization 

[154].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.I.14.- Plasmin activating the angiogenic factors. Adapted from Croucher et 
al, Nat Rev Cancer, 2010 
 
Some reports  suggested that mice deficient in PAI-1, did not 

support invasion or angiogenesis of implanted tumors [96] 

indicatring that  PAI-1 may have a dual role in angiogenesis, as an 

activator or an inhibitor, depending on the tumor’s 

microenvironment and its level of PAI-1 . When tumors were 
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implanted in integrin α1-deficient mice (which express higher levels 

of matrix metalloproteinases and plasma angiostatin), reduced 

tumor angiogenesis was observed  [155]. Plasma from these mice 

inhibited endothelial cell proliferation, and this inhibition was 

decreased by administering an angiostatin-neutralizing antibody or 

matrix metalloproteinase inhibitors. Mice injected with colon cancer 

cells that overexpressed t-PA had a markedly lower number of liver 

metastases and a higher survival rate than mice injected with 

untransfected colon cancer cells [156]. A study of tumor specimens 

taken from patients with melanoma  or with breast cancer  showed 

that tumors expressing a high level of t-PA were associated with 

better prognosis [157]. Thus, it has been hypothesized that human 

plasma may serve as a rich source of biologically important 

angiogenesis inhibitors [158]. Increasing the antiangiogenic activity 

of plasma proteins by proteolytic cleavage may alter the behavior of 

a malignant tumor and could have clinically useful implications. 

 

I.4.4 Tissue Plasminogen Activator in Cancer and PDAC 

 

Tissue Plasminogen activator (tPA) is a multifunctional protein that 

regulates a broad range of cellular functions like tissue remodeling 

neuronal plasticity as well as fibrinolysis. Many effects of tPA are 

mediated by its catalytic activity via plasmin generation. However, 

several studies have proven that tPA can also have catalytic-

independent fucctions. Thus, studies Medina et al demonstrated that 

tPA can act as a cytokine triggering ERK pathway in hippocampal 

neurons mediating amyloid-induced neurotoxicity independent of its 
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catalytic activity [159]. More recently, our group has also found 

similar mechanisms in PDAC [237]. tPA is overexpressed in several 

cancers, including melanoma [160, 161], hepatocellular 

carcinoma[162], ovarian[163], uterine [164] and pancreatic ductal 

adenocarcinoma [165-167]. In pancreatic cancer tPA is 

overexpressed in 95% of pancreatic ductal adenocarcinoma, while it 

is absent in normal pancreas [165, 166].  

tPA contributes to cell invasion in in vitro studies of pancreatic 

cancer [165] via its interaction with AnnexinA2[168]. tPA induces 

Erk phosphorylation and cell proliferation[168], involving 

AnnexinA2 and EGFR [169, 237].  

 

The proteolytic activity of tPA involving MMP-9 and hb-EGF 

expression, which favor ECM degradation and subsequent invasion 

and tumor progression are reported. In athymic mice, pancreatic 

cancer cells with low tPA levels generate less proliferative and 

angiogenic tumors [168] The key contribution of tPA to pancreatic 

cancer progression has been highlighted by in vivo studies using the 

Ela-Myc  mouse pancreatic cancer model. Mice with tPA-/- 

background showed an increase in survival, with less angiogenic 

and mitogenic pancreatic tumors [244]. This effect was clearly 

dependent on the tumor characteristics, being predominant in the 

ductal tumors resembling human PDAC, where tPA is found to be 

overexpressed.  

 

AnnexinA2 is a tPA receptor and it has been very well characterize 

in ECs where it exerts an important physiological role enhancing 
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tPA fibrinolytic function.  AnnexinA2 is overexpressed in 70% of 

cases of human pancreatic cancers [181a, 189a] and in ductal 

transgenic mice tumors, whereas its expression in normal pancreas 

is low and restricted to pancreatic islets [190]. Although this 

receptor has been clearly involved in tPA-mediated pancreatic 

cancer cell invasion, the fact that AnnexinA2 is the major tPA 

receptor in ECs and its important role in blood homeostasis, made it 

an appropriate target for PDAC therapy. In addition previous data 

showed that only 50% of tPA found in the cell membrane was 

associated to AnnexinA2 suggesting the presence of other tPA 

receptors. For this reason, our group performed a proteomic 

approach by pulling down human pancreatic cancer cell line extracts 

with tPA bound to sepharose [191]. Putative candidates were 

separated by 2D-electrophoresis and identified by peptide mass 

fingerprint. Results are summarized in the Table 2. Some of the 

candidates found had already been described such as enolase, 

cytokeratin 8 and 18 or tubulin, but others were described for the 

first time like Galectin-1 (Gal-1) and valosin containing protein. 

Due to its localization and previously reported functions, Gal-1 was 

choosen for further studies, as described later. 
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Table 2 The protein identification process yielded 31 tPA receptor candidates 
identified in gels of PANC-1 cell pull-downs, either from total lysates or from raft 
fractions.   

 

 

 

Introduction 



 62 

I.5 Galectins 

 

Galectins are a group of proteins that bind β-galactosides through 

evolutionarily conserved sequence elements of the carbohydrate 

recognition domain (CRD) [170, 171]. Despite the CRDs of all the 

galectins has affinity for N-acetyllactosamine disaccharide, each 

galectin can also recognize different modifications of this motif and 

display fine specificity for different ligands [224]. 15 galectins have 

been described in mammals of which 11 are expressed in humans 

and can be structurally clustered in three groups[172, 173]. Some of 

the galectins contain one CRD and are biologically active as 

monomer (Gal-1, 5, 7, 10, 11, 13, 14, and 15) and homodimers 

(Gal-4, 6, 8, 9, and 12) or chimerics (Gal-3) (Fig.I.15). Galectins 

can localized into multiple cell compartments in function of the 

status of the cells, being found in cytoplasm as well as in the 

nucleus [174]. Although galectins as a whole do not have the signal 

sequence required for protein secretion through the usual secretory 

pathway, some galectins are secreted and are found in the 

extracellular space [225].  
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Fig.I.15. - The galectin family. Many galectins are either bivalent or multivalent 

with respect to their carbohydrate-binding activities. Adapted from Fu-Tong Liu 

et al, Nat Rev, 2005. 

 

On the cellular level galectins are involved in mechanisms both 

inside the cell and extracellularly. Galectins have been proposed to 

play important roles in inflammation, immunity and cancer based 

on whole animal experiments and by their effects in tissue culture 

[175, 176]. Intracellularly, galectins are found in the cytosol and 

nucleus where they are involved in targeting exocytosis, cell 

activation and differentiation[177-179]. Galectins are also secreted 

by different 

cells via the non-classical pathway and can attach to sugar 

structures on the cell surface [180]. By binding to N-glycosylated 

proteins Galectins may reside in solution as serum proteins or, on 

the cell surface, where they can modulate cell adhesion  [181]. 

 

I.5.1 Galectin Expression 

 

Some of the galectins are widely expressed in the body whereas 

others are only expressed in distinct compartments. Within the 

immune system, galectins are found in activated macrophages, 

activated B cells, dendritic cells and activated T cells [182]. 

Endothelial cells express several galectins. Gal-1 is expressed in 

human cultured endothelial cells, in aorta, umbilical vein and 

pulmonary artery, in vivo it was found in activated lymphoid tissue 

[183]. Galectin-3 expression has been observed in epithelial cells, 

macrophages, fibroblasts and activated T-cells [184]. Galectin-9 
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which was originally identified as an eosinophil specific chemo 

attractant is also expressed in HUVECs [185]. Galectin-8 is 

expressed in lung both in basal cells, ciliated bronchial cells, 

chondrocytes, serous cells of the bronchial glands, smooth muscle 

cells and endothelial cells [186] 

 

I.5.2 Galectin-1 

 

Galectin-1 (Gal-1), one of the most studied galectins is a 

symmetrical dimmer [170, 187, 188] of 14,5 kDa subunits involving 

two anti-parallel β−sheets[189]. Gal-1 has been shown to have a 

similar molecular structure to legume lectins, a structure consisting 

of a β−sandwich fold with a "jelly-roll" topology[190] Gal-1 is 

found in the cytoplasm, membrane, extracellular matrix and nucleus 

[191] and is implicated in several biological processes that are 

important in tumor progression, as modulation of cancer cell 

adhesion including cell–extracellular matrix and cell–cell 

interactions, cell migration, angiogenesis, and tumor–immune 

escape. For this reason it has been described as a promising cancer 

target [192, 193]. Gal-1 interaction with glycans is greatly enhanced 

when it is surface-bound on cell membranes or in ECM [197]. The 

structure reveals that there is one carbohydrate-binding site per 

monomer. The integrity of the dimer is maintained by the β-sheet 

interactions across the monomers and by formation of a 

hydrophobic core common to both [198].  
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I.5.3 Galectin-1 in Cancer 

 

Gal-1 expression has been examined in several malignant tumors 

and its correlation with tumor invasiveness and lymph node 

metastasis was demonstrated in breast cancer , neuroblastoma, oral 

squamous cell carcinoma [194-196]. Gal-1 is one of the most 

important lectins to date participating in the malignant tumor 

development. With more data available on its expression in tumors 

it is already clear that Gal-1 is an important target for cancer 

diagnostics and treatment as previously mentioned. Gal-1 has been 

identified as a prognostic factor for tumor progression in many 

different neoplasm [199]. Increased expression of Gal-1 was 

observed in stroma of primary prostate carcinoma samples in 

comparison to stroma of normal prostate, and increased Gal-1 

expression positively correlated with a poor prognosis of disease 

outcome [200, 201]. Gal-1 expressing lung tumors where shown to 

have poorer prognosis than non expressing ones by studies 

conducted by Szoke et al [203]. Different breast cancer cell lines 

express Gal-1 mRNA as it was shown by Lahm et al [204]. Several 

studies have reported that Gal-1 expression is upregulated in 

bladder cancer tissue in comparison to normal bladder tissue [205]. 

Most aggressive and undifferentiated anaplastic thyroid carcinomas 

consistently exhibited a marked increase of Gal-1 expression [207]. 

High Gal-1 mRNA levels in glioma tissues and glioma cell lines 

were also reported [208]. Galectin-1 is expressed in bone marrow 

samples of multiple myeloma patients [210]. 
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I.5.4 Galectin-1 in Pancreatic Cancer 

 

Pancreatic tumours overexpresses Gal-1 and Gal-3 proteins in 

comparison to normal pancreatic tissue [220]. Gal-1 was mainly 

detected in pancreatic cancer tissue stromal fibroblasts and 

extracellular matrix [220]. Gal-1 protein was upregulated in 

pancreatic ductal adenocarcinoma in comparison to normal 

pancreatic tissue [221]. By making changes in the ECM, Gal-1 

could be involved in tumor progression in pancreatic cancer. 

Schaffert et al looked at different pancreatic cancer lines and human 

pancreatic carcinoma tissue and saw a uniform and strong 

overexpression of Gal-1 in pancreatic cancer cells compared to 

normal controls. The expression pattern of Gal-1 in pancreatic 

cancer tissues indicated that Gal-1 plays a role in the desmoplastic 

reaction that occurs around pancreatic cancer cells [220]. Harsha et 

al postulated that Gal-1 was overexpressed in the stroma of 

pancreatic cancer tissue and in the neoplastic ductal cells [222].  

 

Our group has recently published a work showing that Gal-1 is 

highly expressed in PDA cells in culture, where it concentrates at 

the migration front, and in tissues, where it is expressed in epithelial 

cells and in the stroma. We also found that Gal-1 directly interacts 

with tPA and that the down-regulation of Gal-1 abolished the 

effects of tPA on ERK1/2 activation, cell proliferation and invasion, 

both in pancreatic and in tumor-derived fibroblasts. These findings 

identify a new molecular mechanism by which Gal-1/tPA 
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interaction contributes to PDA progression involving both 

transformed epithelial cells and tumoral stroma [243]. 

 

I.5.5 Galectin-1 in Angiogenesis 

 

Gal-1 is also involved in tumor angiogenesis [209]. Endothelial 

cells of capillaries infiltrating to tumor stroma have strongly 

increased expression of Gal-1 in comparison to endothelial cells of 

capillaries in adjacent normal stroma. [202]. It is over expressed in 

endothelial cells of different human tumors. Previous studies have 

shown that Gal-1 is key in two mainstays of cancer such as 

proliferation and migration. Gal-1 support metastasis formation as it 

facilitates interactions between tumor cells and endothelial cells 

[211]. Thijssen et al found a direct involvement of Gal-1 in EC 

proliferation and migration in vitro and tumor angiogenesis in vivo 

[209]. Gal-1 has also been described as a novel hypoxia-regulated 

protein and a prognostic marker in head and neck squamous cell 

carcinoma. This study presented a new mechanism on how hypoxia 

can affect the malignant progression and therapeutic response of 

solid tumors by regulating the secretion of proteins that modulate 

immune privilege [212]. Expression knockdown of Gal-1 in 

cultured endothelial cells inhibits cell proliferation and migration 

[211]. The importance of Gal-1 in angiogenesis is illustrated in the 

zebra fish model where expression knockdown studies resulted in 

the impaired vascular guidance and growth of dysfunctional vessels 

[209]. Interaction with Gal-1 expressed by endothelial cells has 

been reported to play a role in tumor metastasis. In this regard, it 
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has been proposed that the dimeric nature of Gal-1 allows the 

crosslinking of  integrins on the cell surface of tumoral cells to 

proteins on the ECM [217, 218], mediating tumoral cell-cell 

interactions  or its interaction with endothelial cells and therefore 

facilitating tumor cell dispersion on the blood stream and 

establishment at distal sites during metastasis [202, 219]. 
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OBJECTIVES 

 

Previous data have shown a pro-angiogenic effect of tPA in in vivo 

models of PDAC [244, 168] although the molecular mechanisms 

are not well understood. The GENERAL AIM of this Thesis was to 

elucidate the role of Tissue type Plasminogen Activator (tPA) in 

the Angiogenesis of Pancreatic Cancer. To pursue this aim we 

have focused on the following objectives:  

 

1) To analyze whether tPA-mediated angiogenesis is an INDIRECT 

effect through the positive regulation of pro-angiogenic molecules 

(VEGF, TGF-β, interleukins, MMPs) produced by pancreatic 

tumoral cells. 

2) To analyze whether tPA-mediated angiogenesis is a DIRECT 

effect mediated by tPA direct activation of EC proliferation, 

migration and tubulogenesis, and whether these effects are tPA-

catalytic activity dependent or independent. 

3) To elucidate the molecular mechanisms involved in tPA pro-

angiogenic effects: analysis of ERK1/2, AKT and JNK signaling 

pathways.  

4) To investigate the role of cell membrane receptors (AnnexinA2, 

Galectin-1 and EGFR) in tPA- mediated endothelial cell signaling. 

5) To investigate the mechanisms involved in tPA overexpression in 

pancreatic cancer (cytokines, hypoxia). 
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RESULTS 
 
R.1.- Effect of tPA on Angiogenic factors 
 
As mentioned in the Introduction, VEGF, TGF-β and different 

cytokines can stimulate angiogenesis. We analyzed whether tPA 

pro-angiogenic effects can be indirectly mediated by the induction 

of these pro-angiogenic molecules in tumoral cells and in ECs. 

Pancreatic cancer cell lines (RWP1 and SKPC1) and an endothelial 

cell line (H5V) were exposed to 20µg/ml of tPA for 24 hours. RNA 

was extracted and checked for the expression of VEGF, TGFβ-1, 

TGFβ-2, TGFβ-3, IL1-α and IL-8 by semi-quantitative PCR, using 

β-actin levels as loading control.  The levels of these molecules 

remained unaltered after tPA treatment (Fig. R.1), indicating that 

tPA-proangiogenic effects are not mediated by them.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.R.1.- Analysis by semi-quantitative RT-PCR of pro-angiogenesis 
molecules in pancreatic (RWP1, and SKPC-1)  and endothelial (H5V) 
treated with tPA. Cells were exposed to tPA (20µg/ml) for 24 hours and then 
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analyzed by RT-PCR for expression of VEGF, TGFβ-1, -2 and -3, IL-1α and IL-
8. Levels were normalized using β-actin as loading control.then analyzed by RT-
PCR for expression of cytokines. The RNA levels were normalized with β-actin.  
 
 
 
Matrix metalloproteinases (MMPs) family has also been reported to 

induce angiogenesis. In particular, emerging data have identified a 

role for gelatinases MMP-2 and MMP-9 in angiogenesis. 

Interestingly, it has been described that tPA treatment induced rapid 

dose-dependent upregulation in MMP-2 and MMP-9 in astrocytes 

[226] and that endogenous tPA enhances MMP-9 expression and 

proteolytic activation after ischemia reperfusion in rat brains [227]. 

We have then explored whether tPA can induce and/or activate 

MMP-2 and MMP-9 in pancreatic and endothelial cells. Pancreatic 

cancer cell lines (Hs766T, SKPC1, RWP1) and endothelial cells 

(HUVEC), were treated with 20µg/ml of tPA for 24 hours. After 

treatment the cell conditioned medium was analyzed by gelatin 

zymography. Expression of latent MMP-9 (molecular weight of 92 

kDa) in pancreatic and HUVEC cells was only detected after tPA 

treatment. The active form of MMP-9 (which appears at 82 kDa) 

was only seen in HUVEC but not in the pancreatic cell lines, 

indicating that proteolytic MMP-9 activation  by tPA is specific for 

endothelial cells (Fig.R.2A). Gelatin zymography showed only the 

latent form of MMP-2 (72 kDa), that was present at similar 

expression levels in both untreated and tPA-treated cells, indicating 

that tPA is not involved in MMP-2 regulation in pancreatic or 

endothelial cells (Fig.R.2A). Densitometric analysis of each cell 

line is shown in Fig.R.2B. MMP-2 and MMP-9 were also analyzed 

at the RNA level by semi quantitative PCR. In agreement with 
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protein data, MMP-2 RNA levels remained unaltered after tPA 

treatment in all cell lines. In contrast, MMP-9 RNA levels showed a 

slight increase only in HUVEC after tPA treatment and remained 

unaltered in pancreatic cells, suggesting that MM-9 increase 

obeserved after tPA-treatment in pancreatic cells should be 

mediated by post-transcriptional mechanisms (Fig. R.2C).  
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Fig R.2.- MMPs activity and expression was analyzed by gelatin zymography 
and RT-PCR analysis in pancreatic and endothelial cells after tPA 
treatment. A. Cell conditioned media were resolved in gelatin preimpregnated 
polyacrylamide gels. Gels were developed to show clear bands of gelatinolysis, 
correlating with the latent and active isoforms of MMP-2 and -9. B. Densitometry 
analysis of the zymogram indicating the activity of MMP 9 in HUVEC. C. RT-
PCR analysis of MMP-2 and MMP-9 mRNA from HUVEC and PDAC cells. 
 
R.2.- tPA induces endothelial cell Proliferation, Migration and 

Tubulogenesis 

 

In order to determine whether tPA can directly induce angiogenesis, 

two different endothelial cell lines (HUVEC and H5V) were treated 

with tPA (20 µg/ml) and functional studies of cell proliferation, 

migration and tubulogenesis were performed. The effects of tPA in 

EC proliferation were measured using BrdU incorporation after  

treatment with tPA (20µg/ml)  for 24 h in serum-deprived cells. 

Quantification of  BrDu labeled endothelial cells showed that tPA 

induces a high increase of cell proliferation both in HUVEC and 

H5V cells (Fig. R.3A). tPA effects in cell migration was analyzed 

using wound-healing assays. The endothelial monolayer  was 

wounded with a sterile pipette tip, creating wounds of constant 

size, and wound closure was monitored over 24 hours. Treatment of 

cells with 20 µg of tPA resulted in a significant increase in the 

number of cells that migrated into the wound area (Fig. R.3B). 

Treatment with FBS was used as positive control in proliferation 

and migration tests. Finally, we analyzed tPA effects in 

tubulogenesis using the collagen sandwich assay. Endothelial cells 

cultured in the collagen sandwich model form tube-like structures, 

mimicking the major steps of vessel formation. In this model, ECs 

are grown between two collagen layers allowing a three 
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dimensional structure organization. The cells attach during the first 

hour and then, in the presence of angiogenic stimuli, migrate 

towards each other during the next 2-4 hours and form mature 

capillary-like tubes after 6-16 hours.  HUVEC and H5V cells 

treated with tPA (0.5µg/ml) showed tube formation after 16 hours, 

indicating that tPA does promote tubule formation in vitro 

(Fig.R.3C). At 24-48 hours nearly all the cells were dead with 

complete destruction of tube structures (data not shown). VEGF 

(20µg/ml) treatment was used as positive control.  

In order to test whether these effects were dependent on the 

catalytic activity of tPA, HUVEC and H5V cells were treated with a 

catalytically inactive mutant tPA (tPAS481A) and its effects in cell 

proliferation, migration and tubulogenesis was analyzed.  

tPAS481A increased EC proliferation and induced migration and 

tubulogenesis to the same extent than wild-type tPA, indicating that 

these pro-angiogenic tPA effects were directly mediated by tPA 

independently of its catalytic activity (data not shown). 
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Fig.R.3.- tPA effects in endothelial cell proliferation, migration and 
tubulogenesis. A. Proliferation of HUVEC (left) and H5V (right) cells untreated 
(Neg), treated with 20 µg/ml of tPA (tPA) or with 5% FBS, as positive control 
(FBS), was measured by 5-bromo-2-deoxyuridine (BrdU) incorporation. B. 
HUVEC and H5V cells were grown to confluence, deprived in medium without 
FBS for 3 days, wounded and allowed to migrate in the absence or presence of 
tPA (20 mg/ml). FBS was used as positive control. C. Tubule formation in 
collagen sandwich model of HUVEC and H5V cells untreated (Neg), treated with 
0.5 µg/ml of tPA (tPA) or with VEGF (20 µg/ml, positive control). 
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R.3.- tPA induces catalytic-independent activation of ERK1/2, 

AKT and JNK signalling pathways in ECs. 

 

tPA has been described to have a mitogenic role on variety of cell 

types like aortic smooth muscle cells, pancreatic cells and neurons  

and this effect has been related to ERK 1/2 signalling pathway 

activation. In addition, ERK 1/2 kinases have been shown to 

regulate endothelial cell survival, migration and proliferation, 

particularly in conjuction with growth factor signaling. To analyse 

whether tPA effects in ECs described in the previous section (R.2) 

could be mediated by ERK1/2 activation, we examined the ability 

of tPA to activate the ERK1/2 cascade in HUVEC and H5V 

endothelial cells. tPA induced an strong increase in ERK1/2 

activation, detected by Western blot using antibodies against 

phospho-ERK1/2. This activation was transient, reaching it 

maximum at 5 minutes and was maintained for 15 minutes in 

HUVEC (Fig. R.4A)  and H5V (Fig.R.4 B) cells. The levels of total 

ERK1/2 remained unchanged indicating a specific effect in ERK1/2 

phosphorylation/activation. Tubulin levels were also analysed as 

loading control. 
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Fig R.4. - tPA induces ERK activation in HUVEC and H5V cells. A)Western 
blot analysis of phosphorylated extracellular signal-regulated kinase (p-ERK) and 
ERK in human umbilical vein endothelial cells (HUVEC) stimulated with tPA 
(20µg/ml) for 5, 15, and 30 min. (B) WB analysis of p-ERK in H5V endothelial 
cells treated with tPA (20µg/ml) for 5, 15 and 30 min. FBS (5%) treatment was 
used as positive control. Three independent experiments were performed and 
quantification is shown in the graph. 
 
 

Recent report by An et al [242] demonstrated that tPA induces 

phosphorylation of AKT -a key pathway involved in cell survival- 

in the ischemic brain. To determine whether tPA can induce AKT 

activation in ECs, HUVEC and H5V were treated with tPA (20 

µg/ml) and AKT activation was analyzed. tPA induced AKT 

phosphorylation in both HUVEC (Fig.R.5A) and H5V (Fig.R.5B) 

cells. AKT activation was detected at 15 minutes in HUVEC while 

in H5V it can be already observed at 2 minutes 
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Fig.R.5.- tPA induces AKT activation in HUVEC and H5V cells. A. Western 
blot analysis of phosphorylated AKT (P-AKT) and total AKT (T-AKT) in 
HUVEC stimulated with tPA (20µg/ml) for 2, 5, 15, and 30 min. B. WB analysis 
of  phosphorylated AKT (P-AKT) and total AKT (T-AKT) in H5V endothelial 
cells treated with tPA (20µg/ml) for 2, 5 and 15min. Three independent 
experiments were performed and quantification is shown in the graph 

 
 

JNK signalling pathway has been also related to endothelial 

activation and angiogenesis, and recent data from our group has 

shown that tPA can activate JNK in microglial cells. We examined 

whether tPA can induce JNK activation in endothelial cells. 

Treatment with tPA induced JNK activation at 5 minutes and was 

maintained until 30 min in both HUVEC (Fig. R.6A)  and H5V 

(Fig.R.6B) cells. Total levels of JNK and tubulin were also 

analyzed to rule out nonspecific effects in total protein levels. 
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Fig.R.6.- tPA induces JNK activation in HUVEC and H5V cells. A. Western 
blot analysis of phosphorylated JNK (P-JNK) and total JNK (T-JNK) in HUVEC 
stimulated with tPA (20µg/ml) for  5, 15, and 30 min. B. WB analysis of  
phosphorylated JNK (P-JNK) and total JNK (T-JNK) in H5V endothelial cells 
treated with tPA (20µg/ml) for 5,15 and 30 min. Three independent experiments 
were performed and quantification is shown in the graph 

 
 
 

Activation of signalling pathways by tPA can be mediated by its 

catalytic activity through activation of latent growth factors or 

directly by tPA in a catalytic independent way [234,237]. In order 

to discriminate whether tPA-mediated ERK1/2 activation in 

endothelial cells was catalytic dependent or independent, H5V cells 

were treated with tPAS481A and the activation of ERK1/2 was 

analyzed by Western blot. Catalytic inactive tPA was able to induce 

phosphorylation of ERK1/2 to similar extent than wild type tPA 

(Fig. R.7), indicating that tPA-mediated activation of this signalling 

pathways is independent of its catalytic activity. 

 
 
 
 
 

 
 

 
 

 

B 

Results 



 82 

Fig.R.7.- tPA-mediated phosphorylation of ERK kinases in endothelial cells 
does not require its catalytic activity. Mutant tPA S481A induces ERK1/2 
activation similar to wild type tPA, indicating that proteolytic activity of tPA is 
not required for the activation of ERK signalling pathway. 

 
 

R.4. - ERK1/2, AKT and JNK signalling pathways are responsible 

for tPA-mediated EC Proliferation, Migration and Tubulogenesis 

 
 

We next aimed to validate whether the intracellular signalling 

cascades triggered by tPA, in a catalytic independent way, are 

responsible for its effects in EC pro-angiogenic response. To 

address this point we analyzed HUVEC and H5V proliferation, 

migration and tubulogenesis after the treatment with  tPA alone or 

in the presence of inhibitors for the different signalling pathways. 

Treatment of HUVEC and H5V cells with tPA in the presence of 

MEK/ERK1/2 inhibitor U0126 (10µM) resulted in a dramatic 

decrease in the cell proliferation, migration and tubulogenesis 

(Fig.R.8).  
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Fig.R.8. - Inhibition of ERK1/2 signalling pathway with U0186 abolishes tPA 
effects on endothelial cell proliferation, migration and tubulogenesis. A. tPA 
(20 µg/ml) treatment in the presence of 10µM U0126 (tPA+U0126) failed to 
increase HUVEC and H5V proliferation, measured by BrdU incorporation. B. 
tPA (20 µg/ml) treatment in the presence of 10µM U0126 (tPA+U0126) failed to 
induce HUVEC and H5V migration in a wound healing assay. C. tPA (0.5µg/ml) 
treatment in the presence of 10µM U0126 (tPA+U0126) failed to induce HUVEC 
and H5V tubulogenesis in a collagen sandwich assay. 

 
 
 
 
 

Similar results were obtained after tPA treatment in the presence of 

wortmannin (10µM) – an inhibitor of the AKT pathway- (Fig.R.9) 

or in the presence of a JNK inhibitor, JNKI1 (JNK inhibitor-1) 

(20µM) (Fig.R.10). Altogether these data demonstrate that 

activation of ERK1/2, AKT and JNK by tPA are required to induce 

endothelial cell proliferation, migration and angiogenesis. 
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Fig.R. 9. -  Inhibition of AKT signalling pathway with Wortmannin abolishes 
tPA effects on endothelial cell proliferation, migration and tubulogenesis. A. 
tPA (20 µg/ml) treatment in the presence of Wortmannin (10µM) (tPA+Wo) 
failed to increase HUVEC and H5V proliferation, measured by BrdU 
incorporation. B. tPA (20 µg/ml) treatment in the presence of Wortmannin 
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(10µM)  (tPA+Wo) failed to induce HUVEC and H5V migration in a wound 
healing assay. C. tPA (0.5 µg/ml) treatment in the presence of Wortmannin 
(10µM) (tPA+Wo) failed to induce HUVEC and H5V tubulogenesis in a collagen 
sandwich assay. 
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Fig. R.10.- Inhibition of JNK signalling pathway with JNKI1 abolishes tPA 
effects on endothelial cell proliferation, migration and tubulogenesis. A. tPA 
treatment in the presence of JNKI1 (20µM) (tPA+ JNKI1) failed to increase H5V 
proliferation, measured by BrdU incorporation. B. tPA treatment in the presence 
of JNKI1 (tPA+ JNKI1)  failed to induce H5V migration in a wound healing 
assay. C. tPA treatment in the presence of JNKI1 (tPA+ JNKI1)  failed to induce 
H5V tubulogenesis in a collagen sandwich assay. 
 
 
 
R.5. – AnnexinA2, EGFR and Galectin-1 are involved in tPA-

mediated signalling activation in endothelial cells 

 

tPA-mediated activation of signalling pathways requires its 

interaction with cell surface receptors that would mediate 

intracellular signal transduction. Several receptors have been found 

to be involved in tPA-mediated triggering of intracellular cascades 

in different cell types [159, 243]. In our group we has previously 

identified that ERK1/2 activation by tPA in pancreatic cancer cells 

requires AnnexinA2 (AnxA2), EGFR [237] and Galectin-1 (Gal1) 

receptors [243]. We therefore decided to study the involvement of 

these cell membrane receptors in tPA signalling in endothelial cells. 

AnxA2 has been well characterized as tPA receptor in endothelial 

and promyelocytic leukemia cells. We next addressed the question 

whether the tPA binding to AnxA2 is required for the activation of 

ERK signaling pathway in endothelial cells, using siRNA 

technology. Double stranded siRNA corresponding to nucleotides 

1-22 of AnxA2 (siAnxA2) at various concentrations (5nM to 25nM) 

was transfected into HUVEC and H5V cells. At 15nM we observed 

a 70% reduction in total cellular levels of AnxA2 proteina and this 

concentration was choosen for further experiments (Fig.R.11A). 

The levels of tubulin remained unaffected indicating the specificity 
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of siAnxA2 oligos. Treatment with double stranded oligonucleotide 

targeting an irrelevant transcript (siControl) was used as negative 

control. Downregulation of AnxA2 expression resulted in a 

complete abolishment of tPA-induced ERK1/2 activation in both 

HUVEC and H5V cells. As expected, transfection with siControl 

had no effect on activation of ERK1/2, indicating the specificity of 

siAnxA2 (Fig.R.11B). In contrast, FBS-mediated ERK1/2 

activation remained unchanged by either siAnxA2 or siControl 

treatment, indicating the specificity of AnxA2 down regulation in 

the tPA-induced ERK1/2 signaling  (Fig.R.11B). Contribution of 

AnxA2 to tPA-mediated JNK activation in endothelial cells was 

also analyzed. H5V cells were transfected with siRNA for AnxA2 

(siAnxA2) or an irrelevant transcript (siControl) and JNK activation 

after tPA-treatment was studied by Western blot. AnxA2 

downregulation led to an inhibition of JNK activation after tPA 

treatment, as shown in Fig.R.11C. Altogether these data indicate 

that AnxA2 is required for ERK1/2 and JNK activation induced by 

tPA in endothelial cells. 
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Fig. R.11.- AnxA2 is required for tPA-induced ERK1/2 and JNK signaling in 
HUVEC and H5V cells. A. Inhibition of AnxA2 expression using siRNA in 
HUVEC and H5V cells. The cells were transiently transfected with siRNA 
against AnxA2 (siRNA) or an irrelevant target (siControl). Different 
concentrations of siRNA and siControl were used. Tubulin levels in cell lysates 
were assayed as a control. B. Depletion of AnxA2 using siRNA blocks tPA-
induced ERK1/2 activation. HUVEC or H5V cells, untransfected (C) or 
transfected with siAnxA2 or siControl, were treated with or without tPA 
(20µg/ml) for 5 minutes or with FBS for 5 minutes. ERK1/2 activation was 
detected by WB using antibodies against phosphorylated ERK1/2. Three separate 
experiments were performed and quantification of reduction in tPA-mediated 
ERK1/2 activation by silencing of AnxA2 is shown in the graph. C. Depletion of 
AnxA2 using siRNA blocks tPA induced JNK activation. H5V cells, 
untransfected or transfected with siAnxA2 or siControl, were treated with or 
without tPA (20µg/ml) for 5 minutes or with FBS for 5 minutes. JNK activation 
was detected by WB using antibodies against phosphorylated JNK. Three 
separate experiments were performed and quantification of reduction in tPA-
mediated JNK activation by silencing of AnxA2 is shown in the graph. 
 
 
EGFR integrates signals from various types of cytokines/growth 

factors, is classically related to ERK1 /2 signal pathway activation 

[235], and is highly expressed in ECs. We next aimed to explore the 

role of EGFR in tPA-mediated signalling activation in ECs. For this 

purpose, endothelial cells (HUVEC and H5V) were grown to 50% 

in serum deprived medium and then treated with FBS (5%, positive 

control), tPA (20µg/ml) or EGF (1ng/ml) in the presence or absence 

of the selective EGFR chemical inhibitor Gefitinib (10 µM) and the 

effects ERK 1/2 phosphorylation were determined. ERK1/2 

activation was completely abolished in the presence of Gefitinib, 

indicating the involvement of EGFR in ERK1/2 activation induced 

by tPA (Fig. R.12). Activation of ERK1/2 by EGF treatment was 

used to check the specificity of the Gefitinib inhibitor, showing that 

EGF in the presence of Gefitinib failed to induce ERK1/2 

phosphorylation, as expected (Fig. R.12). 
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Fig.R.12.- EGFR is required for tPA-induced ERK1/2  signaling in HUVEC 

and H5V cells. ECs were treated with 20 µg/ml tPA for 15 minutes in the 

absence or in the presence of the EGFR inhibitor Gefitinib (10 µM). Cells were 

collected and lysates were analyzed by Western blotting using antibodies against 

phosphorylated (P-ERK1/2) and total ERK1/2 (T-ERK1/2). Treatment with FBS 

and EGF were used as positive control for ERK1/2 activation and Gefitinib 

effects, respectively. Inhibition of EGFR results in abolishment of tPA signaling. 

 

 

Gal-1 has been recently found to be a receptor for tPA and down-

regulation of Gal-1 by siRNA confirmed the involvement of Gal-

1/tPA interaction in ERK1/2 activation, cell proliferation, and 

invasion in pancreatic and fibroblastic cells [243]. Taking into 

account that Ecs express Gal-1, we decided to explore whether this 

receptor could be involved in the activation of ERK1/2 induced by 

tPA in endothelial cells. HUVEC and H5V cells were transfected 

with si RNA against Gal-1 (siGal1) or an irrelevant transcript 

(siControl). Western blot analysis using anti-Gal-1 antibody 

confirmed the down regulation of Gal-1 and the optimal 

concentration of oligonucleotides in HUVEC (25 nM) and H5V 

cells (1 nM). The levels of tubulin  remained unaffected indicating 

the specificity of Gal-1 siRNA. As expected, the treatment with 

double stranded oligonucleotide targeting an irrelevant transcript 
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(siControl) did not affect the Gal-1 levels. Downregulation of Gal-1 

completely abolished ERK1/2 activation by tPA in both HUVEC 

and H5V cells whereas transfection with siControl had no effect on 

activation of ERK1/2 (Fig.R.13). In contrast FBS-induced ERK1/2 

activation and total levels of ERK1/2 were unaffected by either 

siGal1 or siControl treatment indicating the specificity of Gal-1 

knock down in tPA-induced ERK 1/2 signaling (Fig.R.13). 
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R.13.- Gal-1 is necessary to induce ERK 1/2 activation in endothelial cells. A. 
Inhibition of Gal-1 expression using siRNA in HUVEC and H5V cells. The cells 
were transiently transfected with siRNA against Gal-1 (siRNA)(25nM, HUVEC; 
1nM, H5V) or an irrelevant target (siControl). B. Depletion of Gal-1 using siRNA 
blocks tPA-induced ERK1/2  phosphorylation in HUVEC and H5V cells . Ecs, 
untransfected (C), transfected with an irrelevant siRNA (siControl) or with Gal1 
siRNA (siGal1),were treated with tPA (20µg/ml) for 5 minutes or with FBS for 5 
minutes.  ERK1/2 activation was detected by WB using antibodies against 
phosphorylated ERK. Three separate experiments were performed and 
quantification of reduction in tPA-mediated ERK1/2 activation by silencing of 
Gal-1 is shown in the graph. 
 
 
R.6. – TGF-β and IL-1a  induce tPA in PDAC and HUVEC  cells 

 

The data described until now show the role of tPA as stimulator of 

angiogenesis. These results together with the overexpression of tPA 

in PDAC prompted us to analyze which factors could be responsible 

for tPA overexpression in PDAC and their involvement in tPA-

mediated angiogenesis in this tumor. IL-1α and TGF-β are known to 

be important stimulators in the induction of angiogenesis in 

pancreatic cancer and has been reported to be produced by different 

cell lines derived from PDAC and by tumoral stroma. We checked 

whether IL-1α and TGF-β can upregulate tPA expression in PDAC 

cell lines as well as in HUVEC cells. For this purpose pancreatic 

cancer cells (SKPC-1 and Hs766T) and HUVEC were exposed to 

different concentrations of recombinant IL-1 α and TGF- β (1, 2, 5 

and 10 ng/ml for 24 h, and tPA protein expression levels in the 

conditioned medium (as tPA is a secreted protein) was determined 

by Western blot analysis. Treatment with IL-1α or TGF induced an 

increase in tPA expression in a dose dependent manner in all cells 

(SKPC-1, Hs766T and HUVEC) (Fig.R.14A). Combination of IL1-

α and TGF-β treatment resulted in a synergestic response in the 
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induction of tPA expression in Hs766T cells (Fig.R.14B). Induction 

of tPA expression by IL-1 α, TGF-β or both cytokines was also 

determined at the RNA level using RT-qPCR. Fig. R.14C show that 

treatment of pancreatic cancer cells or HUVEC with IL-1 α, TGF-β 

or combined treatment (IL-1 α + TGF-β) resulted in a dose-

dependent increase of tPA mRNA levels, indicating that the 

induction of tPA expression by IL-1 α and TGF-β is at the 

transcriptional level. 
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Fig.R.14. - Effect of IL1-α and TGF-β in tPA induction in pancreatic cancer 
cells and HUVEC A. Dose dependent stimulation of tPA protein by IL1-α and 
TGF-β in PDAC cells (SKPC-1 and Hs766T) and HUVEC. B. Combined 
treatment with IL1-α a and TGF-β at various concentrations in HUVEC cells lead 
to a sinergistic effect in tPA induction. C. tPA mRNA expression levels were 
analysed by RT-qPCR after treatment with IL1-α, TGF-β or combined IL1- 
α+TGF- β in HUVEC and PDAC cells. Levels were normalised with β-actin. 

 
 
 
 

R.7. – Hypoxia induces tPA in PDAC cells 

 
 

Hypoxia has been reported to be fundamental for the angiogenic 

process and is one of the hallmarks of many cancers, including 

PDAC. We checked whether tPA expression in pancreatic cancer 

cells is upregulated after hypoxic conditions both at protein and 

RNA levels.  SKPC-1 and Hs766T were incubated under normoxic 

(21% oxygen) or hypoxic (1% oxygen) conditions and the levels of 

tPA in conditioned media  after 6, 12 and 24 hours were analyzed 

by Western blot (Fig R. 15A), zymography (Fig.R.15B), 

semiquantitative PCR (Fig. R.15C) and RT-qPCR (Fig. R.15D). At 

the protein level, three fold more tPA was detected in the 

conditioned media by hypoxic cells than by normoxic cells at 6, 12 

and 24 hours (Fig. 14A). Caesin zymography analysis confirmed 

that tPA activity in the conditioned media.was more in hypoxic than 

in normoxic conditions (Fig.R.15B). In contrast, tPA mRNA levels 

remained unaltered comparing hypoxia versus normoxia conditions. 
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These data suggest that tPA induction by hypoxia should be 

regulated post transcriptionally. 
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Fig.R.15.- Effect of hypoxia in tPA expression in PDAC cell 
lines.  tPA was induced when  SKPC-1 or Hs766T cells were 
grown in hypoxia (1% oxygen). A. Western blot analysis of 
tPA in conditioned media from cells grown in normoxic or 
hypoxic conditions during 6, 12 and 24 hours. B. tPA activity 
was determined by caesin zymography of conditioned media 
from cells grown in normoxic or hypoxic conditions during 24 
hours to check the activity of tPA during hypoxia in cell extract 
and conditioned  medium. C. Analysis of tPA mRNA by 
semiquantitative PCR after 24 hours of cell culture in normoxic 
or hypoxic conditions. D. Analysis of tPA mRNA by RT-qPCR 
after 6, 12 and 24 h of cell culture in normoxic or hypoxic 
conditions. 
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DISCUSSION 
 
D.1 tPA can have an indirect pro-angiogenic effect by inducing 

MMP-9 expression in tumoral pancreatic and endothelial cells 

 

Tumor growth is dependent upon angiogenesis and it is a prognostic 

indicator for several malignancies. Angiogenesis consists mainly of 

two components: increased EC migration and increased EC 

proliferation [22]. Previous data from in vivo and in vitro studies 

have shown that tPA can exert pro-angiogenic effects [168, 244], 

although the molecular mechanisms have not been characterized. In 

addition the role of catalytic activity/plasmin in tPA-mediated 

angiogenesis is controversial. Studies have implicated tPA to be 

important during angiogenesis through its ability to activate 

plasminogen although some have suggested that plasminogen 

activator is not essential for angiogenesis [144] [152]. Due to the 

proteolytic potential, tPA has generally been considered to be 

beneficial in the pathogenesis of fibrotic lesions, leading to 

increased matrix degradation and decreased matrix accumulation 

the events necessary for angiogenesis [156]. Indeed, tPA contributes 

to the vascular remodeling process, as supported by the observation 

that it increases blood brain barrier permeability which is associated 

with angiogenesis. Here, we provide evidences for both indirect –

catalytic-mediated- and direct effects of tPA in angiogenesis. We 

have seen that tPA can induce pro-angiogenic molecules that will be 

in turn responsible for increased angiogenesis. In our experiments 

by semiquantitative PCR analysis of pro-angiogenic cytokines 
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VEGF, TGF-β (1, 2 and 3), IL1 and IL8 treatment with tPA of 

pancreatic tumoral cells or endothelial cells does not induce the 

expression of these molecules. In contrast, analysis of MMP-9 after   

tPA treatment of pancreatic tumoral cells and ECs showed an 

increase in expression and activity, that can be explained by 

proteolytic processing by tPA/plasmin. MMP-9 belongs to the 

matrix metalloproteinases and, in endothelium, it has been reported 

that degradation of native type IV collagen by MMP-9 was a  

prerequisite for angiogenesis [239]. Induction of MMP-9 by tPA 

has been already reported in other cellular systems. In rat kidney 

interstitial fibroblasts, MMP-9 gene expression is induced by tPA 

through a molecular mechanism involving tPA interaction with the 

cell membrane receptor LRP [245]. The involvement of LRP 

receptor was also reported in the induction of MMP-9 by tPA in 

microglial [246] and endothelial cells [238]. Our data provide 

evidence that tPA mediates both MPP-9 expression and activation 

(proteolytic processing). Induction of MMP-9 expression by tPA 

was found in both tumoral pancreatic and ECs. In contrast, in our 

gelatin zymography experiments to check MMP activation, we 

found latent and active forms of MMP-9 in HUVEC whereas in 

pancreatic cell lines only latent form was seen after treatment with 

tPA. These data indicate that tPA is able to induce MMP-9 

expression both in pancreatic and endothelial cells, but this 

metalloproteinase is only active in endothelial cells. The 

involvement of tPA catalytic activity in this event remains to be 

explored. Interestingly, when we checked the levels of MMP-9 

mRNA expression by semiquantitative PCR analysis we found an 
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increase of mRNA level in HUVEC cells treated with tPA but in 

pancreatic cells mRNA levels remain unchanged in comparison to 

untreated cells. These data suggest that tPA-induced MMP-9 

expression is differentially controlled in pancreatic and endothelial 

cells, in pancreatic cells should be mediated by postranscriptional 

mechanisms (probably at the translational level, as no protein is 

detected in untreated cells) whereas in endothelial should be 

mediated by transcriptional activation. In this regard, taking into 

account the already reported involvement of LRP in tPA-induced 

MMP-9 expression reported in other cells described above, is 

tempting to speculate that in endothelial cells tPA increase MMP-9 

gene expression by binding to LRP and activation of signal 

transduction pathways leading to MMP-9 transcriptional activation.  

In addition to MMP-9, tPA has also been reported to induce a rapid 

dose-dependent upregulation in MMP-2 [247]. However, we found 

that tPA-treated endothelial or pancreatic tumoral cells do not show 

any change in MMP-2 expresion and/or activation, in comparison to 

untreated cells. These results indicate that tPA specifically induce 

MMP-9 in our cell lines. 
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D.2 tPA induces endothelial cell proliferation, migration and 

tubulogenesis by activation of ERK1/2, AKT and JNK signaling 

pathways and independently of tPA proteolytic activity  

 

The direct role of tPA in angiogenesis has been demonstrated by its 

effects in endothelial cell proliferation, migration and 

tubulogenesis. tPA has mitogenic effect on variety of cell types 

including pancreatic cells. Schwalm et al reported that mitogenic 

effects of tPA on smooth muscle cells require activation of SRC and 

ERK1/2 and are independent from its catalytic activity [228]. 

Indeed, it has been reported that tPA may function as a cytokine 

that binds to a cell membrane receptor, triggering a cascade of 

intracellular signal transduction like ERK pathway that ultimately 

leads to the transactivation of specific genes in the nucleus. ERK1/2 

pathway plays a major role in the control of cell proliferation and 

migration. We have examined the capacity of tPA to activate 

ERK1/2 pathway in endothelial cells. Both HUVEC and H5V 

endothelial cells when treated with tPA activated ERK1/2 pathway 

in a time dependent manner. tPA induced an early increase in 

phospho-ERK1/2 levels (5 to 15 minutes after its addition to cells) 

and this activation was maintained for 15 minutes in HUVEC and 

H5V cells. We also found that ERK1/2 activation by tPA is 

independent of its catalytic activity, as treatment with mutant 

tPAS481A has the same effects in EC proliferation, migration and 

tubulogenesis. These data, together with the fact that EC treated 

with tPAS481A display similar proliferation, migration and 

tubulogenesis than those treated with wild type tPA, suggest that 
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tPA acts as a cytokine also in endothelial cells. The key role of 

ERK1/2 activation in tPA effects in endothelial cell proliferation 

and migration has been demonstrated using U0126 MEK inhibitor, 

that blocks the induction in cell proliferation and migration in 

endothelial cells treated with tPA. We have also tested the role of 

tPA-mediated ERK1/2 activation in tube formation in ECs in 3-D 

collagen gels. Our experiments with endothelial cells cultured on 

collagen sandwich showed that tPA treatment can induce the cells 

to form tubular structures resembling or mimicking the blood vessel 

formation. Combination of tPA with the pharmacological inhibitor 

U0126 showed that tubule formation was completely abolished 

indicating the relevance of ERK1/2 pathway in this process. 

Previous data have shown that ECs stimulated with angiogenic 

factors (bFGF, VEGF, and PMA) can activate of ERK1/2, Akt, and 

PKC leading to increased migration but this is, at least to our 

knowledge, the first report for the involvement of tPA-induced ERK 

activation in tubulogenesis. Altoghether these experiments 

confirmed the role of ERK1/2 pathway in migration, proliferation 

and tubule formation of endothelial cells in response to tPA.  

 

The lipid kinase phosphoinositide 3-OH kinase (PI3K) and its 

downstream target AKT, also known as protein kinase B (PKB), are 

crucial effectors in oncogenic signaling induced by various 

receptor-tyrosine kinases [241]. PI3K/AKT signaling components 

are frequently altered in a variety of human malignancies and  

effects of PI3K/ AKT signaling on proliferation, survival and 

resistance to apoptosis, angiogenesis and cell motility in 
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gastrointestinal cancers are well known [242]. In addition, 

activation of PI3K/ AKT by various growth factors, the modulation 

of downstream targets by AKT-induced phosphorylation as well as 

novel treatment strategies targeting this pathway in gastrointestinal 

tumors are widely studied. Activation of the AKT kinase 

orchestrates a number of signaling pathways potentially involved in 

angiogenesis. The multiple downstream substrates of AKT not only 

converge to prevent the induction of apoptosis but may also 

interfere with numerous biological functions of the endothelial 

monolayer, which contribute to vascular remodeling and vessel 

integrity during the angiogenic process [231]. In our experiments 

we analzyed whether AKT pathway is induced in response to tPA. 

We found that AKT pathway was induced at 15 min and sustained 

till 30 min in HUVEC, while in H5V it was induced at 2 min and 

sustained till 30 min. Importantly, the effects of tPA in the 

induction of EC proliferation, migration and tubulogenesis were 

reduced to control levels when tPA was added in the presence of 

wortmanninm, a pharmacological inhibitor of AKT pathway. These 

data demonstrate that AKT signalling pathway is required for these 

events.  

 

The mitogen-activated protein kinase c-jun N-terminal kinase 

(JNK) has a controversial role in the process of angiogenesis, with 

previous evidence supporting JNK as both a positive and negative 

regulator of blood vessel growth [232]. Phosphorylated JNK was 

observed in cultured endothelial cells, and levels were constant 

regardless of extracellular matrix composition. Inhibition of JNK 
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attenuated sprout growth in 3D capillary sprout cultures [233], and 

reduced endothelial cell proliferation and migration in vitro [234]. 

JNK inhibition and siRNA knockdown of c-jun (a downstream 

target of JNK) decreased protein levels of the transcription factor 

Egr-1, a regulator of genes involved in proliferation and migration 

[232]. In addition, c-Jun silencing decreased both MMP-2 and 

membrane type-1 (MT1)-MMP mRNA in endothelial cells, 

implicating both JNK and c-jun as activators of proteolysis [232]. 

Taken together, these results provide evidence that JNK, and its 

downstream target c-jun, positively regulate angiogenesis via 

activation of endothelial cell proliferation, migration and 

proteolysis. We have found that tPA induces JNK signalling 

pathway in ECs and, in our proliferation and migration assays, 

addition of a JNK inhibitor along with tPA decreased the 

proliferative and migrative rates of endothelial cells thereby 

underlying the importance of this pathway in tPA-induced mitotic 

and migratory effects. JNK pathway has been also related to 

functional network formation in 3-D Matrigel in  human lung 

microvascular endothelial cells [233] and in TGF-β mediated 

capillary tube formation in bovine aortic endothelial cells in a fibrin 

sandwich 3-D assay [234]. In our tubulogenesis assay in H5V cells 

we observed that a JNK inhibitor, JNKI-1, along with tPA 

diminshed the tubule formation. These results, toghether with those 

previously mentioned in proliferation and migration,  highlight the 

importance of the AKT signalling pathway in tPA-induced 

angiogenesis. 
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D.3 Annexin A2, EGFR and Galectin-1 are involved in binding 

of tPA to initiate the activation of signaling pathways in 

endothelial cells. 

 

 

tPA is a secreted protein and therefore the initiation of signaling 

pathways by tPA requires its binding to plasma membrane receptors 

that would be responsible for intracellular signal transduction. 

AnxA2 has been described as a tPA receptor in endothelial and 

promyelocytic leukemia cells. In pancreatic cancer, it has been 

described to interact with tPA and to mediate in vitro invasion. 

Interestingly, our group has previously  identified that tPA binding 

to AnxA2 is required for the activation of the ERK1/2 signalling 

pathway in pancreas and that EGFR is also necessary for this 

signalling activation  [237]. EGFR integrates signals from various 

types of growth factors classically related to ERK1/2 signal 

pathway activation and is over expressed in PDAC [240]. A role for 

AnxA2 or EGFR in the tPA-mediated signaling pathways activation 

have not been reported in endothelial cells. Using siRNA approach 

we have shown that the receptor AnxA2 is involved in EC tPA-

induced ERK1/2 and JNK signaling. As shown in Fig. R.10 B and 

C, whereas the transfection with an irrelevant siRNA had no effect 

on the activation of ERK1/2 or JNK, transfection with siAnxA2 

resulted in a complete abolishment of tPA-induced ERK1/2 and 

JNK phosphorylation. The specificity of AnxA2 interference in 

tPA-induced signaling in ECs was proven by the fact that activation 

of ERK1/2 and JNK by FBS and total levels of ERK1/2 were 
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unaffected by the treatment with siAnxA2.  Similarly, tPA 

treatment in the presence of an EGFR chemical inhibitor, Gefitinib, 

led to levels of phospho-ERK1/2 similar to basal levels. These data 

indicate that both AnxA2 and EGFR are required for ERK1/2 

activation induced by tPA in ECs.  

The work from Roda et al indentified that tPA exerts mitogenic 

effects on pancreatic cells through ERK1/2 activation via Gal-1 

receptor [249]. In their experiments they showed that inhibition of 

Gal-1 expression using siGal-1 RNA markedly decreases tPA 

induced ERK1/2 activation and proliferation, confirming the crucial 

role of Gal-1 in tPA induced mitogenic process in pancreatic cancer 

cells. In our study we checked whether Gal-1 attenuation will affect 

the ERK1/2 and JNK signaling in endothelial cells treated with tPA. 

We found that downregulation of Gal-1 by siRNA transfection in 

HUVEC and H5V cells totally abolished the ERK1/2 signaling 

induced by tPA. These results indicated that Gal-1 is necessary for 

triggering ERK1/2 activation in tPA induced angiogenesis. One 

possible explanation for the activation of ERK1/2 via Gal-1 

receptor might be the action of upstream element H-Ras, as it has 

been reported that Gal-1 can bind H-RasGTP promoting its 

membrane anchorage [248]. 

Altogether these data demonstrate that AnxA2, EGFR and Gal-1 are 

required for ERK1/2 activation induced by tPA in ECs. Future work 

will be required to determine whether EGFR and/or Gal-1 are also 

involved in the activation of JNK and AKT signaling pathways 

induce by tPA in endothelial cells, as well as the role of AnxA2 in 

AKT activation. 
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D.4 Cytokines (IL-1α and TGFβ) induce tPA expression in 

Pancreatic cancer and Endothelial cell lines. 

 

Interleukin-1α (IL-1α) is a multifunctional pro-inflammatory 

cytokine which induces activation of immediate early transcription 

factors and genes that promote the survival and proliferation of cells  

[240].  It has been reported that IL-1α enhanced adhesion molecule 

expression and metastatic potential in PDAC cell lines via IL-1 

receptor type1. Work by Matsuo et al has identified that highly liver 

metastatic PDAC cells enhanced angiogenesis through the secretion 

of IL-1α [240]. In one study by Lian et al they found out that IL-1α 

and TGF-β influenced the secretion of tPA from epidermal 

keratinocytes [226]. TGFβ is a potent stimulator of angiogenesis 

and the importance of TGF-βs as pro-angiogenic factors in PDAC is 

underscored by the recent observation that expression of a soluble 

TβRII in pancreatic cancer cells interferes with TGF-β actions, 

attenuates tumor growth and metastasis, and suppresses tumor 

angiogenesis [227]. In our experiments we decided to check 

whether IL-1α and TGFβ can induce the expression of tPA in 

PDAC and HUVEC cell lines. Our results showed that tPA protein 

and mRNA levels were highly enhanced in dose dependent manner 

on treatment with IL-1α and TGFβ (Fig. R.14C). Moreover, we 

found a synergistic response in the induction of tPA mRNA and 

protein when TGF-β and IL-1 α were combined together for 24 

hours in HUVEC. These data indicate that cytokines produced by 

tumoral cells or the stroma (ECs, activated fibroblasts, immune 
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cells) can induce tPA expression in both tumoral and ECs leading to 

an angiogenesis stimulation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion 



 109 

D.5 Hypoxia induces tPA expression in Pancreatic cancer cell 

lines. 

 

A hypoxic microenvironment is a characteristic of many solid 

tumors including pancreatic cancer [76]. Hypoxia is a known 

inducer of many potent angiogenic factors like VEGF, EGF, FGF 

which stimulate the initiation of angiogenesis in many types of 

cancer. The prototypical angiogenic cytokine increased by hypoxia 

is vascular VEGF and its receptor flt-1; however, other angiogenic 

factors like angiopoietin-2, placental growth factor, and platelet-

derived growth factor B (PDGF-B) are also regulated by hypoxia 

[79]. Another angiogenic cytokine, basic fibroblast growth factor 

(bFGF), exerts enhanced proliferative activity on endothelial cells 

during hypoxia due to an increase of low-affinity heparan sulfate 

bFGF binding sites. Hypoxia also induces a hypoxia-inducible 

factor-1 (HIF-1α)-dependent bFGF autocrine loop that drives 

angiogenesis in human endothelial cell [78]. The study by Sun et al 

showed that 70.7% of PDAC cells showed positive HIF-1α staining  

[78]. Buchler et al demonstrated that hypoxia induced HIF-1α 

dramatically transactivated VEGF gene expression in pancreatic 

cancer cells in vitro and explored co-localisation of VEGF mRNA 

and HIF-1α protein in the same ductal cancer cells [84]. In our 

study we tried to see if tPA can be induced in hypoxic conditions in 

PDAC cells thereby enhancing the prospect of angiogenesis. Two 

PDAC cell lines (SKPC-1 and Hs766T) were subjected to hypoxic 

conditions in time dependent manner and conditioned medium was 

collected to check the levels of secreted tPA protein.  Using 
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Western blot analysis and casein zymography (Fig. R.15) we found 

that tPA expression and activity was enhanced in a time-dependent 

manner during hypoxia. To determine whether the cells were in 

hypoxic conditions the levels of HIF-1α proteins were also checked 

by Western blotting. tPA activity was more prominently seen  from 

conditioned media than from the cell extract thereby underling the 

fact that tPA is secreted and is active during hypoxic conditions. 

Interestingly, the levels of tPA mRNA in PDAC cells remained 

unchanged during both normoxia and hypoxia conditions . These 

data suggest that tPA overexpression during hypoxia is mediated by 

posttranscriptional  mechanisms (i.e. RNA translation, protein 

stability, etc.) although additional experiments are required to 

further characterize the specific molecular mechanisms involved in 

this regulation. 

 

In the light of our results regarding the role of inflammatory 

cytokines and hypoxia in tPA induction by pancreatic and 

endothelial cells, and considering our data about the mechanisms 

involved in tPA pro-angiogenic effects, we propose the following 

model: pancreatic tumoral cells and tumor microenviroment 

(stroma), that will be in hypoxic conditions as a consequence of 

tumor growth, will produce pro-angiogenic molecules like IL-1α 

and TGFβ to create an angiogenic network in order to compensate 

hypoxia. All these factors will induce tPA overexpression in both 

tumoral and endothelial cells, which in turn is able to induce 

angiogenesis both directly promoting EC proliferation, migration 

and tubulogenesis, or indirectly by MMP-9 upregulation. In this 
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way pro-angiogenic stimuli and tPA will collaborate in a feedback 

loop to promote tumoral angiogenesis (Fig.D.1) 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Fig D.1 Proposed model for tPA angiogenic role in PDAC. Hypoxia and TGF-

β/ IL-1α cytokines induce tPA overexpression in pancreatic tumoral cells and 

endothelial cells (ECs). tPA can then induce angiogenesis both indirectly, through 

MMP-9 induction and activation, or directly by interaction with EC cell 

membrane receptors (AnxA2, EGFR, Gal-1) and activation of intracellular 

signaling pathways (ERK1/2, AKT and JNK) that will lead to increased EC 

proliferation, migration and tubulogenesis. 

EC Proliferation, Migration and Tubulogenesis

Pancreatic 
tumoral cells

ECs

tPA
AnxA2 /EGFR/ Gal-1 

interaction

TGF-β, IL1-α

Hypoxia

MMP-9

ANGIOGENESIS

ERK1/2 AKT JNK

direct

ind
ire

ct

EC Proliferation, Migration and Tubulogenesis

Pancreatic 
tumoral cells

ECs

tPA
AnxA2 /EGFR/ Gal-1 

interaction

TGF-β, IL1-α

Hypoxia

MMP-9

ANGIOGENESIS

ERK1/2 AKT JNK

direct

ind
ire

ct

Discussion 



 112 

CONCLUSIONS 

 
 

1. The regulation of pro-angiogenic molecules like VEGF, 

TGF-β, IL-1α and IL-8 are not mediated by tPA, but the 

activation of the angiogenic molecule MMP-9 is 

mediated by tPA. These results indicating that MMP-9 

upregulation can indirectly mediate tPA effects in 

angiogenesis. 

2.  tPA induce directly and in a catalytic-independent way 

endothelial cell proliferation, migration and tubule 

formation.  

3. tPA induces activation of  ERK1/2, AKT and JNK 

signaling pathways in endothelial cells and this 

activation is necessary to induce proliferation, migration 

and tubule formation . 

4. AnnexinA2, EGFR and Galectin-1 cell membrane 

receptors are involved in tPA- mediated endothelial cell 

signaling 

5. Inflammatory cytokines (TGF-β and IL-1α) and hypoxia 

induce tPA overexpression in pancreatic cancer and 

endothelial cells. 
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Experimental Procedures 
 
E.P.1 Cell Line Culture 
 
All cells were grown in Dulbecco’s modified Eagle’s medium 

(DMEM, Invitrogen) except for HUVEC cell lines which were 

grown in Minimal Essential Medium (MEM, GIBCO BRL). Media 

were supplemented with glucose 4.5g/L (Life Techonologies), 

glutamine 2mM, penicillin 56 U/ml,streptomycin 56 µg/L and 10% 

fetal bovine serum (FBS;Gibco). Cells were maintained in at 37ºC 

in a humid atmosphere containing 5%Co2 and 95% air. 

 

Cell Line Orgin 

HUVEC Human Umbilical Cord  

H5V  Mouse Heart Blood Vessel 

SKPC-1 Human Pancreatic Carcinoma  

Hs766T Human Pancreatic Carcinoma 

RWP1 Human Pancreatic Carcinoma 

 

Table E.P.1. Cell lines used during the development of this study  

 

H5V cells and HUVEC cells are endothelial cells which were used 

in this study . SKPC-1, Hs766T and RWP1 are the cancer cell lines 

derived from pancreatic ductal adenocarcinoma.  
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E.P.2 Cell Treatments 
 

To analyse signaling pathway activation and  proliferation, cell 

were grown to confluence in complete medium and starved for 2 to 

3 days using culture medium without FBS or growth supplements. 

tPA (Actilyse; Boehringer Ingelheim, Barcelona, Spain) (0.5,2, and 

20µg/ml) was then added for variable periods of time. U0126 

(10µmol/L) inhibitors of mitogen-activated protei kinase (MEK1/2) 

were added 1 hour before tPA treatment. JNK peptide inhibitor I 

(JIP)( 20µmol/L), an inhibitor of JNK pathway was also added 1 

hour prior the treatment with tPA. Wortmannin (10µmol/L), an 

inhibitor of AKT pathway is added 6 hours prior exposure to tPA. 

Gefitinib, a specific inhibitor of EGFR was added 1 hour prior 

exposure to tPA. S481A (Loxo, Germany), a noncatalytic tPA 

(20µg/ml) is added in endothelial cells for migration and wound 

healing experiments. 

 

E.P.3  siRNA oligonucleotide transfection 

  
For HUVEC, siRNA knockdown was performed using synthetic 

double stranded RNA purchased from Xeragon ( Huntsville,AL).  

The sequence used to target AnxA2 was 5’-

AUGUCUACUGUUCACGAAAUCCGC- 3’ (siAnxA2) and an 

unrelated oligonucleotide (siControl) recognizing an irrelevant 

transcript was used as a negative control. The concentration of 

15nm was used for further experiments. For H5V the cells were 

transfected with siRNA SMARTpool® against AnxA2 (5’- 

GCUTGAUCTUUGAAUGTTCAUTC-3’) or with non-targeting 
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siRNA pool® (siControl) (Dharmacon) using the lipofectamine 

system (Invitrogen). For Gal-1 siRNA the following 

oligonucleotides were used human 5’-

AUUCTCCUTGGUUTACUGTAAA-3’ (siGAL-1) and an 

untreated oligonucleotide (siControl) were used. 

 

The cells are transfected with siRNA by the following protocol. 

 

• Cells (1x106) were seeded in 60 mm culture dishes and kept 

in culture 16-24h at 37oC, 5% CO2.  

• 15 nM of siRNA was mixed in 22.82 µl of Opti-MEM 

reduced-serum (Gibco-BRL) and left for 5 minutes at RT. 

At the same time, 2 µl of Plus (Invitrogen) were added 

dropwise to 40.82 µl of Opti-MEM and siRNA. Both mixes 

were pooled in one tube and left for 20 minutes at RT.   

• At the same time mix 1 µl of Lipofectamine and Opti-MEM 

upto 25µl. 

• Add this mixture to the wells containing Opti-

MEM+siRNA+Plus. Mix well and waited for 20 min at RT. 

• Media was removed from cells and 200 µl of Opti-MEM 

were added. 50 µl of transfecting mixture  were also added 

and incubated at 37oC, 5% CO2 for 3-5 hours 

• Media was changed for Fresh DMEM+10% FBS and cells 

were cultured for 24 hours at 37oC, 5% CO2.  

• Protein extraction and total RNA isolation were performed 

afterwards  
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E.P.4  shRNA oligonucleotide transfection 

 
The cells are transfected with shRNA by the following protocol. 

shGal-1 oligonucleotide is used for the experiments along with 

shControl. 

 
• Cells (1x106) were seeded in 60 mm culture dishes and kept 

in culture 16-24h at 37oC, 5% CO2.  

• 1ng of shRNA (shGal-1) was mixed in 22.82 µl of Opti-

MEM reduced-serum (Gibco-BRL) and left for 5 minutes at 

RT. At the same time, 2 µl of Plus (Invitrogen) were added 

dropwise to 40.82 µl of Opti-MEM and siRNA. Both mixes 

were pooled in one tube and left for 20 minutes at RT.   

• At the same time mix 1 µl of Lipofectamine and Opti-MEM 

upto 25µl. 

• Add this mixture to the wells containing Opti-

MEM+siRNA+Plus. Mix well and waited for 20 min at RT. 

• Media was removed from cells and 200 µl of Opti-MEM 

were added. 50 µl of transfecting mixture  were also added 

and incubated at 37oC, 5% CO2 for 3-5 hours 

• Media was changed for fresh DMEM+10% FBS and cells 

were cultured for 24 hours at 37oC, 5% CO2.  

• After 24 hours the fresh DMEM medium with FBS along 

with puromycin (1.5µg/ml) were added and incubated for 48 

hours. 

• After 48 hours the medium is changed and again puromycin 

is added and incubated for 24 hours at 37oC. 
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• After 24 hours the cells  are lysed and western blot 

performed. 

 
E.P.5 Total RNA Isolation 
 
RNA was obtained by using GenElute™ Mammalian Total RNA 

Miniprep Kit (RTN70, SIGMA-ALDRICH). The protocol in use 

was the one supplied by the manufacturer: 

 

• Medium was thoroughly removed and cells were washed 

with PBS, twice. 

• PBS was removed and 500 µl of Lysis Solution/2-

Mercaptoethanol were added. Culture dish was rocked to 

completely cover the cells and rested for 1 minute at RT.  

• Cell lysate was scraped and pipetted into a GenElute 

Filtration Column to remove cell debris and shear DNA. 

Column is centrifuged at maximum speed (12,000-16,000 x 

g) for 2 minutes.  Column was discarded. 

• 500 µl of 70% ethanol solution was added to the filtered 

lysate and mixed thoroughly. Solution is loaded into a 

GenElute Binding Column and centrifuged at maximum 

speed for 30 seconds.  

• Column was retained and returned to a collection tube. 500 

µl of Wash Solution 1 was added into the column and 

centrifuged at maximum speed for 30 seconds. 

•  Flow-through liquid was discarded and column was applied 

in a new collection tube. 500 µl of Wash Solution 2 were 
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added to the column and it was centrifuged at maximum 

speed for 30 seconds. 

•  Flow-through was discarded and 500 µl of Wash Solution 2 

were added to the column again and it was centrifuged at 

maximum speed for 2 minutes. 

• Flow-through was again discarded and centrifuged 1 extra 

minute to eliminate residual ethanol. 

• Column was inserted in a new collection tube and 50 µl of 

Elution Buffer were added and centrifuged at maximum 

speed for 1 minute.  

• Eluted RNA was quantified with a Nanodrop 

spectrophotometer (Thermo-Scientific) at 260 nm and 

stored at -80°C. 

 

E.P.6 Semiquantitative  RT-PCR  

 

To perform semiquantitative RT-PCRs, commercial Transcriptor 

First Strand cDNA Synthesis Kit (04 896 866 001, Roche Applied 

Science) was used to obtain cDNA product from RNA extracts. The 

protocol in use was the following: 

 

• Template-primer mix was prepared after quantifying RNA 

samples 
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Component Volume  Final 

Concentration 

RNA+ Elution buffer 11µl 1 

Random Hexamer 

Primers (600pmol/µl) 

2 µl 60Mm 

Total Volume 13 µl  

 

Table E.P. 2 RNA template-primer mix 

 

• Template-primer mix was denatured by heating for 10 

minutes at 65°C in a T1 thermal block cycler (050-901, 

biometra) with a heated lid to minimize evaporation, in 

order to ensure denaturation of secondary structures. 

Solution was immediately cool on ice. 

• The rest of the components were added to the template-

primer mix tube in the following order: 

 

Component Volume Final 

Concentration 

Ranscriptor 

ReverseTranscriptase 

Reaction Buffer (5x) 

4µl 8 mM MgCl2 

Protector RNase Inhibitor (40 

U/µl) 

0.5 µl  20 U 

Deoxynucleotide Mix (10 mM 

each) 

2 µl  1 mM each 

Transcriptor Reverse 0.5 µl 10 U 
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Transcriptase (20 U/µl) 

Final Volume  20 µl  

 

Table E.P. 2: Second mix of the RT assay. 

• The RT reaction was performed in a thermal block cycler: 

• 10 minutes at 25°C. 

• 60 minutes at 50°C. 

• 5 minutes at 85°C. 

 

Reaction was stopped by placing tubes on ice. Standard 

semiquantitative PCR was performed using cDNA samples, which 

were previously normalised. The following mix was prepared: 

 

Component Volume Final 

Concentration 

BIOTAQ Buffer (10x)  2.5 µl 1x 

MgCl2 (50 mM)  1 µl 2 mM 

Deoxynucleotide Mix (10 mM 

each) 

0.5 µl  200 µM 

Primer Forward (10 µM) 1.5 µl  0.6 µM 

Primer Reverse (10 µM) 1.5 µl  0.6 µM 

BIOTAQ polymerase (5U/µl) 0.25  1.25 U 

cDNA Variable  100-400 ng 

H2O Variable  

Final Volume 25 µl  

 

Table E.P.3 Semiquantitative RT-PCR mix. 

Experimental Procedures 



 121 

 

And the following PCR reaction was designed: 

 

PCR Step Temperature Time 

   1. Initial denaturation 94°C 5-10 

minutes 

   2. Denaturation 94°C  30 seconds 

   3. Annealing 55-63°C (depending 

on Tm) 

30 seconds 

   4. Extension  68-72°C 1-2 

minutes 

Number of cycles (from 2 to 

4) 

20-35 cycles  (depending on 

abundance of  transcript) 

  5. Last extension  68-72°C 10 minutes 

  6. End  4°C ∞ 

 

Table E.P.4 PCR conditions for semiquantitative RT-PCR 

 

The following pairs of oligonucleotides were used 

 

Primers Sequences 

VEGF F 5’-CCAGCAGAAAGAGGAAAGAGGTAG-3’ 

R 5’-CCCCAAAAGCAGGTCACTCAC-3’ 

TGF-β1 F 5’-GCCCTGGACACCAACTATTGC-3’ 

R 5’-GCTGCACTTGCAGGAGCGCAC-3’ 

TGF-β2 F 5’-TACAGACCCTACTTCAG-3’ 

R 5’- AAATCTTGCTTCTAGTT-3’ 
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TGF-β3 F 5’-GCACTTGCAAAGGGCTC-3’ 

R5’-TTGGCATAGTATTCCGA-3’ 

IL1-α F 5’-GAGCATGTACTGAGCCCT-3’ 

R 5’-AGAGTGGTCTCATGGTTGTC-3’ 

IL8 F 5’-ATGACTTCCAAGCTGGCCGT-3’ 

R 5’-TCCTTGGCAAAACTGCACCT-3’ 

Β-actin F 5’-TCATTATGCCGAGGATTTGGA-3’  
R 5’-GCCTCCCATCTCCTTCATGAC-3’  

 

 

Table E.P.4: Primers used for semiquantitative RT-PCR experiments. 

 

Products were visualized by ethidium bromide staining using agarose 

electrophoresis. 

 

E.P.7 Quantitative Real-Time PCR 

 

Real-Time PCR was performed using SYBR® Green PCR Master Mix 

(4312704, Applied Biosystems), working on a 96-well plate without 

cover. cDNA samples were obtained from RNA extracts of treated cells 

using Transcriptor First Strand cDNA Synthesis Kit (Roche Applied 

Science) and normalised to a specific concentration (25 ng/µl). 

The following mixes were prepared 

cDNA – SYBR Green mix Volume  Concentration  

cDNA  2 µl 5 ng/µl  

SYBR® Green  
PCR Master Mix (2x) 

5 µl 1x  

 

Table E.P.5 cDNA-SYBR Green mix. 
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Primer – H2O mix Volume Concentration  

Primer Forward (10 µM) 0.3 μl  300 nM 

Primer Reverse (10 µM 0.3 µl 300 nM 

H2O 2.4 µl  

 

Table E.P.6 Primer-H2O mix. 

 

 

Both mixes were combined in each well and the following PCR reaction 

was performed in a 7900HT Fast Real-Time PCR System (Applied 

Biosystems). 

 

PCR Step  Temperature Time  

1 50°C 2 min 

2 95°C 10 sec 

3 95°C 15 sec 

4 60°C 1 min 

Number of cycles  
(from 3. to 4.)  

40 cycles 
 

 

Table E.P.7 PCR program for Real-Time PCR experiments. 

 

The following pairs of oligonucleotides were used 
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Primers Sequences 

TGFβ-1 F 5’-GCCCTGGACACCAACTATTGC-3’ 

R 5’-GCTGCACTTGCAGGAGCGCAC-3’ 

IL1-α F 5’-GAGCATGTACTGAGCCCT-3’ 

R 5’-AGAGTGGTCTCATGGTTGTC-3’ 

tPA F 5’-GGTGGCCCAGGCGGCCTCTG -3’ 

R 5’- GCTGGCCGGCCTGGCCCG -3’ 

HPRT F 5’-TCATTATGCCGAGGATTTGGA-3’  
R 5’-GCCTCCCATCTCCTTCATGAC -3’  

 

Table E.P.8 Primer-H2O mix 

 

Data was analysed using SDS 2.3 and RQ Manager 1.2 software (Applied 

Biosystems). 

 

E.P.8 Protein extraction 

 

We treated the cells to obtain nuclear and total protein extracts. The 

following lysing buffers were used 

 

 

Lysis Buffer A Concentration  

Sucrose  0.25 M 

HEPES pH 7.5 10 mM  

CaCl2  3 mM 

NaCl  10 mM  
NP-40 0.25% 

PMSF 1 mM 
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DTT 1 mM  

 

Table E.P.8 Lysis Buffer A composition 

 

RIPA Buffer  Concentration  
Sodium deoxycholate  0.5 %  
Tris-HCl pH 8.0  50 mM  
NaCl  150 mM  
SDS  0.1 %  
NP-40  1.0 %  
EDTA  2 mM  
PMSF  2 mM  
DTT  1 mM  
c0mplete cocktail  1x  
 

Table E.P.9 Ripa Buffer composition 

To obtain nuclear protein extracts, the following protocol was used:  

 

• Medium was removed from cell dish and cells were washed 

with PBS, twice. 1 ml of PBS was added and cells were 

scraped, pipetted into an eppendorf tube on ice and 

centrifuged at 3,000 rpm for 5 minutes.  

• Supernatant was discarded and pellet was resuspended with 

1 ml of buffer A, and was incubated for 10 minutes on ice. 

Afterwards, cells were centrifuged at maximum speed for 1 

minute at 4°C. This step was repeated twice.  

• After three steps of washing cells with buffer A, a volume of 

RIPA buffer between 50-150 µl was added to the pellet of 

cells, and it was incubated for 30 minutes on ice. Finally, it 

was centrifuged at maximum speed for 15 minutes at 4°C. 
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Supernatant was stored as it contained the nuclear protein 

fraction.  

• To obtain total protein extracts, cells were washed with PBS, 

scraped and centrifuged at 3,000 rpm for 5 minutes as in the  

above protocol. Supernatant was discarded and a volume of 

RIPA buffer between 50-150 µl was added to the pellet of 

cells and incubated for 30 minutes on ice. Cells were 

centrifuged at maximum speed for 15 minutes at 4°C. 

  

Protein extracts were stored at -80°C. 

 

E.P.9 Western blot 

 

The following buffers were used to perform western blot assay 

 

Separating gel solution Concentration 

Tris-HCl pH 8.8  375 mM 

Bis-acrylamide  8 % 

SDS   
0.1 % 

 
APS   

0.1 % 
 

Temed  

 

Table E.P.10 Separating gel solution composition 
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Stacking gel solution Concentration 
Tris-HCl pH 6.8  125 mM 

Bis-acrylamide  4 % 

SDS   
0.1 % 

 
APS   

0.1 % 
 

Temed  

 

Table E.P.11 Stacking gel solution composition 

Electrophoresis buffer  Concentration 
Tris base  25 mM 

Glycine  190 mM 

SDS   
0.1 % 

 
 

Table E.P.12 Electrophoresis buffer composition 

 

 

Transferance buffer Concentration 
Tris pH 7.5  200 mM 
Glycine  1.5 M 
Methanol  20% 
 

Table E.P.13 Transferance buffer composition 

 

 

Blocking buffer  Concentration  
Tween-20  0.1 %  
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Milk  5 %  
 

Table E.P.14 Blocking buffer composition 

 

 

Antibody dilution buffer  Concentration  
Tween-20  0.1 %  
BSA  0.3 %  
Sodium azide  20%  
 

Table E.P.15 Antibody dilution buffer composition 

 

 

 

Proteins were normalized to a specific quantity and separated by vertical 

SDS-polyacrylamide gel electrophoresis using mini-protean III system 

(BioRad) at 100V for 2 hours at RT. Afterwards, proteins were transferred 

to Westran™ Polyvinylidine Fluoride (PVDF) Clear Signal membranes 

(10485287, Whatman). Blocking buffer was added to the membranes for 

30 minutes to improve the sensitivity of the assay by reducing background 

interference and improving the signal to noise ratio..After washing 

excess of blocking buffer, membranes were immunoblotted with the 

following primary antibodies at 4°C: 

 

Marker  Antibody  Origin  Dilution  

tPA Mouse Actilyse 1:500 

Gal-1 Rabbit Gabeus 1:500 

P-ERK Rabbit Cell Signaling 1:1000 

T-ERK Rabbit Cell Signaling 1:1000 

P-AKT Rabbit Cell Signaling 1:1000 
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T-AKT Rabbit Cell Signaling 1:1000 

JNK Rabbit Cell Signaling 1:1000 

P-JNK Rabbit Cell Signaling 1:1000 

Annexin A2 Mouse BD labs 1:1000 

HIF-1 α Mouse Abcam 1:250 

Pyruvate Kinase Rabbit Sigma 1:5000 

Tubulin  Mouse  Sigma 1:10000  
 

Table E.P.15. Antibodies used in western blotting assays 

 

After washing excess of primary antibodies, membranes were  

subsequently incubated with horseradish peroxidase (HRP)-

conjugated secondary antibodies (anti-rabbit,  K4003; anti-mouse, 

K4001, DakoCytomation) for 1 hour at RT. Membranes were 

extensively washed and Pierce  ECL Western  Blotting Substrate 

(32106, Thermo-Scientific) was used to detect HRP signal. 

 

 

E.P.10 Casein Zymography 

 

Casein zymography was performed to evaluate the activity of tPA 

in conditioned medium and cell extract. Aliquotes of cell lysates 

and medium conditioned by cells were analysed by gelatin 

zymography. Cells were lysed in SDS sample buffer and the 

condtioned medium was then concentrated using centrifugal filter 

units (Millipore , Ireland ), treated with sample buffer (1X) and then 

loaded in 10% acrylamide gels. After electrophoresis gels were 
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washed with  2.5 % Triton X-100 to remove SDS. The gels are then 

washed with H2O to remove triton.  

 

Preparation of Casein Gel 

 

10 ml of gel solution 

5 ml agarose ( 2% in H2O) 

2.5 ml milk (8 % milk in PBS) 

2.5 ml Tris-cl pH 7.6 (1M) 

 

Agarose solution is boiled and the remaining solutions are added. 

The whole solution is stirred well until the temperature becomes 

below 45ºC. Then 1mg/ml of plasminogen is added to the solution 

and immediately pour in the glass plate. After the casien gel has 

been set on the top of it place the acrylamide gel and incubated at 

37ºC overnight.  

 

E.P.11 Gelatin Zymography 

 

 To measure the production and activity of gelatinases in the 

conditioned media from cultures receiving tPA treatments, gelatin 

zymography was performed .Briefly, 8 to 10 µL of each supernatant 

of the conditioned medium was used. The media supernatants were 

mixed with an equal volume of 1X SDS-PAGE sample buffer 

without boiling or reduction. Samples were fractionated in an 8% 

polyacrylamide gel containing gelatin (0.5 mg/mL). After 

electrophoresis, gels were washed with 2.5% Triton X-100 to 
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remove SDS and renature the MMP species in the gels. The gels are 

then incubated in the developing buffer (1 M Glycine, pH 8) 

overnight. The gels were stained with 0.25% Coomassie brilliant 

blue R-250 in 40% isopropanol for 2 hours and destained with 7% 

acetic acid. Gelatinolytic activities appeared as clear bands of 

digested gelatin against a dark blue background of stained gelatin. 

 

 

E.P.12 Tubule Formation Assay (Collagen Sandwich 

Model) 

 

Preparation of Collagen matrix  

 

Collagen from tail of rat (4.05 mg/ml) (BD Bioscience, USA)  

working concentration -1.2mg/ ml  

M199 medium ( Gibco BRL, USA) 

0.1 N NaOH 

300 ml of the collagen matrix solution is prepared of which 195 µl 

of M199 , 90µl Collagen, 15 µl of NaOH are prepared. 

The collagen matrix solution is poured in 24 well plate and allowed 

to polymerise for 1 hour at 37 ºC. By the time the collagen is been 

set , endothelial cells  are trypsinized and 1.2 x 105  are seeded on 

the top of the collagen matrix and incubated for 2 h at 37 ºC. The 

plates are washed with M199 medium to remove the unattached 

cells. The collagen matrix is again poured on the plate and then set 

for 1 hour at 37 ºC. M199 medium is added with or without tPA 

(0.5 µg/ml), VEGF (20 µg/ml) and incubated for 16 hours at 37 ºC. 
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The tubules formed are then photographed in phase contrast 

microscopy (Leica 776, USA). The tube area is measured by using 

Image J software 

 

E.P.13 Proliferation Assay 

 

 5-bromo-2’-deoxyuridine (BrdU) (Abcam) is incorporated into 

nascently synthesized DNA and provides a measurement of cell 

proliferation. The cells (1x104) were seeded into the cover glass in 

the wells and at 60% confluence they are serum deprived for 48 

hours and then treated with various concentration of the molecule of 

interest for 24 hours. After 24 hours the following conditions are 

been performed 

 

• The cells are fixed with 4% paraformaldehyde for 5 minutes 

at RT. 

• Following fixation wash in 0.01M Phosphate Buffered 

Saline (pH 7.4) with 0.1% TritonX100 (3x 5min) 

• Incubate in HCl (4N) for 10min on ice to break open the 

DNA structure of the labelled cells. 

• This is followed by HCl (2N) for 10 min at RT before 

moving them to an incubator for 20 min at 37oC. 

• Samples are then washed in in 0.01M Phosphate Buffered 

Saline (pH 7.4) with 0.1% TritonX100 (3x 5min) at RT. 

• Incubate in 0.01M Phosphate Buffered Saline (pH 7.4) + 

0.1% TritonX100 + Glycine (1M) + 5% Bovine serum 
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albumin (1hr) prior to incubating overnight (RT) with anti-

BrdU or a combination of anti-BrdU and other antibodies. 

• Following the incubation overnight wash in 0.01M 

Phosphate Buffered Saline (pH 7.4) with 0.1% TritonX100 

(3x 5min) 

• Samples can then be treated with a variety of secondary 

antibodies to visualise the anti-BrdU labelled cells including 

HRP conjugated secondaries with diaminobenzidine(DAB) 

or fluorescent conjugated antibodies such as AlexaFlour 488 

or 533. 

• The cells were also stained for nucleus using Hoest 

(0.25µg/ml) 

• The cells were photographed in Flourecsent microscope 

(Leica,USA) 

 

E.P.14 Migration Assay 

 

In vitro wound-healing assay was used to assess cell motility in two 

dimensions. Endothelial cells (1x105) were plated overnight to 

achieve a subconfluent cell layer in 24-well plates. A scratch was 

made on the cell layer with a sterile micropipette tip, and cultures 

were washed twice with serum-free medium to remove floating 

cells. Cells were then treted in culture medium containing with or 

without 5% FBS, with 20 µg/ml tPA , 20 µg/ml, U0126 (10mM), 

JIP (20 mM), Wortmannin (10mM) etc. The cells after they are 

denuded is incubated at 37 ºC for 24 hours. Wound healing was 

visualized by comparing photographs taken at the time of addition 
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of factors and 24 h later, by a Nikon DS-5M Camera System 

mounted on a phase-contrast Leica microscope. The distance 

traveled by the cells was determined by visually comparing the area 

of the wound covered. Three experiments were done in 

quadruplicates. 
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