
Zentrale Einrichtung Klinische Chemie, Universitätsklinikum Ulm 

Direktor: Prof. Dr. Dr. Dr. M. G. Bachem 

 

 

 

In-vitro Investigation on the Role of Pancreatic Stellate 

Cells and Tumor Cells in Angiogenesis 

 

 

Dissertation  

 

Applying for the Doctoral Degree of Medicine (Dr. med) 

 

Faculty of Medicine, University of Ulm 

                 

 by 

 

Zhang, Zhigong 

 

                       Hefei, P.R.China 

 

-September 2011- 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amtierender Dekan: Prof. Dr. Thomas Wirth 

 

1. Berichterstatter: Prof. Dr. Dr. Dr. h.c. M.G. Bachem 

 

2. Berichterstatter: Prof. Dr. Marco Siech 

 

Tag der Promotion: 20.04.2012



CONTENT                                                              I 

CONTENT  

1. Introduction ······················································································································1 

Questions and Aims················································································································5 

 

2. Materials and Methods····································································································7 

2.1 Materials···························································································································7 

2.2 Methods··························································································································14 

2.3 Statistical Analysis·········································································································23 

 

3. Results······························································································································24 

3.1 Effect of SNs of PSC and PCC on HUVEC Proliferation·············································24 

3.2 Effect of SNs of PSC and PCC on HUVEC Viability (Cell Death)·······························30 

3.3 Effect of SNs of PSC and PCC on HUVEC Migration··················································33 

3.4 Effects of SNs of PSC and PCC on HUVEC Tube Formation······································44 

3.5 Effect of MMP Inhibitor GM6001 on HUVEC Migration············································50  

3.6 Measurement of MMP-2 in PSC and PCC SNs by Zymography··································53  

3.7 Measurement of MMP-2 in PSC and PCC SNs by Multiplex Luminex xMAP 

Technology···························································································································55 

 

4. Discussion························································································································57 

4.1 Effect of SNs of PSC and PCC on HUVEC Proliferation·············································57 

4.2 Effect of SNs of PSC and PCC on HUVEC Apoptosis·················································59 

4.3 Effect of SNs of PSC and PCC on HUVEC Migration··················································60 

4.4 Effect of SNs of PSC and PCC on HUVEC Tube Formation········································62 

4.5 Effect of the MMP Inhibitor GM6001 on HUVEC Cell Motility ································64 

4.6 Expression of MMP-2 in PSC and PCC SNs·································································67 

 

5. Summary·························································································································71 

 



CONTENT                                                              II 

6. References·······················································································································73 

 

7. Acknowledgements·········································································································84 

 

8. Curriculum Vitae ···········································································································85 

 



ABBREVIATIONS                                                       I 

ABBREVIATIONS  

Ab      antibody 

APS       ammoniumperoxodisulfate 

BrdU       5-bromo-2’-deoxyuridine 

BSA       bovine serum albumin 

C/E      complete endoprime medium 

CTGF           connective tissue growth factor 

ddH2O     double distilled water 

D/F      Dulbecco’s modified Eagle medium / Ham’s F-12 Medium (1:1) 

DMEM     Dulbecco’s modified Eagle medium 

DMSO      dimethylsulfoxid 

DNA     deoxyribonucleic acid 

DNase        deoxyribonuclease 

EC      endothelial cell 

ECM       extracellular matrix 

EDTA      ethyenediaminetetraacetic acid 

EdU     5-ethyl-2'-deoxyuridine, aedurid 

EGF     epidermal growth factor 

FBS       fetal bovine serum 

FGF     fibroblast growth factor 

FN       fibronectin 

GFAP     glial fibrillary acidic protein 

HGF    hepatocyte growth factor 

HUVEC    human umbilical vein endothelial cells 

IL      interleukin  

MMP       matrix metalloproteinase 

MT-MMP     membrane type-matrix metalloproteinase 

MTT           methyl thiazolyl tetrazolium 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 



ABBREVIATIONS                                                       II 

MVD     micro-vessel density 

PAGE      polyacrylamide gel electrophroresis 

PBS       phosphate buffered saline 

PCC             pancreatic carcinoma cell 

PDAC     pancreatic ductal adenocarcinoma 

PD-ECGF    platelet derived endothelial cell growth factor 

PDGF      platelet derived growth factor 

PFA             paraformaldehyde 

PI       propidium iodide 

PSC       pancreatic stellate cell 

hPSC       human pancreatic stellate cells 

RNA     ribonucleic acid 

SCTA     single cell tracking assay 

SD      standard deviation 

SDS       sodium dodecyl sulfate 

SE      standard error 

α-SMA     α smooth muscle actin 

SNs      supernatants 

STAT3     signal transducers and activators of transcription 3 

TBST       Tris-buffered saline containing Tween-20 

TEMED     N,N,N’,N’-Tetramethylenediamine 

TGF       transforming growth factor 

TIMP       tissue inhibitor of metalloproteinases 

TNB       Tris-buffered saline containing bovine serum albumin 

TNF-α      tumor necrosis factor α 

TSP-1           thrombospondin-1 

UV       ultraviolet light 

VEGF     vascular endothelial growth factor



INTRODUCTION                                                         1  

1. INTRODUCTION  

Pancreatic carcinoma is a virulent disease with a dismal prognosis, which ranks 9th in the 

incidence of solid cancers and 4th for cancer-related deaths. The overall median survival of 

this disease is around 4–6 months after diagnosis and the 5-year survival rate is <5% when 

all stages are combined (Siegel et al., 2011). The most effective cure of pancreatic 

carcinoma is surgery which is available only to a maximum of 20% of the patients with 

median survival less than 2 years, however (Wagner et al., 2004).  

The lethal nature of pancreatic carcinoma is characterized by a rapid progression, early 

metastasis, diagnosis at an advanced stage, and a limited response to chemotherapy and 

radiotherapy (Brand et al., 1998; Warshaw et al., 1992). On the morphological level, 

pancreatic carcinoma is described as a dense cancer stroma, called desmoplasia (Kloppel et 

al., 2004). Histopathologic findings in pancreas carcinoma showed that carcinoma cells are 

surrounded by a dense fibroblastic stroma consisting primarily of collagen types I and III 

and fibronectin (Imamura et al., 1995).  

 

Angiogenesis describes the formation of new blood vessels from the existing vasculature. 

It is essential in physiological processes and is a hallmark of over 50 different diseases 

including cancer, rheumatoid arthritis and psoriasis (Carmeliet et al., 2000).  

In tumor angiogenesis a network of blood vessels penetrate cancerous tissue, supplying 

nutrients and oxygen and removing waste products. Angiogenesis is a complex multi-step 

process involving extensive interplay between cells, soluble factors, and extracellular 

matrix (ECM) components. Four distinct sequential steps in angiogenesis include: (1) 

Degradation of basement membrane by proteases; (2) Migration of endothelial cells into 

the interstitial space and sprouting; (3) Endothelial cell proliferation at the migrating tip; (4) 

Tube formation, generation of new basement membrane with the recruitment of pericytes, 

formation of anastomoses finally establishing blood flow (Bussolino et al., 1997).  

Solid tumors, including pancreatic carcinoma, depend on angiogenesis, which plays a 

pivotal role in their growth, invasion, and metastasis. There is mounting evidence from 

clinical data and experimental models that expression and overexpression of genes and 
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proteins with key roles in angiogenesis contribute to the malignant phenotype of pancreatic 

carcinoma. For example, high expression of one of the most important proangiogenic 

factors, vascular endothelial growth factor (VEGF), has been shown to be associated with 

liver metastasis and poor prognosis for patients with pancreatic carcinoma (Seo et al., 

2000). It has also been shown that enhanced expression of VEGF in human pancreatic 

carcinoma correlates with local disease progression (Itakura et al., 1997). Likewise, genetic 

targeting of VEGF receptor 2 has been shown to inhibit local growth and metastatic spread 

of pancreatic carcinoma cells (Buchler et al., 2002).  

 

In recent years, it has been established that cancer growth and spread are strongly 

influenced by the microenvironment which plays an active role in tumor progression, 

invasion, chemoresistance, escape from apoptosis/anoikis and metastasis. In the 

microenvironment of pancreas carcinoma, tumor cells, as well as cell types in the activated 

stroma of pancreatic carcinoma such as endothelial cells, nerve cells, immune cells and the 

extracellular matrix, in particular activated pancreatic stellate cells (PSCs), are responsible 

for the production of factors including: 1) Angiogenesis-stimulating factors VEGF, platelet 

derived growth factor (PDGF), fibroblast growth factor (FGF)1, FGF2, collagen-I, 

periostin, adrenomedullin, prokineticin-1, matrix metalloproteinases (MMPs) and urinary 

plasminogen activator (uPA), 2) migration-stimulating factors PDGF, epidermal growth 

factor (EGF), and stroma derived factor (SDF)-1, 3) proliferation stimulating factors such 

as transforming growth factor (TGF)ß, fibroblast growth factor (FGF)2, PDGF, EGF, 

connective tissue growth factor (CTGF), adrenomedullin, galectin-3, and SDF-1, 4) 

invasion promoting factors such as MMPs, thrombospondin, uPA, and tissue plasminogen 

activator (tPA), and 5) factors responsible for drug resistance (nitric oxide, interleukin-1ß) 

and inhibition of anoikis/apoptosis (collagens, fibronectin, laminin) (Habisch et al., 2010).  

 

PSCs are considered as the main source of extracellular matrix components and provide a 

microenvironment which is advantageous for tumor cell growth and survival (Farrow et al., 

2008). In normal pancreas, the fat storing phenotype of PSCs is found in low numbers 
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(approx. 4% of the cells) in the periacinar and interlobular space. In their quiescent state 

(low mitotic index, low capacity to produce matrix and growth factors), PSC can be 

identified by expressing vimentin, desmin, glial fibrillary acidic protein (GFAP), nestin 

and synemin and showing numerous perinuclear retinoid containing fat droplets (Bachem 

et al., 1998). 

In pancreas carcinoma and pancreas injury, a number of diverse extra and intra-cellular 

effector molecules, including inflammatory cytokines like interleukin (IL)-1 and IL-6, 

growth factors like TGFβ1 and tumor necrosis factor (TNF)-α, ethanol, acetaldehyde, and 

oxidative stress induce the change of PSCs from a quiescent fat-storing phenotype to a 

highly active myofibroblast-like phenotype which is primarily found in interlobular fibrotic 

areas or adjacent to carcinoma cells. The activated PSCs are vimentin and α-smooth 

muscle actin (αSMA) positive, have a high mitotic index and the ability to contract and 

move, express the receptors for PDGF and TGFß, express intercellular adhesion molecule 

(ICAM)-I, produce the extracellular matrix components collagen I, III, XI, fibronectin and 

periostin, and release the growth factors PDGF, FGF, TGFß1, CTGF, IL1ß, IL-6, IL-8, 

IL-15, Rantes, monocyte chemotactic protein (MCP)-1, endothelin-1 and VEGF (Bachem 

et al., 2006; Bachem et al., 2008; Habisch et al., 2010).  

In addition to ECM proteins, activated PSC can also secrete abundant MMPs and tissue 

inhibitors of matrix metalloproteinases (TIMPs), regulating matrix turnover (Phillips et al., 

2003). 

Matrix metalloproteinases consist of a family of zinc-containing enzymes, which degrade 

extracellular matrix components (Woessner et al., 1991; Birkedal-Hansen et al., 1993; 

Shek et al., 2002; Phillips et al., 2003). MMPs are classified according to their substrate 

specificity and structural features into five major groups: gelatinases (MMP2, MMP9), 

stromelysins (MMP3, MMP10, MMP11), elastases (MMP12, MMP7), collagenases 

(MMP1, MMP8, MMP13, MMP18), and membrane-type matrix metalloproteinases 

(MT1-MMP, MT2-MMP, MT3-MMP, MT4-MMP). 

Pancreatic stellate cells predominantly secrete gelatinases (MMP2, MMP9), which degrade 

the basement membrane collagen (type IV) and are associated with inflammation, fibrosis, 
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angiogenesis, and cancer invasion (Phillips et al., 2003). In various cancers, including 

pancreatic carcinoma, degradation of the basement membrane is a critical step in cancer 

progression. This step brings malignant cells into direct contact with ECM proteins such as 

collagen type-1, supporting their growth and contributing to their chemo-resistance, and 

paving the way for invasion and metastasis (Armstrong et al., 2004).  

 

Several factors produced by PSCs such as VEGF, PDGF, FGF1, FGF2, IL-8, collagen-I, 

periostin, adrenomedullin, prokineticin-1, MMPs, and uPA are related to angiogenesis 

(Reiser-Erkan et al., 2008; Couvelard et al., 2005), however the interaction of PSC and 

PCC in the microenvironment of pancreatic carcinoma and their contribution to 

angiogenesis have not been sufficiently clarified. Several groups have shown even 

contrasting effects of PSC and/or PCC on angiogenesis. Masamune reported that PSCs 

cultured under hypoxic conditions might play pro-angiogenic roles during the development 

of pancreatic fibrosis (Masamune et al., 2008). Data from Xu showed that PSCs 

accompanying cancer cells increased CD31 expression and stimulated tube formation by 

human microvascular endothelial cells (HMEC-1) (Xu et al., 2010). On the contrary, Erkan 

reported that PSCs increased endothelial cell growth, whereas cancer cells alone, or their 

coculture with PSCs, suppressed it (Erkan et al., 2009). 

The microenvironment of pancreatic cancer comprises several different cell types 

including stellate cells, endothelial cells, fibroblasts, immune cells, and the extracellular 

matrix. Evidence is accumulating that the complex interaction of these cells and the cancer 

cells has implications for pancreatic cancer progression. PSCs and PCCs can produce a 

series of factors including angiogenesis stimulating factors. It is reasonalble that they 

might have a proangiogenic function during the development of pancreatic carcinoma via 

PSC/PCC alone or their interaction (Fig. 1). 
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?

 
 

Fig. 1: Interactions of pancreatic stellate cell – pancreatic carcinoma cell in the 

cancer microenvironment to the angiogenesis.  

Part of the figure was adapted from (Kleeff et al., 2007). Yellow: stellate cell derived factors; green: 

immune cell-derived factors; grey: cancer cell derived factors.  

 

Questions and Aims — 

To elucidate above hypothesis, we aimed to answer the following questions: 

Do PSC and PCC stimulate angiogenesis measured by proliferation, apoptosis, 

migration and tube formation of cultured human umbilical vein endothelial cells 

(HUVECs)?  

What factors and mechanism might be relevant hereby? 

 

To answer these questions, conditioned media collected from PSCs and PCCs cultivated 

alone or cocultured were used to analyze their effects on:  

(1) Proliferation and apoptosis of HUVEC by using EdU incorporation assays and 

PI/Hoechst staining;  
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(2) Migration of HUVEC by using single cell tracking and Boyden-chamber assays;  

(3) Tube formation by seeding HUVEC on extracellular matrix gel.  

MMP inhibitor GM6001 was used to observe the contribution of MMPs on HUVEC 

migration.  

Expression of MMPs from all conditions was measured by zymography and multiplex 

luminex xMAP technology.
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2.  METERIALS AND METHODS   

2.1 Materials  

2.1.1 Reagents 

2.1.1.1 Chemical reagents  

Acetone  Fluka, Seelze, Germany 

Acetic acid min. 99.8%  Sigma-Aldrich Laborchemikalien, Seelze, 

Gemany 

Alexa 488-conjugated 

streptavidin 

 Molecular Probes, Eugene, USA 

Ammoniumperoxodisulfate 

(APS) 

 Merck, Darmstadt, Germany 

Amphotericin B  Boehringer, Mannheim, Germany 

Calcium chloride, Dihydrate 

(CaCl2) 

 Sigma Chemical Co., St. Louis, MO, USA 

Calf thymus DNA  Sigma-Aldrich, Steinheim, Germany 

Citic acid trisodium salt 

dehydrate (Na3-Citrate.2H2O) 

 Sigma, Steinheim, Germany 

Coomassie brilliant blue R-250  Bio-Rad Laboratoriy, Hercules, CA, USA 

Dimethylsulfoxid (DMSO)  Sigma-Aldrich, Steinheim, Germany 

Di-sodium hydrogen phosphate 

dihydrate (Na2HPO4·2H2O) 

 Merck, Darmstadt, Germany 

Dulbecco’s modified Eagle 

medium (DMEM)  

 Biochrom AG, Berlin, Germany 

Dulbecco’s modified Eagle 

medium (DMEM) / Ham’s  

F-12 medium (1:1) 

 Biochrom AG, Berlin, Germany 

Dulbecco’s phosphate buffered 

saline (PBS) (w/o Ca2+, Mg2+) 

 Biochrom AG, Berlin, Germany 

Ethanol  Merck, Darmstadt, Germany 
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Enhancement solution  Delfia Wallac, Turku, Finland 

Formaldehyde solution 37%  J.T. Baker, Deventer, Holland 

Formamide  Applichem GmbH, Darmstadt, Germany 

Gelatin  Sigma, Missouri, USA 

Giemsa stocking solution  Merck, Darmstadt, Germany 

Glycerin  Merck, Darmstadt, Germany 

Glycine  Sigma, Deisenhofen, Germany 

GM6001 (inhibitor of MMPs)  Calbiochem, Merck, Darmstadt, Germany 

Ham’s F-12 medium  Biochrom AG, Berlin, Germany 

Hoechst 33258  Sigma-Aldrich, Steinheim, Germany 

Hydrochloric acid  Merck, Darmstadt, Germany 

Isopropanol  Merck, Darmstadt, Germany 

Magnesium chloride (MgCl2)  Merck-Schuchardt, Munich, Germany 

Methanol  Sigma-Aldrich Laborchemikalien, Seelze, 

Gemany 

Paraformaldehyde (PFA)  Merck, Darmstadt, Germany 

Penicillin/streptomycin  Biochrom AG, Berlin, Germany 

Propidium iodide   Molecular Probes, Eugene, USA 

10× SDS-PAGE tank buffer  Carl Roth GmbH, Karlsruhe, Germany 

Sodium azide (NaN3)   Sigma-Aldrich, Steinheim, Germany 

Sodium chloride (NaCl)  Applichem GmbH, Darmstadt, Germany 

Sodium dodecyl sulfate (SDS)  Sigma, Steinhein, Germany 

Sodium dihydrogen phosphate 

monohydrate (NaH2PO4·H2O) 

 Merck, Darmstadt, Germany 

Sodium hydrogen carbonate 

(NaHCO3) 

 Sigma, Missouri, USA 

Sterile water (ddH2O)  Fresenius Kabi, Bad Homburg, Germany 

Tetramethylethylenediamine 

(TEMED) 

 Sigma, Deisenhofen, Germany 
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Thiazolyl-Blue-Tetrazolium 

bromide 

 Sigma, Deisenhofen, Germany 

Tris  USB™, Ohio, USA 

Triton X-100  Sigma, Missouri, USA 

Trypsin/EDTA solution  PAA Laborataries GmbH, Austria 

Tween 20  Sigma, Steinheim, Germany 

                                 

2.1.1.2 Biological reagents  

Bovine serum albumin (BSA)  PAA Laboratories GmbH, Austria 

Calf thymus DNA  PAA Laboratories GmbH, Austria 

Fetal bovine serum (FBS)  PAA Laboratories GmbH, Austria 

L-glutamine  GIBCOBRL, Eggenstein, Germany 

Matrigel™ basement membrane 

matrix growth factor reduced 

 BD Biosciences, Bedford, MA, USA 

        

2.1.2 Assay kits 

2.1.2.1 DC protein assay kit  Bio-Rad Laboratoriy, Hercules, CA, USA 

REAGENT A  250 ml, alkaline copper tartrate solution 

REAGENT B  2000 ml, dilute Folin Reagent 

REAGENT S  5 ml 

   

2.1.2.2 Click-iT® EdU 

imaging kits 

 Molecular Probes, Eugene, OR, USA 

EdU (Component A)  5 mg 

Alexa Fluor® azide 

(Component B) 

 Alexa Fluor® 488, 1 vial 

Dimethylsulfoxide  DMSO, 4 ml 

(Component C)   

Click-iT™ EdU reaction buffer  4 ml 
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 (Component D)   

CuSO4 (Component E)  1 vial 

Click-iT™ EdU buffer additive 

(Component F) 

 400 mg 

Hoechst 33342 (Component G)  35 µl 

   

2.1.2.3 EndoPrime kit  PAA Laboratories GmbH, Austria 

EndoPrime base medium  500 ml 

EndoPrime supplement (100x)  5 ml 

EndoPrime EGF (2.5 µg/ml)  1 ml 

EndoPrime VEGF (250 ng/ml)  1 ml 

EndoPrime FBS  25 ml 

Complete endoprime medium  500 ml base medium, 5 ml supplement, 1 ml 

EGF, 1 ml VEGF, 25 ml FBS, 2 mM 

L-glutamine, 100 IU/ml penicillin, 100 µg/ml 

streptomycin and 125 ng/ml amphotericin B 

   

2.1.2.4 Human MMP multi- 

analyte profiling base kit 

 R&D Systems, Minneapolis, MN, USA 

 

2.1.3 Solutions and buffers 

2.1.3.1 Solutions and buffers for EdU incorporation assay 

0.5% Triton/PBS  0.5 ml Triton dissolved in 99.5 ml PBS 

3% BSA/PBS  3 g BSA dissolved in 100 ml PBS 

4% PFA/PBS  4 g PFA dissolved in 100 ml PBS, pH 7.0 - 7.4 

     

2.1.3.2 Solutions for Boyden chamber assay 

    

Gelatin solution (0.1%)  0.1 g gelatin in 100 ml sterile water (ddH
2
O) 
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Giemsa solution (10%)  10 ml Giemsa stocking solution in 90 ml PBS 

4% PFA/PBS  4 g PFA dissolved in 100 ml PBS, pH 7.0 - 7.4 

 

2.1.3.3 Solutions and buffers for zymography 

2.1.3.3.1 Prepared solutions and buffers 

0.625 M Tris HCl  37.84 g Tris in 1 L ddH
2
O, pH 6.8 

0.75 M Tris HCl  90 g Tris in 1 L ddH
2
O, pH 8.8 

8% Separation gel (for 25 ml)  4 ml gel B, 6.4 ml gel A, 14.45 ml 0.75 M  

Tris/HCl (pH 8.8), 124 µl 20% SDS,  

200 µl APS, 15 µl TEMED 

10% Separation gel (for 25 ml)  5 ml gel B, 8 ml gel A, 9.05 ml 0.75 M Tris/HCl  

(PH 8.8), 91 µl 20% SDS, 200 µl APS, 15 µl 

TEMED 

10% APS solution  100 mg APS in 1 ml ddH2O 

20% SDS  20 g SDS in 100 ml ddH
2
O 

Gelatin  20 mg gelatin in 1 ml ddH
2
O (60 ° C, 20 min) 

Stacking gel (for 10 ml)  736 µl gel B, 933 µl gel A, 1.25 ml 0.625 M  

Tris/HCl (pH 6.8), 50 µl 20% SDS, 7.03 ml 

ddH
2
O, 100 ml APS, 10 µl TEMED 

Staining buffer  

(0.34% Coomassie blue) 

 200 ml Methanol, 50 ml Acetic acid, 1.7 g             

Coomassie blue R-250, 250 ml ddH2O 

Destaining buffer  400 ml Methanol, 100 ml Acetic acid, 500 ml 

ddH2O 

Running buffer  100 ml 10× SDS-PAGE tank buffer stocking 

solution in 900 ml ddH
2
O (4° C) 

     

2.1.3.3.2 Ready solutions and buffers 
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10× SDS-PAGE tank buffer  ROTH, Karlsruhe, Germany 

10× zymogram development 

buffer 

 Bio-Rad Laboratories, Inc. Hercules, CA, USA 

10× zymogram renaturation 

buffer 

 Bio-Rad Laboratories, Inc. Hercules, CA, USA 

Gel A  

(29 % methylenbisacrylamide) 

 ROTH, Karlsruhe, Germany 

Gel B (30% acrylamide)  ROTH, Karlsruhe, Germany 

Zymogram sample buffer  Bio-Rad Laboratories, Inc. Hercules, CA, USA 

 

2.1.3.4 Solutions and buffers for fluorometric DNA test 

DNA buffer  2 M NaCl, 50 mM NaH2PO4⋅H2O, pH 7.4 

DNA-staining reagent  1 mg Hoechst 33258 dissolved in 500 ml DNA 

buffer 

DNA-standard stocking solution  1 mg DNA (calf thymus) in 100 ml DNA buffer 

 

2.1.4 Equipment  

6-well cell culture plate  Becton and Dickinson labware, NJ, U.S.A 

12-well cell culture plate  Becton and Dickinson labware, NJ, U.S.A 

24-well cell culture plate  Becton and Dickinson labware, NJ, U.S.A 

48-well cell culture plate  Becton and Dickinson labware, NJ, U.S.A 

96-well microtiter plate  Maxisorp F96, Nunc, Roskilde, Denmark 

Adjustable-volume pipette  Eppendorf, Hamburg, Germany 

Bio-Plex 200 systems  Bio-Rad Laboratories, Inc. Hercules, CA, USA 

BioRad Gel Doc 1000  Bio-Rad Laboratories, Inc. Hercules, CA, USA 

Boyden chamber AP 48  Neuro Probe, Inc. Gaithersburg, MD, USA 

Cell culture flask  

(250 ml, 75 cm2) 

 FALCON Becton Dickinson, Franklin Lakes, 

NJ, USA 

Cell scraper  FALCON Becton Dickinson, Franklin Lakes, 
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NJ, USA 

Centrifuge  Hettich Rotixa/RP, Germany 

Centrifuge, 5417C  Eppendorf, Hamburg, Germany 

CO2 incubator  TYP. BB-6220, Heraeus instruments, Germany 

Consort power supply, E 831  peQLab Biotechnologie, Erlangen, Germany 

Cover glasses  Thermo Scientific, Schwerte, Germany 

Cryopreserve vial  Nunc A/S, DK 4000, Roskilde, Denmark 

DAKO pen, S 2002  Dako, Glostrup, Denmark 

Digital pH meter, pH525  WTW, Weilheim, Germany 

Electronic balance, MC 210P   KB BA 100, Sartorius, Germany 

Electronic balance, IC 2201P  BA BA 200, Sartorius, Germany 

High-speed centrifuge, 

Labofuge 400R 

 Heraeus, Fellbach, Germany 

Invert microscope  Carl Zeiss (Axioskop), Germany 

IX81 motorized inverted 

research microscope 

 Olympus, Hamberg, Germany 

Liquid nitrogen tank, 8038  Forma Scientific Inc. Germany 

Master cycler, 5330  Eppendorf, Hamburg, Germany 

Microliter syringers  Hamilton, Sigma-Aldrich Laborchemikalien, 

Seelze, Gemany 

Pipette tips  Eppendorf, Hamburg, Germany 

Platform shaker  Polymax 1040, Heidolph, Germany 

Polycarbonate membrane  

(8 µm pores, 25×80 mm) 

 Neuro Probe, Inc. Gaithersburg, MD, USA 

Polystar® 100 GE-GS  Rische + Herfurth GmbH, Hamburg, Germany 

µ-Slide angiogenesis  Ibidi GmbH, Munich, Germany 

Spectrophotometer, DU®640  Beckman, Corona, CA, USA 

Sterile bench, TYP. HS 18/2  Heraeus instruments, Germany 

Thermo Star, 300-0132  BMG, Offenburg, Germany 
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Ultrafree-0.5 centrifugal 

filter & tube 

 Millipore, Bedford, MA, USA 

Vertical electrophoresis system  Mini protein II, Bio-Rad Laboratories, Inc. 

Hercules, CA, USA 

Victor 1420 multi-label counter  Wallac Oy, Turku, Finland 

Vortex-2TM genie, G-560E  Scientific Industries Inc. Bohemia, NY, U.S.A 

 

2.1.5 Special software used 

Chemotaxis and Migration Toll, 

V2.0 

 Ibidi GmbH, Munich, Germany 

Excel, V2003  Microsoft, Redmond, WA, USA 

ImageJ, V1.43u  NIH, Bethesda, MD, USA 

SPSS, V13.0   IBM, Armonk, NY, USA 

     

          

2.2 Methods 

2.2.1 Cell isolation 

2.2.1.1 Human pancreatic stellate cells (hPSCs) 

Human pancreatic stellate cells (hPSC) were isolated by the outgrowth method, using 

explant techniques from histologically fibrotic areas of the pancreas surgically resected 

from patients with pancreatic cancer as described previously (Bachem et al, 1998; Apte et 

al, 1999). Only cell populations between passage 3 and 8 were used in the subsequent 

experiments. 

 

2.2.1.2 Human umbilical vein endothelial cells (HUVECs) 

HUVEC were bought from ATCC (ATCC-CRL-1730, LGC Standards GmbH, Wesel, 

Germany). After thawing the vial the culture was initiated in complete endoprime medium 

(C/E) immediately.  

 

2.2.1.3 MiaPaCa-2 and Panc1 
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MiaPaCa2 and Panc1 were a kind gift of Prof. Dr. med. Marko Kornmann, Surgery 

Department of the University Hospital of Ulm, Germany. 

 

2.2.1.4 ULA-PaCa 

Primary cultured pancreatic carcinoma (ULA-PaCa) cells were established from a 

peritoneal metastasis of a 71-year-old female patient with pancreatic adenocarcinoma in 

our own lab and used at low passage numbers (Haag et al., 2011).  

 

2.2.2 Cell culture 

2.2.2.1 HUVEC 

HUVEC were cultured in cell culture flask (75 cm2) at 37 °C in a 5% CO2 humidified 

atmosphere. Complete endoprime medium (C/E), 20 ml in each flask, consisted of 500 ml 

Base Medium, 5 ml Supplement, 1 ml EGF, 1 ml VEGF, 25 ml FBS, 2 mM L-Glutamine, 

100 IU/ml penicillin, 100 µg/ml streptomycin and 125 ng/ml amphotericin B. Medium was 

changed the day after seeding and each second or third day thereafter. For further 

experiments, HUVEC were seeded in 6, 12, 24, or 96-well plates, respectively. To perform 

tube formation assays, cells were seeded on matrigel in the wells of µ-Slide Angiogenesis 

plates. 

 

2.2.2.2 PSC 

Human PSC were cultured in cell culture flasks (75 cm2)  at 37 °C in a 5% CO2 humidified 

atmosphere. Twenty ml were used in each flask and consisted of DMEM/Ham’s F12 (1:1) 

(D/F) with 10% FBS, 2 mM L-Glutamine, 100 IU/ml penicillin, 100 µg/ml streptomycin, 

and 125 ng/ml amphotericin B. Medium was changed the day after seeding and each third 

or fourth day thereafter.  

 

2.2.2.3 MiaPaCa2, Panc1 and ULA-PaCa  

MiaPaCa2, Panc1 and ULA-PaCa were cultured in the same way. Cells were cultured in 

cell culture flask (75 cm2) at 37 °C in a 5% CO2 humidified atmosphere. The medium was 

the same as for PSC. Medium was changed the day after seeding and twice weekly 
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thereafter.  

 

2.2.3 Subcultivation of cells 

When reaching confluence, cells were detached from culture flask (75 cm2) by incubation 

with 3 ml of 0.25% trypsin solution containing 0.01% EDTA in PBS, and the digestion 

was stopped by adding 20 ml of 10% FBS in D/F. Collected suspension was centrifuged at 

1000 rpm for 5 minutes to pellet cells. Then the pellet from one flask was resuspended 

with the appropriate amount of medium and cultured on new flasks. 

 

2.2.4 Cell preservation and reconstitution 

Cells were harvested as described above. Then the pellet from one flask was resuspended 

with 3 ml freezing medium (C/E with 10% DMSO or D/F containing 10% FBS with 10% 

DMSO), which was aliquoted into 2 cryogenic storage vials and frozen at -80 °C. For 

long-term storage, the frozen cells were placed in liquid nitrogen. For reconstitution, 

cryopreserved cells were thawed quickly, and directly plated in culture flasks with 

prewarmed growth medium without amphotericin B. After 12 hours, medium was changed 

to remove cryopreservatives. 

 

2.2.5 Cell monoculture, coculture and collection of supernatants (SNs) of cells 

For monoculture, 2 mio. PSC, MiaPaCa2, Panc1, ULA-PaCa or HUVEC were seeded in 

75 cm2 flasks, respectively. For coculture, PSC and pancreatic carcinoma cells (PCCs) 

were mixed together at first according to the ratio of 3:1, 1:1 and 1:3 with a total cell 

amount of 2 mio. cells respectively, and then seeded in 75 cm2 flasks. Monoculture or 

coculture cells in each flask were cultured in 20 ml medium consisting of D/F with 10% 

FBS, 2 mM L-Glutamine, 100 IU/ml penicillin, 100 µg/ml streptomycin, and 125 ng/ml 

amphotericin B at 37 °C in a 5% CO2 humidified atmosphere until all cells were attached. 

Then the medium was changed to 10 ml D/F without FBS per flask and cultured for 48 

hours. Supernatants (SNs) in each flask were removed into falcons and centrifuged at 

2,000 rpm for 10 minutes at 4°C, then aliquoted and stored at -20 °C.  
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2.2.6 Protein determination of cell supernatants 

The determination of protein concentration was performed according to the manufacturer’s 

instructions of DC protein assay kit (Bio-Rad Laboratoriy, Hercules, CA, USA): The 

protein standard bovine serum albumin (BSA) was prepared at concentrations of 3 mg/ml, 

2.5 mg/ml, 2 mg/ml, 1.5 mg/ml, 1 mg/ml and 0.5 mg/ml in PBS. At the same time, 

working reagent was prepared by adding 20 µl of reagent S to each ml of reagent A. DC 

protein assay was performed by pipetting 5 µl of standards or samples into each well of the 

96-well microtiter plate, followed by adding 25 µl of the mixture of reagents A+S and 200 

µl reagent B into each well. After 15 minutes of incubation under protection from light, 

absorbances were measured at 690 nm (background correction at 405 nm) with a Victor 

1420 Multilabel Counter. Protein concentration was calculated from the standard curve 

paramenters. All measurements were performed in duplicate. Variations of duplicate 

measurements did not exceed 10%. 

 

2.2.7 DNA determination of cells 

For the standard curve, 400 µl of 10, 5, 2.5, 1.25, and 0.5 µg/ml DNA respectively, were 

prepared from a DNA stock solution and added into 24-well plates. Hoechst 33258 1,600 

µl, were then added to a final volume of 2 ml in each well. For preparation of samples, first 

Trypsin/EDTA in DNA buffer (1:3 dilution), 250 µl/well (24-well plate) or 1 ml/well 

(6-well plate), were added to the cells and incubated for at least 30 minutes until all the 

cells were detached from the bottom of culture dish. Then a part of the suspension was 

transferred to 24-well culture dishes according to DNA content in different type of cells. 

An appropriate volume of DNA buffer was added into each well to adjust volume to 400 µl 

before Hoechst 33258 was added. Then the plates were incubated for 20 minutes in dark at 

room temperature. DNA concentration was measured by fluorometry at 355/460 nm with a 

Victor 1420 Multilabel Counter and calculated from the standard curve parameters. All 

measurements were performed in duplicate. Variations of duplicate measurements did not 

exceed 10%. 

 

2.2.8 Determination of HUVEC proliferation — EdU incorporation assay 
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HUVEC were seeded in 24-well plates with 0.5 ml C/E medium per well at a concentration 

of 20,000 cells/ml. Following attachment cells were starved in 5% C/E and 95% D/F for 16 

hours. Thereafter, different concentrations and types of SNs were added (0.5 ml/well) 

together with 10 µM EdU. After 24 hours, cells were washed twice with PBS and then 

fixed with 4% Paraformaldehyde (PFA) for 15 minutes at room temperature. After 

washing twice with 3% BSA/PBS, 0.5% Triton/PBS 0.5 ml was added into each well for 

20 minutes. Click-iT reaction cocktail was freshly prepared (150 µl/well) as follows: 129 

µl 1X Click-iT reaction buffer (compound D), 6 µl CuSO4 (compound E), 0.36 µl 

Alexa-488 (compound B), and 15 µl 1X reaction buffer additive (compound F), were 

mixed and added into each well (150 µl/well). Then, cells were incubated for 30 minutes 

under protection from light at room temperature. After washing twice with 3% BSA/PBS, 

Hoechst/PBS (Hoechst diluted 1:2000 in PBS) was added into each well (150 µl/well) and 

incubated for 30 minutes at room temperature (protected from light). Finally, after washing 

twice with PBS, photos of 8 different areas in each well were taken under the microscope 

at a magnification of 10×10-fold. EdU-positive nuclei (green) and total nuclei (blue) were 

manually counted using ImageJ software. Data was presented as mean ± SE of percent of 

EdU-positive cells of at least 3 independent experiments.  

 

2.2.9 Determination of HUVEC viability and proliferation — MTT assay 

HUVEC were seeded in 96-well plates in a volume of 0.2 ml/well and a concentration of 

20,000 cells/ml with C/E. After attachment of cells they were starved in media consisting 

of 5% C/E and 95% D/F for 16 hours. After adding different concentrations and types of 

SNs to HUVEC (0.2 ml/well). MTT reagent was prepared by adding 

Thiazolyl-Blue-Tetrazolium bromide into PBS at a concentration of 0.5 mg/ml (1.2 mM) 

and acid-propanol was prepared by adding HCl to isopropanol to yield a concentration of 

0.04 N. After 48 hours 30 µl MTT reagent were added into each well and HUVEC were 

incubated for another 2 hours, followed by adding 100 µl acid-propanol into each well 

after removing the media and drying the plates. Finally, the absorbance of the solution was 

measured at 490 nm with a Victor 1420 Multilabel Counter. Data was presented as mean ± 

SE of the MTT absorbance of at least 3 independent experiments.  
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2.2.10 Determination of HUVEC apoptosis 

HUVEC were seeded in 24-well plates (0.5 ml/well at a concentration of 20,000 cells/ml) 

with C/E and then starved for 16 hours as described above. Different concentrations and 

types of SNs were added to HUVEC (0.5 ml/well) followed by an incubation for 48 hours. 

PI/Hoechst reagent was prepared by adding propidium iodide (1:50 = 20 µg/ml) and 

Hoechst (1:500 = 2 µg/ml) into PBS. 0.5 ml PI/Hoechst reagent was added into each well 

after removing the media. HUVEC were then incubated for 10 minutes and protected from 

light. Finally, after washing with PBS once, photos of 8 different areas in each well were 

taken under the microscope with a magnification of 10×10-fold, PI-positive nuclei (red) 

and total nuclei (blue) were counted using ImageJ software. Data was presented as mean ± 

SE of percent of dead (PI-positive) cells of at least 3 independent experiments. 

 

2.2.11 Detection of random cell migration — single cell tracking assay 

HUVEC random migration was assessed by single cell tracking, a well established in vitro 

assay for measuring cell motility. HUVEC were seeded in 12-well plates at a concentration 

of 20,000 cells/ml, first cultured in complete endoprime medium (C/E), then starved in 

media consisting of 5% C/E and 95% D/F for 16 hours. After the addition of different 

concentrations and types of SNs, 2 positions in each well were selected under the 

microscope with a magnification of 4×10-fold. Pictures were taken every 30 minutes 

during 24 hours. Then ImageJ software was used to track at least 30 cells in each movie by 

clicking on the position of the nuclear of a selected cell at each time point resulting in a list 

of tracks for each cell. Finally, using the Chemotaxis and Migration Tool from Ibidi the 

average velocity (µm/h), total distance, and other parameters, were calculated. Data was 

presented as mean ± SE of the average cell velocity of at least 3 independent experiments.  

 

2.2.12 Detection of cell directed migration — Boyden chamber assay 

Directed migration of HUVEC was assessed by the Boyden chamber assay, a well 

established in vitro system for measuring the ability of cells to migrate towards 

chemoattractants. First, both sides of the membrane were precoated with 0.1% gelatin 

solution overnight. Then the lower wells of the chamber were filled with 30 µl of 
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chemo-attractants/well. The polycarbonate membrane (8 µm pores, 25×80 mm) was 

oriented on the lower chamber with the glossy side upside. Finally, the whole chamber was 

assembled. Then 50 µl HUVEC (320,000 cells/ml) were seeded into the upper well of the 

Boyden chamber. After 16 hours of incubation at 37 °C in a 5% CO2 humidified 

atmosphere, the chamber was disassembled and cells on the upper side of the membrane 

(non-migrated cells) were removed by a filter wiper. Cells on the lower side of the 

membrane (migrated cells) were fixed with 4% PFA/PBS for 30 minutes, then stained with 

10% Giemsa solution for 20 minutes. Finally, the membrane was mounted onto a cover 

glass and observed under the microscope at a magnification of 10×10-fold. Migrated cells 

(purple) were counted for each well. Data was presented as mean ± SE of the number of 

cells migrated.  

 

2.2.13 Determination of HUVEC tube formation 

First, the matrigel was thawed overnight at 4°C, the µ-Slide Angiogenesis plates and 

pipette tips were pre-cooled. Then 10 µl matrigel were pipetted into each inner well of the 

µ-Slide Angiogenesis plates and the plates were placed into the incubator for 30 minutes 

for polymerization. In the meantime a suspension of HUVEC was prepared at a density of 

1 mio. cells/ml with D/F. Ten µl of the suspension together with 40 µl of different 

stimulators were added into each upper well of the plates after polymerization. After 4 

hours of incubation at 37 °C in a 5% CO2 humidified atmosphere, the µ-Slide 

Angiogenesis plates were put under the microscope (4×10-fold magnification) and photos 

of each entire well were taken. Then ImageJ software was used to count four parameters of 

tube formation: Number of tubes means the number of loops counted by eye in one entire 

well; Total tube length was calculated using ImageJ to draw a line along each entire tube 

resulting in the number of pixels of the tube perimeter. The pixels were then converted to 

mm or µm by calibrating the photographs (scaling factor: 1 µm = 0.62 pixels); Number of 

tube-tube contacts was measured by counting the number of borders where two tubes 

contacted each other; Number of branch points was calculated by counting the number of 

points where three or more tubes came together. Data was presented as mean ± SE of each 

parameter of tube formation. 
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2.2.14 Zymography 

To perform zymography, separation gel and stacking gel were prepared as that shown 

before. To prepare gels containing 0.2% gelatin, 22 - 25 mg gelatin was dissolved in 

ddH2O to a concentration of 20 mg/ml and cooked at 90 °C for 30 minutes, then clarified 

by centrifugation at 4000 rpm for 5 minutes at room temperature before adding into 

separation gel.  

Different SNs were prepared as described before and normalized to the same protein 

amount (3.3 - 4.0 µg/lane) and sample volume was adjusted by addition of ddH2O. Then 

samples were diluted 1:1 in sample buffer and mixed well by vortexing. Samples (20 - 30 

µl) were loaded onto the gel and separated at constant voltage (90 V) for 150 – 180 

minutes on ice. The electrophoresis was stopped when the bromophenol blue dye had 

reached the end of the gel. 

After electrophoresis, gels were incubated in 100 ml Zymogram Renaturing Buffer twice 

each for 15 minutes at room temperature to remove SDS. Then the gels were incubated in 

200 ml Zymogram Developing Buffer at 37 °C overnight. The proteolytic activity was 

shown by first staining the gels with the staining buffer (0.34% Coomassie Blue) for 30 - 

60 minutes, and then by destaining them with destaining buffer for 30 - 120 minutes. Areas 

of protease activity appeared as clear bands against a dark blue background. After scanning 

with BioRad Gel Doc 1000 and taking pictures, proteolytic bands were analyzed by using 

ImageJ to quantify the intensity of each band representing the expression of each protease. 

Importantly, by using this method, also (inactive) pro-MMPs are measured due to their 

activation in the renaturing buffer. 

 

2.2.15 Multiplex luminex xMAP technology 

The principle of the multiplex luminex xMAP technology is shown in Fig. 2: 
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Fig. 2: Principle of the multiplex luminex xMAP technology. 

Polystyrene microspheres internally dyed with spectrally distinct fluorochromes define a set of signature 

beads (Bead Mix). Each set of signature beads carries a specific detection reagent on its surface. 

Analytes contained in added samples bind to detection reagents on beads. A reporter coupled with 

another fluorochrome quantifies the reaction on the bead surface. The biomolecular interactions are 

quantified by the Luminex LX 100 IS / 200 analyzer while passing the laser beams. 

The figure was adapted from http://www.progen.de/en/multiplex-technology/luminex-technology.html 

 

According to the instrument manual, first the reagents were prepared, then samples and 

standards were thawed and appropriately diluted. After adding 100 µl of wash buffer and 

removing the liquid through the filter at the bottom of the plate using a vacuum manifold 

designed to accommodate the microplate, 50 µl of diluted microbeads mixture and 50 µl 

standard or sample were added into each well and incubated for 2 hours at room 

temperature. The plate was washed by removing the liquid from each well, filling each 
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well with 100 µl wash buffer and removing the liquid again (repeated for 3 times). 50 µl 

diluted biotin antibody cocktail was added into each well and incubated for 1 hour at room 

temperature followed by 3 repeated washing steps. Then, 50 µl diluted streptavidin- 

phycoerythrin was added into each well and incubated for 30 minutes at room temperature 

followed by 3 repeated washing steps. Finally, 100 µl wash buffer was added to each well 

and incubated for 2 minutes at room temperature. The plate was read within approximately 

90 minutes using the Bio-Plex 200 system. The integrated software calculates a 5-PL 

standard curve from the standard concentrations, enabling the calculation of sample 

concentrations. Data was presented as mean ± SE of the concentration of each analyte or as 

the amount of each analyte per DNA content of each sample. 

 

2.3 Statistical Analysis  

Statistical analysis was performed with SPSS 11.0 software. Data were presented as mean 

± standard error (SE). Statistical significance of differences between groups was evaluated 

using one-way-ANOVA. A value of p < 0.05 was considered to be statistically significant.
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3. RESULTS 

3.1 Effect of SNs of PSC and PCC on HUVEC Proliferation 

HUVEC incubated with different concentrations of PSC or PCC SNs showed more EdU 

labeled nuclei compared with control group (D/F), indicating a higher proliferation, though 

this effect was not dose dependent.  

HUVEC incubated with different types of SNs from cocultures of PSC and PCC showed 

different results. SN from cocultures of PSC and MiaPaCa2 or Panc1 (3:1, 1:3) did not 

show more EdU labeled nuclei, whereas SN from cocultures of PSC and Panc1 (1:1) or 

ULA-PaCa showed more EdU labeled nuclei compared with control group (D/F), 

indicating the higher proliferation under these culture conditions.  

HUVEC incubated with different concentrations of PSC or PCC SNs showed slightly 

higher absorbance compared with control group (D/F) in MTT assay, indicating a higher 

viability and proliferation, but the effect was neither dose dependent nor statistically 

significant.  

 

3.1.1 Different concentrations of PSC and PCC SNs stimulated the proliferation of 

cultured HUVEC (EdU assay) 

The addition of PSC SN to cultured HUVEC increased proliferation, but the effect was not 

dose dependent (Fig. 3). At concentrations of 0, 25%, 50%, 75%, 95% of PSC SN, the 

EdU labeling indices were 12.4% ± 1.0%, 24.5% ± 2.9%, 25.3% ± 3.0%, 22.8% ± 2.0%, 

and 22.9% ± 2.8%, respectively (p < 0.05 vs. D/F).  

MiaPaCa2 SN also increased HUVEC proliferation in a dose independent manner (Fig. 3). 

At concentrations of 0, 25%, 50%, 75%, 95% of MiaPaCa2 SN, the EdU labeling indices 

were 12.4% ± 1.0%, 30.0% ± 3.2%, 32.1% ± 1.0%, 32.3% ± 3.5%, and 26.2% ± 5.6%, 

respectively (p < 0.05 vs. D/F).  

The addition of Panc1 SN to cultured HUVEC increased proliferation as well, and the 

effect was not dose dependent (Fig. 3). At concentrations of 0, 25%, 50%, 75%, 95% of 

Panc1 SN, the EdU labeling indices were 12.4% ± 1.0%, 28.2% ± 2.9%, 31.8% ± 2.0%, 

28.4% ± 2.8%, and 28.8% ± 2.4%, respectively (p < 0.05 vs. D/F).  
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Treating HUVEC with ULA-PaCa SN increased proliferation and the effect was not dose 

dependent either (Fig. 3). At concentrations of 0, 25%, 50%, 75%, 95% of ULA-PaCa SN, 

the EdU labeling indices were 0.124 ± 0.010, 0.276 ± 0.015, 0.259 ± 0.057, 0.282 ± 0.064, 

and 0.280 ± 0.061, respectively (p < 0.05 vs. D/F). 
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Fig. 3: Effect of different concentrations of pancreatic stellate cell (PSC) and 

pancreatic carcinoma cell (PCC) SNs on HUVEC proliferation (EdU assay).  

HUVEC were cultured in 100% complete endoprime medium (C/E), then starved in DMEM/Ham’s F12 
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(D/F) with 0.25% FCS for 16 hours. Thereafter HUVEC were cultured in media containing 5% C/E and 

different concentrations (0, 25%, 50%, 75%, 95%) of PSC or PCC SNs, together with 10 µM EdU for 

24 hours. Then cultures were stopped and EdU incorporation was determined. Incorporation of EdU 

was visualized under microscope by a green dye (Alexa Fluor 488) coupling to DNA-incorporated EdU. 

EdU-positive nuclei and total nuclei were counted and EdU labeling indices were calculated. HUVEC 

with different concentrations of PSC or PCC SNs showed more EdU labeled nuclei compared with 

control group (D/F), indicating a higher proliferation, but the effect was not dose dependent.  

(A) Fluorescence microscopy staining showing EdU incorporation of cultured HUVEC incubated with 0, 

25%, 50%, 75%, 95% of PSC or PCC SNs.  

(B) Effect of PSC or PCC SNs on proliferation of HUVEC cultured in different media concentrations. 

The results are expressed as the mean ± SE of 3 experiments, statistically significant differences 

compared with control (D/F) are indicated (* p < 0.05). 

 

3.1.2 Coculture of PSC/Panc1 and PSC/ULA-PaCa SNs stimulated proliferation of 

cultured HUVEC (EdU assay)  

The addition of SNs of cocultures of PSC/MiaPaCa2 (3:1, 1:1, 1:3) to cultured HUVEC 

did not increase proliferation, whereas coculture of PSC/Panc1 SN (1:1) and 

PSC/ULA-PaCa SN (3:1, 1:1, 1:3) increased proliferation (Fig. 4). In the PSC/Panc1 SN 

(1:1) and PSC/ULA-PaCa SN (3:1, 1:1, 1:3) groups, the EdU labeling indices were 21.1% 

± 3.5%, 22.7% ± 4.0%, 25.7% ± 3.6%, and 24.0% ± 2.7%, respectively (p < 0.05 vs. D/F).  
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Fig. 4: Effect of SNs of cocultures of pancreatic stellate cell (PSC) and pancreatic 

carcinoma cell (PCC) on HUVEC proliferation (EdU assay).  
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HUVEC were cultured and starved as described in Fig. 3. Thereafter HUVEC were cultured in media 

containing 5% C/E, 45% D/F and 50% SNs from different cocultures of PSC and PCC, as well as 10 

µM EdU for 24 hours. Then cultures were stopped and EdU incorporation was determined as described 

in Fig. 3. HUVEC with coculture of PSC/Panc1 SN (1:1) and PSC/ULA-PaCa SN (3:1, 1:1, 1:3) 

showed more EdU labeled nuclei compared with control group (D/F), indicating a higher proliferation. 

(A) Fluorescence microscopy staining showing EdU incorporation of cultured HUVEC incubated with 

different SNs of cocultures of PSC/PCC.  

(B) Effect of different SNs of cocultures of PSC/PCC on proliferation of HUVEC. The results are 

expressed as the mean ± SE of 3 experiments, statistically significant differences compared with control 

(D/F) are indicated (* p < 0.05). 

 

3.1.3 Effect of different concentrations of PSC and PCC SNs on HUVEC viability and 

proliferation (MTT assay) 

The addition of PSC SNs to cultured HUVEC increased the viability and proliferation, but 

the effect was statistically not significant (Fig. 5). At concentrations of 0, 25%, 50%, 75%, 

95% of PSC SN, the absorbances were 0.010 ± 0.002, 0.015 ± 0.002, 0.014 ± 0.001, 0.015 

± 0.001, and 0.015 ± 0.001, respectively.  

MiaPaCa2 SN also increased the viability and proliferation of HUVEC. However only the 

effect of 50% MiaPaCa2 SN was statistically significant (Fig. 5). In the media 

concentration of 0, 25%, 50%, 75%, 95% of MiaPaCa2 SN, the absorbance were 0.010 ± 

0.002, 0.015 ± 0.002, 0.015 ± 0.002, 0.014 ± 0.002, and 0.014 ± 0.002, respectively.  

The addition of Panc1 SN to cultured HUVEC increased the viability and proliferation but 

only the effect of 50% Panc1 SN was statistically significant (Fig. 5). In the media 

concentration of 0, 25%, 50%, 75%, 95% of Panc1 SN, the absorbance were 0.010 ± 0.002, 

0.015 ± 0.001, 0.015 ± 0.001, 0.015 ± 0.002, and 0.015 ± 0.002, respectively.  

ULA-PaCa SN also increased the viability and proliferation of HUVEC but only the 

effects of 75% and 95% ULA-PaCa SN were statistically significant (Fig. 5). In the media 

concentration of 0, 25%, 50%, 75%, 95% of ULA-PaCa SN, the absorbance were 0.010 ± 

0.002, 0.014 ± 0.001, 0.015 ± 0.001, 0.015 ± 0.002, and 0.016 ± 0.002, respectively.  
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Fig. 5: Effect of different concentrations of pancreatic stellate cell (PSC) and 

pancreatic carcinoma cell (PSC) SNs on HUVEC viability and proliferation (MTT 

assay).  

HUVEC were incubated with different concentrations and types of SNs for 48 hours and with MTT 

reagent for further 2 hours. The absorbance of the final solution was measured at 490 nm. 

HUVEC incubated with different concentrations of PSC or PCC SNs showed higher absorbance 

compared with control group (D/F), indicating a higher viability and proliferation, but only the effects 

of 50% MiaPaCa2, 50% Panc1, 75% ULA-PaCa and 95% ULA-PaCa SN were statistically significant 

(* p < 0.05 vs. D/F). 

 

3.2 Effect of SNs of PSC and PCC on HUVEC Viability (Cell Death) 

HUVEC with different concentrations of PSC or PCC SNs showed less PI labeled nuclei 

compared with control group (D/F), indicating a lower rate of cell death, but the effect was 

not dose dependent.  

Addition of PSC SN to cultured HUVEC decreased apoptosis, but the effect was not dose 

dependent (Fig. 6). At concentrations of 0, 25%, 50%, 75%, 95% of PSC SN, the PI 

labeling indices were 9.7% ± 1.1%, 4.3% ± 0.8%, 5.5% ± 1.2%, 6.4% ± 1.8%, and 6.1% ± 
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0.9%, respectively (p < 0.05 vs. D/F).  

Treating HUVEC with MiaPaCa2 SN decreased apoptosis but the effect was not dose 

dependent either (Fig. 6). In the media concentration of 0, 25%, 50%, 75%, 95% of 

MiaPaCa2 SN, the PI labeling indices were 9.7% ± 1.1%, 5.0% ± 1.6%, 5.8% ± 2.1%, 

5.2% ± 0.6%, and 4.8% ± 0.4%, respectively (p < 0.05 vs. D/F).  

Panc1 SN also decreased apoptosis of cultured HUVEC but the effect was not dose 

dependent (Fig. 6). In the media concentration of 0, 25%, 50%, 75%, 95% of Panc1 SN, 

the PI labeling indices were 9.7% ± 1.1%, 3.2% ± 0.7%, 4.5% ± 0.9%, 6.1% ± 0.8%, and 

4.5% ± 0.5%, respectively (p < 0.05 vs. D/F).  

Addition of ULA-PaCa SN to cultured HUVEC also decreased apoptosis but the effect was 

not dose dependent either (Fig. 6). In the media concentration of 0, 25%, 50%, 75%, 95% 

of ULA-PaCa SN, the PI labeling indices were 9.7% ± 1.1%, 4.2% ± 0.6%, 4.2% ± 0.4%, 

4.5% ± 0.5%, and 4.6% ± 0.4%, respectively (p < 0.05 vs. D/F). 
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Fig. 6: Effect of different concentrations of pancreatic stellate cell (PSC) and 

pancreatic carcinoma cell (PCC) SNs on HUVEC cell death.  
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HUVEC were cultured and starved as described in Fig. 3. Thereafter HUVEC were cultured in media 

containing 5% C/E and different concentration (0, 25%, 50%, 75%, 95%) of PSC or PCC SNs for 48 

hours. Then cultures were stopped and PI (1:50)/Hoechst (1:500) staining was measured during a 

labeling period of 10 minutes. PI-positive nuclei and total nuclei were counted and PI labeling indices 

were calculated. HUVEC with different concentrations of PSC or PCC SNs showed less PI labeled 

nuclei compared with control group (D/F), indicating a lower rate of cell death, but the effect was not 

dose dependent.  

(A) PI/Hoechst staining of cultured HUVEC incubated with 0, 25%, 50%, 75%, 95% of PSC or PCC 

SNs.  

(B) Effect of PSC or PCC SNs on cell death of HUVEC cultured in different media compositions. The 

results are expressed as the mean ± SE of 3 experiments. Statistically significant difference (* p < 0.05) 

compared with control. 

 

3.3 Effect of SNs of PSC and PCC on HUVEC Migration 

For random migration assessed by single cell tracking assay, HUVEC cultured with 

different concentrations of PSC or PCC SNs showed a higher velocity compared with 

control group (D/F). In this case, the effect was dose dependent.  

HUVEC incubated with different SNs of cocultures of PSC and PCC revealed a higher 

average velocity compared with control group (D/F), as well as cells incubated with PSC 

or PCC SNs alone.  

HUVEC cultured with a mixture of different ratios of PSC and PCC SNs also showed a 

higher velocity compared with control group (D/F) and PSC SN, whereas a lower velocity 

was observed compared with PCC SN, indicating a linear increase of random migration.  

HUVEC incubated with SNs of cocultures of PSC and MiaPaCa2 SN showed a higher 

velocity compared with mixtures of the same ratio of PSC and MiaPaCa2 SN, indicating a 

stronger effect of SNs from cocultures on random migration of HUVEC than the mixture 

of SNs from pure cultures. 

 

For directed migration assessed by the Boyden chamber assay, the wells of PSC and 

coculture of PSC/MiaPaCa2 SNs all showed more migrated cells compared with control 

group (D/F), indicating a higher directed migration ability. 

 

3.3.1 PSC and PCC SNs stimulated HUVEC random migration in a dose-dependent 

manner 
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The addition of PSC SN to cultured HUVEC increased random migration, and the effect 

was dose dependent (Fig. 7). At concentrations of 0, 25%, 50%, 75%, 95% of PSC SN, the 

average velocities (µm/h) were 15.01 ± 0.80, 21.22 ± 2.09, 23.90 ± 2.46, 26.95 ± 2.20, and 

31.66 ± 1.20, respectively (p < 0.05 vs. D/F).  

Treating HUVEC with MiaPaCa2 SN (25%, 50%, 75%, 95%) also increased random 

migration and the effect was dose dependent (Fig. 7). In the media concentration of 0, 25%, 

50%, 75%, 95% of MiaPaCa2 SN, the velocity (µm/h) were 15.01 ± 0.80, 22.32 ± 2.12, 

25.29 ± 1.13, 27.35 ± 1.13, and 29.20 ± 1.63, respectively (p < 0.05 vs. D/F). 

The addition of Panc1 SN (25%, 50%, 75%, 95%) to cultured HUVEC increased random 

migration and the effect was dose dependent too (Fig. 7). In the media concentration of 0, 

25%, 50%, 75%, 95% of Panc1 SN, the velocity (µm/h) were 15.01 ± 0.80, 22.24 ± 2.31, 

27.02 ± 1.81, 28.41 ± 2.30, and 30.06 ± 1.81, respectively (p < 0.05 vs. D/F). 

Accordingly, treating HUVEC with ULA-PaCa SN (25%, 50%, 75%, 95%) increased 

random migration and the effect was dose dependent (Fig. 7). In the media concentration 

of 0, 25%, 50%, 75%, 95% of ULA-PaCa SN, the velocity (µm/h) were 15.01 ± 0.80, 

23.61 ± 1.36, 25.55 ± 1.33, 27.18 ± 0.87, and 29.27 ± 1.52, respectively (p < 0.05 vs. D/F). 
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Fig. 7: Effect of different concentrations of pancreatic stellate cell (PSC) and 

pancreatic carcinoma cell (PCC) SNs on HUVEC migration (single cell tracking 

assay). 
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HUVEC were seeded in 12-well plates at a density of 5000 cells/cm2, first cultured in complete 

endoprime medium (C/E) then starved in DMEM/Ham’s F12 (D/F) with 0.25% FCS for 16 hours. After 

the addition of different concentrations and types of SNs, 2 positions in each well were selected under 

microscope with the magnification of 4×10 fold and taken pictures every 30 minutes during 24 hours to 

form movies. Then ImageJ software was used to track 30 cells in each movie and got the velocity of 

cells. HUVEC with different concentrations of PSC or PCC SNs showed higher velocity compared with 

control group (D/F), indicating the higher random migration ability and the effect was dose dependent.  

(A) Tracks from migrated HUVEC during 24 hours incubated with 0, 25%, 50%, 75%, 95% of PSC or 

PCC SNs.  

(B) Effect of PSC or PCC SNs on random migration of HUVEC cultured in media with varying 

amounts of SN added. The results are expressed as the mean ± SE of 3 experiments. Statistically 

significant difference (* p < 0.05) compared with control. 

 

3.3.2 SNs from cocultures of PSC and PCC stimulated HUVEC random migration 

more than monocultures 

The addition of SN of cocultures of PSC/MiaPaCa2 (3:1, 1:1, 1:3) to cultured HUVEC 

increased random migration compared with control group (D/F), as well as PSC or 

MiaPaCa2 SNs alone (Fig. 8). In the control group (D/F), PSC SN, SN of cocultures of 

PSC/MiaPaCa2 (3:1, 1:1, 1:3), and MiaPaCa2 SN, the velocities (µm/h) were 15.57 ± 1.05, 

23.00 ± 0.47, 27.09 ± 0.31, 26.40 ± 0.34, 25.72 ± 0.06, and 22.26 ± 0.84, respectively (p < 

0.05 vs. control).  

Treating HUVEC with coculture of PSC/Panc1 SN (3:1, 1:1, 1:3) also increased random 

migration compared with control group (D/F), as well as PSC or Panc1 SNs alone (Fig. 8). 

In the media type of control group (D/F), PSC SN, coculture of PSC/Panc1 SN (3:1, 1:1, 

1:3) and Panc1 SN, the velocity (µm/h) were 15.75 ± 1.03, 22.82 ± 0.61, 25.35 ± 0.96, 

26.32 ± 1.09, 26.34 ± 0.61, and 21.64 ± 1.83, respectively (p < 0.05 vs. control).  

Accordingly, the addition of coculture of PSC/ULA-PaCa SN (3:1, 1:1, 1:3) to cultured 

HUVEC increased random migration compared with control group (D/F), as well as PSC 

or ULA-PaCa SNs alone (Fig. 8). In the media type of control group (D/F), PSC SN, 

coculture of PSC/ULA-PaCa SN (3:1, 1:1, 1:3) and ULA-PaCa SN, the velocity (µm/h) 

were 15.24 ± 0.22, 21.62 ± 0.48, 25.83 ± 1.13, 25.45 ± 0.17, 25.57 ± 0.51, and 20.76 ± 

1.18, respectively (p < 0.05 vs. control).  
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Fig. 8: Effect of SNs of cocultures of pancreatic stellate cell (PSC) and pancreatic 

carcinoma cell (PCC) on HUVEC migration (single cell tracking assay). 

HUVEC were seeded and starved as described in Fig. 7. After the addition of 5% CE, 45% D/F and 

50% different types of coculture SNs, movies and velocity of cells were obtained also as described in 

Fig. 7. HUVEC with different types of coculture of PSC and PCC SNs showed higher velocity 

compared with control group (D/F), as well as PSC or PCC SNs alone, indicating the higher random 

migration ability.   

(A) Cell migration track during 24 hours of cultured HUVEC incubated with PSC SN, PCC SNs and 

different coculture SNs.  

(B) Effect of coculture of PSC/MiaPaCa2 SNs on random migration of HUVEC. The results are 

expressed as the mean ± SE of 3 experiments. Statistically significant difference  (* p < 0.05) 
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compared with control, (# p < 0.05) compared with PSC and MiaPaCa2. 

(C) Effect of coculture of PSC/Panc1 SNs on random migration of HUVEC. The results are expressed 

as the mean ± SE of 3 experiments. Statistically significant difference   (* p < 0.05) compared with 

control, (# p < 0.05) compared with PSC and Panc1. 

(D) Effect of coculture of PSC/ULA-PaCa SNs on random migration of HUVEC. The results are 

expressed as the mean ± SE of 3 experiments. Statistically significant difference  (* p < 0.05) 

compared with control, (# p < 0.05) compared with PSC and ULA-PaCa. 

 

3.3.3 Mixtures of PSC and PCC SNs stimulated HUVEC random migration with a 

linear increase 

The addition of different ratios of PSC and MiaPaCa2 SNs (3:1, 1:1, 1:3) to cultured 

HUVEC increased average velocity compared with control group (D/F) and revealed a 

linear increase from PSC SN, mixture of PSC/MiaPaCa2 SN, to MiaPaCa2 SN (Fig. 9). In 

the control group (D/F), PSC SN, mixture of PSC/MiaPaCa2 SN (3:1, 1:1, 1:3), and 

MiaPaCa2 SN, the average velocities (µm/h) were 18.93 ± 0.77, 26.10 ± 0.28, 27.51 ± 0.27, 

29.31 ± 0.68, 31.06 ± 0.58, and 32.78 ± 0.22, respectively (p < 0.05 vs. D/F).  

Treating HUVEC with different ratios of mixture of PSC and Panc1 SN (3:1, 1:1, 1:3) also 

showed higher velocity compared with control group (D/F) and revealed a linear increase 

from PSC SN, mixture of PSC/Panc1 SN to Panc1 SN (Fig. 9). In the media type of control 

group (D/F), PSC SN, mixture of PSC/Panc1 SN (3:1, 1:1, 1:3) and Panc1 SN, the velocity 

(µm/h) were 18.32 ± 1.13, 26.36 ± 0.05, 28.25 ± 0.33, 31.11 ± 0.85, 31.57 ± 0.58, and 

33.18 ± 0.28, respectively (p < 0.05 vs. D/F).  

Accordingly, the addition of different ratios of mixture of PSC and ULA-PaCa SN (3:1, 

1:1, 1:3) to cultured HUVEC showed higher velocity compared with control group (D/F) 

and revealed a linear increase from PSC SN, mixture of PSC/ULA-PaCa SN to ULA-PaCa 

SN (Fig. 9). In the media type of control group (D/F), PSC SN, mixture of PSC/ULA-PaCa 

SN (3:1, 1:1, 1:3) and ULA-PaCa SN, the velocity (µm/h) were 17.86 ± 0.65, 25.31 ± 0.67, 

26.37 ± 0.62, 27.60 ± 0.60, 29.81 ± 1.10, and 31.57 ± 0.58, respectively (p < 0.05 vs. D/F).  
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Fig. 9: Effect of mixtures of pancreatic stellate cell (PSC) and pancreatic carcinoma 

cell (PCC) SNs on HUVEC migration (single cell tracking assay). 

HUVEC were seeded and starved as described in Fig. 7. After the addition of 5% CE, 45% D/F and 

50% different types of mixture SNs, movies and velocity of cells were obtained also as described in Fig. 

7. HUVEC with mixture of different ratios of PSC and PCC SNs showed higher velocity compared with 

control group (D/F) and PSC SN, whereas lower velocity compared with PCC SN, indicating a linear 

increase of random migration.  

(A) Cell migration track during 24 hours of cultured HUVEC incubated with different ratios of mixture 

of PSC and PCC SNs.  

(B) Effect of different ratios of mixture of PSC and MiaPaCa2 SNs on random migration of HUVEC.  

(C) Effect of different ratios of mixture of PSC and Panc1 SNs on random migration of HUVEC.  
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(D) Effect of different ratios of mixture of PSC and ULA-PaCa SNs on random migration of HUVEC.  

The results are expressed as the mean ± SE of 3 experiments. Statistically significant difference (* p < 

0.05) compared with control (D/F).  

 

3.3.4 SNs of coculture of PSC and MiaPaCa2 showed a synergistic effect in 

stimulating HUVEC random migration 

The addition of different ratios of SNs of cocultures and mixtures of PSC/MiaPaCa2 SN 

(3:1, 1:1, 1:3) to cultured HUVEC showed that coculture SNs more potently promoted 

random migration than mixtures of PSC/MiaPaCa2 SNs suggesting a synergistic effect (Fig. 

10). Velocities (µm/h) of control group (D/F), PSC SN-, coculture SN (3:1, 1:1, 1:3), 

mixture- (3:1, 1:1, 1:3), and MiaPaCa2 SN-stimulated HUVEC were 17.24 ± 0.51, 21.92 ± 

1.43, 27.86 ± 0.59, 26.78 ± 0.95, 27.21 ± 0.57, 23.07 ± 0.46, 23.88 ± 0.31, 24.84 ± 0.36, 

and 25.59 ± 0.69, respectively (p < 0.05 vs. control).  
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Fig. 10: Effect of SNs of cocultures vs mixtures of pancreatic stellate cell (PSC) and 

pancreatic carcinoma cell (PCC) SNs on HUVEC migration (single cell tracking 

assay).  
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HUVEC were seeded and starved as described in Fig. 7. After the addition of 5% CE, 45% D/F and 

50% different types of coculture or mixture SNs, movies and velocity of cells were obtained also as 

described in Fig. 7. The addition of different ratios of coculture and mixture of PSC/MiaPaCa2 SN (3:1, 

1:1, 1:3) to cultured HUVEC in one experiment showed that coculture of PSC/MiaPaCa2 SN had higher 

velocity compared with control group (D/F), PSC SN and mixture of PSC/MiaPaCa2 SN and suggested 

a synergistic effect. 

(A) Cell migration track during 24 hours of cultured HUVEC incubated with different ratios of 

coculture and mixture of PSC/MiaPaCa2 SNs.  

(B) Effect of different ratios of coculture and mixture of PSC/MiaPaCa2 SNs on random migration of 

HUVEC. The results are expressed as the mean ± SE of 3 experiments. Statistically significant 

difference  (* p < 0.05) compared with control, (# p < 0.05) compared with PSC and ($ p < 0.05) 

compared with mixture of PSC/MiaPaCa2 SN. 

 

3.3.5 SNs of PSC and cocultures of PSC/MiaPaCa2 stimulated directed migration of 

cultured HUVEC 

The addition of PSC and PSC/MiaPaCa2-coculture SN (cultured at ratios 3:1 or 1:3) to 

HUVEC showed more migrated cells compared with control group (D/F), indicating the 

higher directed migration ability, whereas MiaPaCa2 and SN of cocultures of 

PSC/MiaPaCa2 (1:1) did not stimulate migration (Fig. 11). Control medium (D/F), PSC 

SN, PSC/MiaPaCa2 coculture SN (3:1, 1:1, 1:3), and MiaPaCa2 SN stimulated 6.0 ± 1, 15 

± 3, 20 ± 1, 13 ± 1, 28 ± 6, and 11 ± 1 cells per well to migrate, respectively (p < 0.05 vs. 

D/F).  
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Fig. 11: Effect of pancreatic stellate cell (PSC), MiaPaCa2, and PSC/MiaPaCa2 

coculture SNs on HUVEC migration (Boyden chamber assay). 

HUVEC were seeded in the upper well of Boyden chamber (filter membrane with 8 µm diameter 

minipore) at a concentration of 320,000 cells/ml and the lower chamber was filled with different SNs. 

After 16 hours of incubation, cells on the upper side of the membrane (non-migrated cells) were 
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removed and cells on the lower side of the membrane (migrated cells) were stained and counted for 

each well. The wells of PSC and coculture of PSC/MiaPaCa2 SNs all showed more migrated cells 

compared with control group (D/F), indicating the higher directed migration ability. 

(A) Two example photomicrographs of cells which migrated through the filter membrane after staining 

with Giemsa.  

(B) Effect of SNs of PSC, MiaPaCa2 and coculture of PSC/MiaPaCa2 on HUVEC directed migration. 

The results are expressed as the mean ± SE of 3 experiments. Statistically significant difference (* p < 

0.05) compared with control (D/F). 

 

3.4 Effects of SNs of PSC and PCC on HUVEC Tube Formation 

HUVEC tube formation was assessed by seeding cells on Matrigel and incubating them 

with medium (20%) plus 80% of different types of PSC/PCC SNs at a concentration of 

200,000 cells/ml, then counting four parameters (number of tubes, total tube length, 

number of tube-tube contacts and number of branch points) in each well under the 

microscope after 4 hours. 

Strikingly, only pure PSC SN stimulated all four parameters of tube formation. In case of 

other SNs there were only some parameters affected compared with control group (D/F), 

indicating only a weak effect of these SNs on the HUVEC tube formation ability.  

In case of the parameter “number of tubes”, addition of PSC SN to cultured HUVEC 

showed a significantly higher number of tubes compared with control group (D/F), 

whereas coculture of PSC/PCC and pure PCC SNs did not (Table 1, Fig. 12).  

For the parameter “total tube length”, the condition of PSC-SN, coculture of 

PSC/MiaPaCa2-SN (3:1) and ULA-PaCa-SN to cultured HUVEC showed higher value of 

total tube length compared with control group (D/F), whereas other coculture SNs and pure 

PCC SNs did not (Table 2, Fig. 12). 

In case of the parameter, “number of tube-tube contacts”, the condition of PSC-SN, 

coculture of PSC/MiaPaCa2-SN (3:1) and ULA-PaCa-SN to showed higher numbers of 

tube-tube contacts compared with control group (D/F), whereas other coculture SNs and 

pure PCC SNs did not (Table 3, Fig. 12). 

For the parameter of “number of branch points”, addition of PSC-SN, coculture of 

PSC/MiaPaCa2-SN (3:1) and ULA-PaCa-SN to cultured HUVEC showed higher number 

of branch points compared with control group (D/F), whereas other coculture SNs and pure 
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PCC SNs did not (Table 4, Fig. 12). 

 

Table 1  Effect of SNs of pancreatic stellate cell (PSC) and pancreatic carcinoma cell 

(PCC) on HUVEC tube formation  Number of tubes 

Condition Mean SE p vs. D/F 

 D/F 15.17 2.32  

 PSC 49.67 3.18 0.005 

Co-PSC/MiaPaCa2 3:1 36.33 7.88 0.075 

 1:1 31.33 13.94 0.169 

 1:3 28.33 6.37 0.260 

 MiaPaCa2 23.00 7.01 0.500 

Co-PSC/Panc1 3:1 29.33 8.06 0.227 

 1:1 30.67 8.25 0.187 

 1:3 34.33 6.22 0.105 

 Panc1 28.50 6.53 0.255 

Co-PSC/ULA-PaCa 3:1 32.00 8.33 0.153 

 1:1 32.83 10.31 0.134 

 1:3 27.00 13.70 0.311 

 ULA-PaCa 35.83 6.80 0.082 
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Table 2  Effect of SNs of pancreatic stellate cell (PSC) and pancreatic carcinoma cell 

(PCC) on HUVEC tube formation  Total tube length (mm) 

Condition Mean SE p vs. D/F 

 D/F 12.07 1.54  

 PSC 39.79 2.29 0.005 

Co-PSC/MiaPaCa2 3:1 32.62 7.44 0.031 

 1:1 23.67 8.97 0.210 

 1:3 23.85 5.13 0.203 

 MiaPaCa2 18.21 4.43 0.503 

Co-PSC/Panc1 3:1 24.82 6.50 0.169 

 1:1 27.08 7.09 0.108 

 1:3 29.29 6.47 0.067 

 Panc1 24.21 5.54 0.190 

Co-PSC/ULA-PaCa 3:1 25.82 6.23 0.139 

 1:1 28.13 9.39 0.086 

 1:3 21.46 9.48 0.308 

 ULA-PaCa 32.36 6.59 0.033 
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Table 3  Effect of SNs of pancreatic stellate cell (PSC) and pancreatic carcinoma cell 

(PCC) on HUVEC tube formation  Number of tube-tube contacts 

Condition Mean SE p vs. D/F 

 D/F 16.17 2.80  

 PSC 85.50 9.46 0.006 

Co-PSC/MiaPaCa2 3:1 67.33 22.90 0.036 

 1:1 42.67 24.47 0.265 

 1:3 41.00 15.88 0.296 

 MiaPaCa2 27.17 10.20 0.641 

Co-PSC/Panc1 3:1 47.83 14.62 0.185 

 1:1 53.00 15.18 0.125 

 1:3 61.83 15.30 0.060 

 Panc1 47.00 12.58 0.196 

Co-PSC/ULA-PaCa 3:1 49.33 15.44 0.166 

 1:1 54.50 27.53 0.111 

 1:3 35.00 20.69 0.426 

 ULA-PaCa 64.17 15.37 0.048 
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Table 4  Effect of SNs of pancreatic stellate cell (PSC) and pancreatic carcinoma cell 

(PCC) on HUVEC tube formation  Number of branch points 

Condition Mean SE p vs. D/F 

 D/F 5.17 1.92  

 PSC 35.50 7.23 0.008 

Co-PSC/MiaPaCa2 3:1 31.17 12.06 0.021 

 1:1 16.50 10.30 0.298 

 1:3 15.83 6.93 0.327 

 MiaPaCa2 9.83 3.66 0.666 

Co-PSC/Panc1 3:1 20.17 7.07 0.171 

 1:1 21.83 6.49 0.130 

 1:3 26.17 8.28 0.059 

 Panc1 19.00 6.06 0.206 

Co-PSC/ULA-PaCa 3:1 18.50 4.73 0.223 

 1:1 23.33 12.53 0.100 

 1:3 13.00 7.94 0.470 

 ULA-PaCa 28.50 6.66 0.037 
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Fig. 12: Effect of SNs of pancreatic stellate cell (PSC) and pancreatic carcinoma cell 

(PCC) on HUVEC tube formation.  
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HUVEC tube formation was assessed by seeding cells on Matrigel and incubating with 80% different 

types of PSC/PCC SN with the concentration of 200,000 cells/ml, then counting four parameters 

(number of tubes, total tube length, number of tube-tube contacts and number of branching points) in 

each well under the microscope after 4 hours. Only pure PSC SN stimulated all four parameters of tube 

formation. In case of other SNs there were only some parameters affected compared with control group 

(D/F), indicating a weak effect of these SNs on the HUVEC tube formation ability (Fig. 12).  

(A) HUVEC tube formation with different SNs of PSC and PCC.  

(B) Effect of SNs of PSC and PCC on number of tubes of HUVEC.  

(C) Effect of SNs of PSC and PCC on total tube length of HUVEC.  

(D) Effect of SNs of PSC and PCC on number of tube-tube contacts of HUVEC.  

(E) Effect of SNs of PSC and PCC on number of branch points of HUVEC.  

The results are expressed as the mean ± SE of 3 experiments. Statistically significant difference (* p < 

0.05) compared with control. 

 

3.5 Effect of MMP Inhibitor GM6001 on HUVEC Migrati on 

The effect of the MMP inhibitor GM6001 on HUVEC random migration was assessed by 

single cell tracking. HUVEC were seeded in 24-well plates at a density of 5000 cells/cm2, 

first cultured in C/E, then starved in D/F with 0.25% FCS for 16 hours. After the addition 

of different SNs together with different concentrations (0 µM, 1 µM, 10 µM, 25 µM) of 

MMP inhibitor GM 6001, 1 position in each well was selected under the microscope at a 

magnification of 4×10-fold and pictures were taken every 30 minutes during 24 hours to 

obtain timelapse movies. Then ImageJ software was used to track 30 cells in each movie 

and got the velocity of cells. 

 

HUVEC cultured with PSC-SN and SNs of cocultures of PSC/MiaPaCa2 showed a lower 

velocity when different concentrations of MMP inhibitor GM 6001 were added, indicating 

that MMPs are involved in random migration of HUVEC under these two conditions. 

However, HUVEC cultured with other conditions of SNs did not show the same effect 

(Table 5, Fig. 13).  
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Table 5  Effect of MMP inhibitor GM6001 on HUVEC migration 

Condition GM6001 (µM) Mean Velocity (µm/h) SE p vs. w/o GM6001 

C/E 0 26.62 1.00  

 1 25.02 0.52 0.554 

 10 24.34 1.48 0.401 

 25 23.56 1.29 0.260 

D/F 0 17.25 0.74  

 1 16.95 1.43 0.911 

 10 16.96 0.93 0.915 

 25 16.30 1.20 0.725 

PSC 0 25.70 2.06  

 1 18.37 1.61 0.009 

 10 16.20 0.26 0.001 

 25 15.99 0.58 0.001 

Co-PSC/MiaPaCa2 0 30.06 3.70  

 1 22.76 1.56 0.009 

 10 23.87 2.84 0.026 

 25 22.10 2.35 0.005 

Mix-PSC/MiaPaCa2 0 24.74 2.61  

 1 23.53 1.42 0.655 

 10 21.01 1.18 0.172 

 25 19.36 0.62 0.051 

MiaPaCa2 0 27.01 2.53  

 1 27.08 3.46 0.980 

 10 24.92 2.08 0.441 

 25 22.78 2.50 0.122 
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Fig. 13: Effect of MMP inhibitor GM6001 on HUVEC migration.   
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The effect of the MMP inhibitor GM6001 on HUVEC random migration was assessed by the single cell 

tracking. HUVEC were seeded in 24-well plates with the density of 5000 cells/cm2, first cultured in 

complete endoprime medium (C/E) then starved in DMEM/Ham’s F12 (D/F) with 0.25% FCS for 16 

hours. After the addition of different types of SNs together with different concentration of GM 6001, 1 

position in each well was selected under microscope to make movies.  

Analysis of the tracks revealed that increasing concentrations decreased average velocity of HUVEC 

when cultured with PSC SN or SNs of cocultures of PSC/MiaPaCa2. This indicates that random 

migration of HUVEC under these two conditions partially depends on MMPs. However, HUVEC 

cultured with other conditions of SNs did not show the same effect. 

(A) Tracks of HUVEC migrating during 24 hours incubated with different types of SNs together with 

different concentrations of GM 6001.  

(B) Concentration-dependent effects of GM6001 on HUVEC migration. The results are expressed as the 

mean ± SE of 3 experiments. Statistically significant difference (* p < 0.05) compared with SNs without 

inhibitor. 

 

3.6 Measurement of MMP-2 in PSC and PCC SNs by Zymography 

Gelatin zymography was performed to demonstrate the secretion of MMP-2 in PSC, 

MiaPaCa2 and coculture of both cells.  

As shown in Fig. 14, the most prominent band had a molecular weight of 72 KD, which 

was suggestive of MMP-2. The intensity of the MMP-2 band in pure PSC SN was set to 1, 

the other band intensities were devided by the band of the PSC SN. Results show that 

coculture of PSC/MiaPaCa2 SN lead to the highest expression of MMP-2, followed by 

pure PSC SN, mixture of PSC/MiaPaCa2 SNs, and pure MiaPaCa2 SN. Due to a high 

variability, the results were not statistically significantly different (coculture vs. PSC: p = 

0.205) (Fig. 14). 
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Fig. 14: Expression of MMP-2 in pancreatic stellate cell (PSC) and pancreatic 

carcinoma cell (PCC) SNs (zymography). 

Gelatin zymography was performed to measure the expression of MMP-2 in pure PSC SN, SNs of 

cocultures of PSC/MiaPaCa2, mixture of PSC/MiaPaCa2 SNs, and pure MiaPaCa2 SN. The band at a 

molecular weight of 72 KD which corresponds to MMP-2. SN of cocultures of PSC/MiaPaCa2 showed 
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the highest expression of MMP-2, followed by lower expression in pure PSC SN, mixture of 

PSC/MiaPaCa2 SNs, and pure MiaPaCa2 SN. 

(A) Representative zymography showing MMP-2 in PSC and PCC SNs.  

(B) Quantitative expression of MMP-2 in PSC and PCC SNs as revealed by measuring band intensities 

by ImageJ and deviding them by the intensity of PSC SN. The results are expressed as the mean ± SE of 

3 experiments. 

 

3.7 Measurement of MMP-2 in PSC and PCC SNs by Multiplex Luminex xMAP 

Technology 

The secretion of MMP-2 by PSC and PCC SN was measured by multiplex luminex xMAP 

technology.  

Data shown in Fig. 15 represents the concentration of MMP-2 in each sample. 

Interestingly, HUVEC express the highest amount of MMP-2, but reasonable amounts 

have also been detected in PSC SN and SN of cocultures of PSC/MiaPaCa2, the latter 

expressing a little bit more than pure PSC ( 350.07 ± 99.65 pM vs. 301.80 ± 21.29 pM), 

whereas hardly MMP-2 could be detected in MiaPaCa2 SN (16.18 ± 6.15 pM). 
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Fig. 15: Expression of MMP-2 in pancreatic stellate cell (PSC) and pancreatic 

carcinoma cell (PCC) SNs (multiplex luminex xMAP technology). 

Multiplex luminex xMAP technology was performed to measure the expression of MMP-2 in pure PSC 

SN, SN of cocultures of PSC/MiaPaCa2, pure MiaPaCa2 SN, and HUVEC. Data showed that HUVEC 
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SN contained the highest amount of MMP-2, followed by SN of cocultures of PSC/MiaPaCa2 and pure 

PSC SN, whereas MiaPaCa2 SN expressed very little amount of MMP-2. The results are expressed as 

the mean ± SE of 3 experiments. 
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4. DISCUSSION 

Since PSCs and PCCs can produce a series of angiogenesis stimulating factors, they might 

have a proangiogenic function during the development of pancreatic carcinoma. This study 

investigated the effects of PSCs and PCCs on HUVEC as an in vitro model for 

angiogenesis. The obtained data show that, through interaction of PSC with PCC, 

proliferation, migration, and tube formation of HUVECs are stimulated. In addition, 

MMPs seem to play an important role in stimulated HUVEC migration. 

 

4.1 Effect of SNs of PSC and PCC on HUVEC Proliferation 

An accurate method to measure cell proliferation is to quantify de-novo DNA synthesis. 

EdU (5-ethynyl-2′-deoxyuridine) is a novel alternative to bromo-deoxyuridine (BrdU). It is 

a nucleoside analog of thymidine and is incorporated into DNA during active DNA 

synthesis (during S-phase of cell cycle). Detection of EdU is based on a copper-catalyzed 

covalent reaction between an Alexa Fluor-488 azide dye and an alkyne group of EdU. The 

advantage of the EdU labeling assay is that in contrast to the BrdU assay, no denaturation 

of DNA and no antibody is required. The small azide dye can directly react with EdU 

incorporated in DNA, followed by fluorescence microscopy.  

 

We first studied the effects of PSC and PCC on HUVEC proliferation. Our data showed 

that PSC-SN or PCC-SNs increased the number of EdU labeled nuclei compared with 

control group (D/F), indicating a higher proliferation. This effect was not dose dependent 

indicating that low doses/concentrations of SNs are already sufficient to stimulate a 

considerable high proliferation of HUVEC. SNs of cocultures of PSC and MiaPaCa2 or 

Panc1 (3:1, 1:3) did not stimulate HUVEC proliferation, whereas SN of cocuture of PSC 

and Panc1 (1:1) or ULA-PaCa stimulated HUVEC proliferation compared with control 

group (D/F).  

Erkan et al. have shown that PSCs are the dominant producers of VEGF and increase 

endothelial cell growth in vitro (Erkan et al., 2009). Data from Masamune et al. indicate 

that conditioned media of hypoxia-treated PSCs induce endothelial cell proliferation in 
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vitro and in vivo. PSCs express several angiogenesis-regulating molecules including VEGF 

receptors, angiopoietin-1, and Tie-2. In addition, proliferation induced by hypoxia 

conditioned medium was inhibited by ERK and Akt inhibitors suggesting that these two 

pathways are involved (Masamune et al., 2008). Xu et al. injected MiaPaCa-2 and hPSCs 

into nude mice and found an increased CD31 expression in primary tumors indicating 

increased proliferation of endothelial cells (Xu et al., 2010).  

PSC and PCC alone can both produce potent mitogenic factors for HUVECs such as 

VEGF, FGF and PDGF, which may explain our observation that HUVEC treated by SNs 

of PSC or PCC showed more EdU labeled nuclei compared with control group.  

Among the identified proangiogenic regulators, the VEGF system plays a central role in 

regulating tumor angiogenesis (Cross et al., 2003). Now it is known that VEGF induces 

HUVEC proliferation and migration through the phosphorylation of VEGF receptor 

VEGFR-1 (Flt-1) and (VEGFR)-2 (KDR/Flk-1), whereas tube formation is only induced 

by VEGFR-2 (Yi et al., 2008; Xiao et al., 2007; Lin et al., 2006; Itokawa et al., 2002; Chen 

et al., 2005). As another important pro-angiogenic factor, FGF and their receptors are 

overexpressed in various types of cancers. They are important factors for tumor angiogenis 

and serve as endothelial cell (EC) survival factors (Sato et al., 1988). Kumar et al. studied 

the different effects of cytokines related to angiogenesis on HUVEC in vitro and showed 

that PDGF was also a potent mitogen and its effect was less than bFGF and VEGF (Kumar 

et al., 1998). 

It is also possible that other factors produced by PSC or PCC participate in the mitogenic 

effect on HUVEC such as hepatocyte growth factor (HGF) and interleukin (IL)-8. HGF is 

a mitogen for epithelial cells that regulates cell proliferation, migration, survival, tumor 

angiogenesis, and invasiveness (Grant et al., 1993). Data from Xu showed that HGF not 

only enhanced the invasiveness and proliferation of pancreatic cancer cells, but also 

enhanced migration, proliferation and tube formation of HUVEC (Xu et al., 2010). IL-8 is 

a member of a group of multifunctional inflammatory cytokines and has been shown to 

regulate pathologic angiogenesis, tumor growth, and metastasis formation (Koch et al., 

1992). Matsuo proved that IL-8 secretion levels by pancreatic cancer cells (MiaPaCa2) and 

PSC strongly enhanced HUVEC proliferation and tube formation (Matsuo et al., 2004).  
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In contrast to monoculture of PSC or PCC SNs, coculture SNs did not stimulate HUVEC 

proliferation significantly (see Fig. 4). This could be due to, for example, the synthesis of 

anti-mitogenic factors during the coculture of PSC and PCC. 

Erkan et al. cocultured PSC with MiaPaCa-2 and Panc1-1 cell lines and found that cancer 

cells induced VEGF secretion of PSCs, whereas PSCs increased endostatin production of 

cancer cells (Erkan et al., 2009). PSCs could not antagonize the antiangiogenic effects of 

PCCs, so the coculture SNs predominantly inhibited endothelial proliferation. Eventually, 

the net effect of coculture SN depends on the relation of the number of PSC and PCC in 

coculture. Furthermore in vivo additional factors might play a role. 

 

The MTT assay confirmed the data of the EdU assay, however the MTT assay was less 

sensitive. 

 

Our results are in contrast to the report of Erkan et al., which showed that MiaPaCa-2 or 

Panc1-1 cells alone, or their coculture with PSCs, suppressed HUVEC viability and 

proliferation (Erkan et al., 2009). The discrepancy may be due to different experimental 

conditions. We performed not only MTT, but also EdU, a more sensitive assay to 

determinate HUVEC proliferation and got coincident results. In addition, HUVECs were 

starved for 16 hours to induce all cells into G0 phase before stimulation in our experiment, 

it may cause more obvious increase of proliferation. 

 

4.2 Effect of SNs of PSC and PCC on HUVEC Apoptosis 

The PI/Hoechst staining assay was performed to investigate the effect of PSC and PCC on 

HUVEC viability (cell death). HUVEC incubated with different concentrations of PSC or 

PCC SNs showed signficantly less PI labeled nuclei compared with control group (D/F), 

indicating a lower rate of cell death. Same as before, the effect was not dose dependent.  

Among the known mitogenic factors produced by PSC and PCC, VEGF, FGF and PDGF 

also have protective/anti-apoptosic effects on HUVEC. For example, VEGF acts also as a 

survival factor for endothelial cells, rendering them more radio-resistant (Gupta et al., 

2002). 
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4.3 Effect of SNs of PSC and PCC on HUVEC Migration 

HUVEC random migration was assessed by single cell tracking, a well established in vitro 

system for measuring cell motility. This is probably the best way to quantitate cell motility.  

 

HUVEC incubated with different concentrations of SNs of pure PSC or PCC cultures 

showed higher velocities compared with control group (D/F), indicating a higher random 

migration. In contrast to the effect of these SNs on cell proliferation and viability, this 

effect was dose dependent. This argues for different factors being involved in stimulation 

of proliferation versus migration. Probably also the underlying mechanisms might be 

different. 

  

HUVEC incubated with different SNs of cocultures of PSC and PCC also showed higher 

velocities compared with control group (D/F). Interestingly the stimulatory effect was 

significantly higher compared to that of SNs of pure PSC or PCC cultures. A 1:1 mixture 

of SNs of pure PSC and PCC also stimulated random migration, but to a significantly 

lesser extend than SNs of cocultures (see Fig. 8,9,10). This argues for a ‘synergistic effect’ 

of both cell types in coculture resulting in the synthesis of migration stimulating factor(s). 

 

Directed migration of HUVEC was assessed by the Boyden chamber assay, a well 

established in vitro system for measuring the chemoattractant ability of growth factors or, 

for example, cell-conditioned media. It mimics the process of proangiogenic factors 

stimulating endothelial cells to migrate and invade the ECM towards the chemotactic 

angiogenic stimuli. Our data show that all wells filled with SNs of PSC or cocultures of 

PSC/MiaPaCa2 significantly stimulated HUVEC migration compared with control group 

(D/F). 

 

Endothelial cell migration is essential to angiogenesis, which is regulated by chemotactic, 

haptotactic, and mechanotactic stimuli (Lamalice et al., 2007). As mentioned before, 

VEGF is one of the most potent migratory factors of HUVEC. It induces HUVEC 

migration through VEGFR-1 and -2. (Yi et al., 2008; Xiao et al., 2007; Lin et al., 2006; 
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Itokawa et al., 2002).   

In addition, Chung et al. have demonstrated that MMP-1 from bFGF-conditioned media 

plays an important role in endothelial cell migration (Chung et al., 2011).  

Galectin-3 is the major nonintegrin cellular laminin-binding protein. Unpublished data 

from our lab proved the expression of galectin-3 in PSC and PCC cell line. Nangia et al. 

examined the role of galectin-3 in the regulation of HUVEC proliferation, migration, and 

tube formation and showed that galectin-3 is secreted by tumor cells as well as PSC and 

may also act on endothelial cells to induce chemotaxis and facilitate their motility during 

the initial phase of tube formation (Nangia et al., 2000).  

 

To simulate the in vivo situation we cocultured PSC and PCC in different ratios and 

collected the conditioned coculture SNs to treat HUVEC. HUVEC treated with coculture 

SNs showed higher velocity than monoculture SNs of PSC or PCC, and the different ratios 

of mixtures revealed, for the first time, a ‘synergistic effect’ of PSC and PCC on HUVEC 

migration. 

It is becoming clearer that tumors grow by co-opting their neighboring stromal cells, which 

then provide the tumors with environmental and vascular support (Vonlaufen et al., 2008). 

There are various different angiogenic factors secreted by PSC and PCC in the 

microenvironment of pancreatic carcinoma and related receptors located on PSC and PCC 

so constituting a complex paracrine and autocrine network. Our data and previous studies 

suggest that PSCs constitutively produce and secrete an array of proangiogenic factors 

including MMPs, VEGF, bFGF, IL-8, and PDGF. Many of these factors act additively or 

synergistically to promote neovascularization (Omary et al., 2007; Hartlapp et al., 2001; 

Risau, 1997). Additionally, several signaling pathways, e.g. those activated by PDGF and 

VEGF, may act synergistically to stimulate endothelial motility and induce angiogenesis 

(Garcea et al., 2004; Takahashi et al., 1998).  

Erkan et al. cocultured PSC with PCC and compared the effect of the SN with the sum of 

the individual SNs of PCCs and PSCs and found the amount of VEGF secreted in the 

coculture SN to be significantly higher (Erkan et al., 2009).  

Data from Masamune et al. show that conditioned media of hypoxia-treated PSCs induced 
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endothelial cell migration, in vitro and in vivo, by the activation of ERK and PI3K/Akt 

pathways. In addition, PSCs express VEGF receptors. VEGF and its receptors are 

overexpressed in human pancreatic cancer as well as in endothelial cells. That is why 

VEGF produced by PSCs might affect the behavior of neighboring pancreatic cancer cells 

in a paracrine manner and themselves in an autocrine manner (Masamune et al., 2008; 

Itakura et al., 2000).  

Data from Yoshiji et al.show that the expression of VEGF mRNA in a liver tumor was 

increased by bFGF overexpression, and that the bFGF-induced tumor development was 

significantly inhibited by treatment with KDR/Flk-1, a neutralizing monoclonal antibody 

(mAb) (Yoshiji et al., 2002). This suggests that bFGF synergistically augments 

VEGF-mediated hepatocellular carcinoma development and angiogenesis, at least in part, 

by induction of VEGF through KDR/Flk-1.  

Additionally, it was shown that VEGF stimulates a type of neoangiogenesis in which 

endothelial cell migration and growth are dependent on attachment to αvβ5 integrins, 

whereas neoangiogenesis induced by bFGF is dependent on αvβ3 integrins (Kern et al., 

1996). Similarly, TGFβ stimulates angiogenesis through up-regulation of α2, α5, and β1 

integrins (Enenstein et al., 1992).  

The present study clearly provides a novel insight into the cooperative interactions between 

pancreatic cancer cells and stromal cells (PSC in pancreatic carcinoma) with respect to the 

biological effects of cytokines. These results indicate that the interaction between 

pancreatic cancer cells and PSC may produce an important cytokine network to regulate 

the process of angiogenesis. 

 

4.4 Effect of SNs of PSC and PCC on HUVEC Tube Formation 

The tube formation assay is based on the ability of endothelial cells to form three 

dimensional capillary-like tubular structures when cultured on a gel of basement 

membrane extract. Therefore, the HUVEC tube formation assay is an useful in vitro 

angiogenesis model. HUVEC on reconstituted basement membrane migrate, attach to each 

other, and form tubular structures.  

On a gel prepared with undiluted Matrigel there is a rapid organization of endothelial cells 



DISCUSSION                                                           63 

into capillary-like structures. It is now well accepted that the Matrigel system is a reliable 

models to assess angiogenesis in vitro (Kubota et al., 1988). Short term culture on Matrigel 

does not involve cell proliferation and migration. The Matrigel matrix is a mixture of 

mouse basement membrane extracted from the Engelbreth-Holm-Swarm mouse sarcoma, a 

tumor rich in ECM proteins. It is composed of laminin, collagen type IV, entactin/nidogen, 

and heparan sulfate proteoglycan. Thus, the Matrigel matrix closely mimics the physical 

properties and functional characteristics of basement membranes in vivo. 

 

HUVEC tube formation was assessed by seeding cells on Matrigel followed by counting 

four parameters including number of tubes, total tube length, number of tube-tube contacts, 

and number of branch points in each whole well under the microscope. 

HUVEC incubated with different types of PSC/PCC SNs showed higher values in all of 

these four parameters compared with control group (D/F), but only the conditioned 

medium of monoculture PSC SNs presented statistically higher value in all of them, 

indicating that PSC have the most potent effect on tube formation.  

 

Monoculture or coculture of PSC and PCC can produce differentiation factors such as 

VEGF, bFGF and IL-8 to promote tube formation of HUVEC. For example, VEGF 

induces HUVEC tube formation through VEGFR (Yi et al., 2008; Lin et al., 2006).  

Supernatants of cocultures and monocultures of PCC, did not significantly augment tube 

formation, maybe due to some inhibitors (i.e. endostatin) synthesized under these 

conditions.  

Data from Masamune et al. showed that conditioned media of hypoxia-treated PSCs 

induced VEGF expression supporting the alignment of endothelial cells and formation of 

lumen-like structures (Masamune et al., 2008). Xu et al. injected MiaPaCa-2 and hPSCs 

into nude mice and found increased tube formation of HMEC-1 treated by the SNs 

collected from the metastasis (Xu et al., 2010).  

IL-8 is a multifunctional inflammatory cytokine which has been shown to regulate 

pathologic angiogenesis, tumor growth, and metastasis formation (Koch et al., 1992). 

Matsuo proved that IL-8 secretion by pancreatic cancer cells (MiaPaCa2) and PSC strongly 
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enhanced HUVEC tube formation (Matsuo et al., 2004).  

Blackburn et al. revealed in his research that MMP-1 directly promotes tube formation of 

endothelial cells (Blackburn et al., 2008). 

In addition, other factors such as HGF and galectin-3 might also participate in the tube 

formation process of HUVEC (Xu et al., 2010; Nangia et al., 2000). 

 

In summary, there are several potential factors promoting tube formation of HUVEC. 

Some of them have been shown to be expressed by PSC and/or PCC, but further 

experiments are necessary to identify which factors are most relevant in our system. 

Anyway, in this study we have revealed that PSC, and to a lesser extend also PCC and 

cocultures of PSC/PCC can promote tube formation. Importantly, PSC seem to play a more 

important role in this interaction than cancer cells. 

 

4.5 Effect of the MMP Inhibitor GM6001 on HUVEC Cell Motility  

The effect of GM6001, a broad-spectrum MMP inhibitor, on HUVEC random migration 

was also assessed by single cell tracking.  

HUVEC cultured with PSC or SN of cocultures of PSC/MiaPaCa2 showed lower velocity 

with increasing concentrations of MMP inhibitor GM 6001. However, HUVEC cultured 

with other SNs did not show the same effect.  

These results suggest that MMPs are involved in the migration-stimulatory effect of 

conditioned medium from monocultures of PSC and cocultures of PSC/MiaPaCa2. 

 

MMPs are extracellular zinc-dependent endopeptidases involved in the degradation and 

remodelling of the ECM in physiological and pathological processes. MMPs also play a 

role in cell proliferation, migration, differentiation, angiogenesis, and apoptosis.  

In a fashion similar to cancer cell invasion, angiogenesis requires endothelial cells to 

degrade their neighbouring basement membrane and to infiltrate the surrounding 3-D 

interstitial matrix (Chun et al., 2004). In either case, the rate-limiting step is the breakdown 

of connective tissue barriers comprising collagens, laminins, fibronectin, vitronectin, and 

heparan sulfate proteoglycans, which requires the action of MMPs. The endothelial cells 
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respond to angiogenesis stimulating factors by secreting proteases and plasminogen 

activators, resulting in basement membrane degradation, followed by migration into the 

surrounding matrix, proliferation, and, ultimately, differentiation. 

Although the contribution of MMPs to angiogenesis has been attributed primarily to their 

ability to break down the ECM, they also function to promote angiogenesis by regulating 

endothelial cell attachment, proliferation, migration, and growth, either directly or by 

release of growth factors sequestered in the ECM. The most direct and compelling 

evidence for this conclusion was that MMP inhibitors, both synthetic and endogenous, 

inhibit angiogenic responses, including cell migration both in vitro and in vivo (Stetler et 

al., 1999; Chang et al., 2001).  

 

MMPs may influence HUVEC migration in four ways. 

Firstly, the activated PSC or PSC cocultured with MiaPaCa2 produce MMPs to break 

down the connection between HUVECs and ECM produced by HUVECs to facilitate the 

migration of HUVEC toward the source of the angiogenic stimulus. Bellmunt et al. has 

reported that the activated endothelial cells produce MMPs to break down the ECM toward 

the source of the angiogenic stimulus for proliferation and migration (Bellmunt et al., 

2003). In addition, MMP-2 has a great affinity for degrading fibronectin, laminin, elastin 

and collagens and thereby promotes endothelial cell invasion into the surrounding 

interstitial matrix (Allen et al., 2003).  

Secondly, some (as yet) unknown receptors of angiogenic factors located on the HUVEC 

membrane may be exposed by the degradation of cell-cell connections and ECM. 

Consequently, migratory factors influencing HUVEC migration would be more effective. 

Similar as Stamenkovic et al. reported, these proteinases expose new cryptic epitopes in 

ECM proteins or change their structure, which induces endothelial cell migration 

(Stamenkovic, 2003).  

Thirdly, MMPs may activate other angiogenic factors to promote HUVEC migration. 

MMP-2 activates angiogenic factors including VEGF, FGF-2 and TGF-β during the 

degradation of ECM (Lai et al., 2008). Among the soluble factors implicated in 

coordinating tumor-host cross talk, TGF-β plays a leading role. It stimulates fibroblast 



DISCUSSION                                                           66 

growth and ECM secretion and promotes late-stage carcinoma invasiveness (Bierie et al., 

2006). MMP-2 activates growth factors, including TGF-β; promotes invasion and interacts 

with αvβ3 integrin on the cell surface (Egeblad et al., 2002; Stamenkovic, 2003). 

Furthermore, VEGF expression can be up-regulated by other growth factors including 

TGF-β. 

Finally, MMP can release the angiogenic factors embedded in the ECM produced by 

HUVEC themselves and facilitate these factors to participate in HUVEC migration. In the 

course of tissue-invasive events, each migrating cell population is embedded within the 

ECM  a crosslinked macromolecular network of proteins, glycoproteins, and 

proteoglycans that maintains tissue architecture while regulating cell function and fate 

(Chun et al., 2006). Interestingly, several growth factors, such as VEGF, TGFß, FGFs, 

PDGF-BB and insulin-like growth factor-I (IGF-1) are sequestered within the ECM, which 

thus acts as a sponge for these factors. Proteases from cancer cells or MMPs from PSC 

might degrade the ECM and release these bound growth factors. MMPs also act on the 

non-matrix substrates, including cell surface and matrix-bound growth regulators, releasing 

them from stores (Coussens et al., 1999). On the other hand, MMP-2 may facilitate 

endothelial cell invasion by removing matrix barriers or initiating signaling pathways that 

promote or support the angiogenic phenotype. Recent findings demonstrate that MMP-2 

activity may generate ECM degradation fragments, leading to signals required for cell 

survival and/or migration. It is also important to note that the ECM fragments cleaved by 

MMPs can also be pro-angiogenic molecules; for example, the trimeric NC1 domain of 

collagen XVIII induces endothelial cell migration in angiogenesis (Kuo et al., 2001).  

 

There is indirect evidence showing the migratory effect of MMPs on endothelial cells. 

Malik el al. has reported that conditioned medium collected from the HEK293 cells 

overexpressing human pituitary tumor transforming gene (PTTG) significantly increased 

cell migration, invasion, and tube formation of HUVEC. Pretreatment of conditioned 

medium with MMP-2-specific antibodies significantly reduced these effects, suggesting 

that PTTG may contribute to tumor angiogenesis and metastasis via activation of 

proteolysis and increase invasion through modulation of MMP-2 activity and expression 
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(Malik et al., 2006). Data from Huang et al. show that signal transducers and activators of 

transcription 3 (STAT3) can stimulate HUVEC cell migration and cell proliferation. RNAi 

against STAT3 inhibited these effects and suppressed the levels of expression of MMP-2 

(Huang et al., 2011). Kunimasa et al. reported that nobiletin had concentration-dependent 

inhibitory effects on multiple functions of angiogenesis-related endothelial cells. It 

suppressed the proliferation, migration and tube formation on matrigel of HUVEC. At the 

same time it suppressed pro-matrix metalloproteinase-2 (proMMP-2) production and 

MMP-2 mRNA expression in HUVEC (Kunimasa et al., 2010).  

 

4.6 Expression of MMP-2 in PSC and PCC SNs 

To investigate the secretion of MMP-2 in PSC and PCC, gelatin zymography was 

performed. The most prominent band at 72 kDa represents MMP-2. Coculture SN of 

PSC/MiaPaCa2 contained the highest amount of MMP-2, followed by monoculture PSC 

SN and mixture of PSC/MiaPaCa2 SN, whereas monoculture MiaPaCa2 SN showed 

almost no expression of MMP-2. These results suggest there may be a synergistic 

mechanism of MMP-2 production in cocultures of PSC and MiaPaCa2.  

For the quantitative determination of the concentrations of MMP-2 in secretion of PSC and 

PCC, the multiplex luminex xMAP technology was performed. For MMP-2, data showed 

the same trend as in zymography which means PSC/MiaPaCa2 coculture SN contained the 

highest amount of MMP-2, followed by monoculture PSC SN and monoculture MiaPaCa2 

SN. These results further support the hypothesis of a synergistic mechanism of MMP-2 

production in coculture of PSC and MiaPaCa2. 

In addition, we also measured the expression of MMP-2 in HUVEC SNs by the multiplex 

luminex xMAP technology and show that HUVEC also secrete significant amounts of 

MMP-2.  

Cancer cells can induce MMP synthesis via the release of IL1, TGFß1, TNFα, and 

extracellular matrix metalloproteinase inducer (EMMPRIN). Recent data from our group 

show that PSC significantly contribute to MMP-2 secretion in the desmoplasia of 

pancreatic cancer in vivo and in vitro. Secretion of MMP-2 by PSC by far exceeds that of 
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cancer cells (Schneiderhan et al., 2007). Data from our group and Zhang et al. have shown 

that CC express EMMPRIN and thereby stimulate the synthesis of MMPs in PSC 

(Schneiderhan et al., 2007; Zhang et al., 2007).  

EMMPRIN, also named Basigin or CD147, a type I transmembrane glycoprotein, has been 

extensively studied because it is involved in tumor cell migration and invasion, apoptosis, 

angiogenesis, and chemoresistance in a variety of cancers (Nabeshima et al., 2006). Most 

effects of EMMPRIN have been reported to be mediated by the induction of MMPs. For 

example, positive correlations between the expression of MMPs and EMMPRIN in breast 

cancer can be found in the report of Dalberg et al. (Dalberg et al., 2000). Furthermore, 

co-culture of cancer cells with stromal fibroblasts induces MMPs, which can be blocked by 

EMMPRIN antibodies (Kanekura et al., 2002). In addition, there is a positive feedback 

regulation of EMMPRIN and MMP-dependent generation of soluble EMMPRIN and this 

strongly accumulated MMP could again locally activate further MMPs, for example 

PSC-derived MMP-2 and MMP-9 (Tang et al., 2004). Finally, the up-regulation of MMP 

expression in PSC by CC-derived EMMPRIN accelerates tumor growth in vitro and in vivo 

(Schneiderhan et al., 2007).  

 

According to the zymography results, coculture of PSC/MiaPaCa2 produced the largest 

amount of MMP-2, followed by monoculture of PSC and mixture of PSC/MiaPaCa2 SN, 

whereas monocultures of MiaPaCa2 produced very few amounts of MMP-2. As a result, 

HUVEC treated by coculture of PSC/MiaPaCa2 SN presented the highest motility and this 

effect was due to the level of MMP-2 in the media. The fact that HUVEC treated by 

monoculture of MiaPaCa2 SN presented higher motility compared with the monoculture 

PSC-SN, indicates that there may be other migration stimulating factors produced by 

MiaPaCa2 cells. 

For coculture of PSC/MiaPaCa2 and monoculture of PSC can produce large amount of 

MMP-2, the motility of HUVEC treated in the SNs of these two conditions is inhibited 

dramatically. The mixture of PSC/MiaPaCa2 SNs also contained modest amounts of 

MMP-2 but the HUVEC motility in this condition was not inhibited by the MMP-2 
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inhibitor. Possible explanations are:  

1) The MMP-2 amount in the mixture of PSC/MiaPaCa2 SN is so low (at least half of that 

of the pure PSC SN) that the inhibitory effect by GM6001 is not obvious enough.  

2) There may be some factors synthesized during monoculture of MiaPaCa2 but cleaved 

during coculture of PSC/MiaPaCa2, which can antagonize the effect of GM6001 or even 

stimulate the migration of HUVEC, so that the MMP inhibitor has no effect in this 

condition. 

 

On the basis of our data, further work should be performed to clarify the mechanism how 

MMP-2 is involved in HUVEC migration and identify other angiogenic factors 

participating in HUVEC motility, as well as proliferation and tube formation. 

 

In conclusion, our experiments provide evidence that: 1) Both PSC and PCC stimulate 

angiogenic properties of HUVEC in vitro; 2) Via interaction of PSC and PCC angiogenesis 

stimulating activity is increased; 3) MMP-2 released through interaction of PSC and PCC 

seems to represent a prominent factor stimulating endothelial cell motility (Fig. 16). 
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Fig. 16: Role of pancreatic stellate cell (PSC) and pancreatic carcinoma cell (PCC) in 

angiogenesis of pancreatic carcinoma.  

PSC and PCC stimulate the proliferation of HUVEC; PSC and PCC stimulate the migration of HUVEC, 

additionally coculture of PSC/PCC show a synergistic effect; PSC stimulated the tube formation of 

HUVEC. 

 

Hopefully in the near future, new therapeutic options of pancreatic carcinoma might be 

developed which directly interfere with the tumor-host cross-talk. The most promising 

cellular target for anti-stromal treatment could be the matrix and growth factor producing 

PSCs and endothelial cells playing a central role in angiogenesis.
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5. SUMMARY 

Background: Angiogenesis represents a multistep process involving proliferation, 

migration and tube formation of endothelial cells. In most tumors including pancreatic 

carcinoma, angiogenesis plays a pivotal role in the cancer progression. It is now generally 

accepted that pancreatic stellate cells (PSCs) are the main source of extracellular matrix 

providing a microenvironment which is advantageous for pancreatic cancer growth and 

survival. Until now the role of PSCs in angiogenesis is unclear. This study investigated the 

role of PSCs, pancreatic carcinoma cells (PCCs) and the interaction of both cell types on 

angiogenesis using cultured human PSCs, PCCs and human umbilical vein endothelial 

cells (HUVECs). 

Methods: Supernatants (SNs) from human PSCs and PCCs, cultivated alone or in 

coculture, were added to cultured HUVECs.  

Proliferation and viability of HUVEC were measured by EdU incorporation assay, MTT 

assay and PI/Hoechst staining.  

Migration of HUVEC was quantified by single cell tracking and Boyden-chamber assay. 

Tube formation was shown by microscopy after seeding HUVEC on extracellular matrix 

gel.  

The metalloproteinase (MMP) inhibitor GM6001 was used to determine the role of MMPs 

on HUVEC migration.  

Expression of MMP-2 in PSCs and PCCs was shown by zymography and measured by the 

multiplex luminex xMAP technology. 

Results: PSC-SN and PCC-SNs stimulated proliferation, viability and migration of 

HUVEC. The effect on migration was dose dependent.  

SNs of PSC/PCC coculture stimulated HUVEC motility to a higher extent compared to the 

mixture of SNs of monoculture cells. This indicates a synergistic effect of PSC and PCC 

on the production of mitogens and motility stimulating factors. 

PSC stimulated tube formation of HUVEC, and the MMP inhibitor GM6001 reduced the 

migration of HUVEC stimulated by PSC or cocultures of PSC/PCC. Finally, cocultures of 

PSC/PCC expressed more MMP-2 than PSC and PCC alone. 
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Conclusion: Both PSC and PCC stimulate angiogenic properties of HUVEC in vitro. Via 

interaction of PSC and PCC angiogenesis stimulating activity is increased. MMP-2 

released through interaction of PSC and PCC seems to represent a prominent factor 

stimulating endothelial cell motility.
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