
Characterisation of human co-culture systems

for applications in bone tissue engineering

Dissertation zur Erlangung des Grades

„Doktor der Naturwissenschaften“

am Fachbereich Biologie

der Johannes Gutenberg-Universität

Renate Magdalene Ostertag

geborene Rehlich am 09. September 1982

in Bielefeld

September 10, 2013



Dekan:

1. Berichterstatter:

2. Berichterstatter:

Tag der mündlichen Prüfung: 06.09.2013



Für meine Familie



Luck is where preparation meets opportunity.

Randy Pausch



Contents

Abbreviations VIII

Introduction 1
1.1. Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2. Bone - A skeletal organ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1. Function, properties and structure . . . . . . . . . . . . . . . . . . . 3
1.2.2. Formation and degradation . . . . . . . . . . . . . . . . . . . . . . 5
1.2.3. Bone tissue engineering . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3. Blood vessels - Growth in development and disease . . . . . . . . . . . . . 9
1.3.1. Function, physiology and structure . . . . . . . . . . . . . . . . . . 9
1.3.2. Formation of blood vessels . . . . . . . . . . . . . . . . . . . . . . . 11
1.3.3. Regulation of angiogenesis . . . . . . . . . . . . . . . . . . . . . . . 12
1.3.4. Co-culture systems . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.4. Aim of this study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

Material and Methods 20
2.1. Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.1.1. Instruments and microscopes . . . . . . . . . . . . . . . . . . . . . 21
2.1.2. Consumables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.1.3. Chemicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.1.4. Buffers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.1.5. Solutions and cell culture media . . . . . . . . . . . . . . . . . . . . 25
2.1.6. Enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.1.7. Antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.1.8. Oligonucleotides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.1.9. Kit systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.1.10. Primary cells and cell lines . . . . . . . . . . . . . . . . . . . . . . . 28
2.1.11. Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.2. Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.2.1. Isolation of primary human endothelial cells . . . . . . . . . . . . . 29

2.2.1.1. Isolation of HUVEC . . . . . . . . . . . . . . . . . . . . . 29
2.2.1.2. Isolation of HDMEC . . . . . . . . . . . . . . . . . . . . . 29
2.2.1.3. Isolation of HPMEC . . . . . . . . . . . . . . . . . . . . . 31
2.2.1.4. Isolation of OEC . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.1.5. Isolation of pOB . . . . . . . . . . . . . . . . . . . . . . . 32

2.2.2. Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.2.1. Coating of cell culture surfaces . . . . . . . . . . . . . . . 33
2.2.2.2. Cell passage and cell seeding . . . . . . . . . . . . . . . . 33
2.2.2.3. Cryoconservation and thawing of cells . . . . . . . . . . . 34
2.2.2.4. Cell number quantification . . . . . . . . . . . . . . . . . . 34
2.2.2.5. Transfection of SaOS-2 . . . . . . . . . . . . . . . . . . . . 34
2.2.2.6. Cell treatment with growth factors . . . . . . . . . . . . . 35
2.2.2.7. 2-D co-cultures on cell culture plastic . . . . . . . . . . . . 35



Content

2.2.2.8. 2-D co-cultures with flexiPERM chamber . . . . . . . . . 35
2.2.2.9. 3-D culture in collagen type I gel matrix . . . . . . . . . . 36
2.2.2.10. 3-D culture in fibrin gel matrix . . . . . . . . . . . . . . . 36

2.2.3. Cytotoxicity assays . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.2.3.1. Calcein-AM cell viability assay . . . . . . . . . . . . . . . 37
2.2.3.2. Viability test with WST-1 . . . . . . . . . . . . . . . . . . 37

2.2.4. Protein biochemical methods . . . . . . . . . . . . . . . . . . . . . 38
2.2.4.1. ELISA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.2.4.2. EIA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.2.4.3. Immunofluorescent staining of cell components . . . . . . 39
2.2.4.4. Antibody array human angiogenesis . . . . . . . . . . . . 40
2.2.4.5. Protein quantification by BCA assay . . . . . . . . . . . . 40
2.2.4.6. DNA quantification in cell lysates . . . . . . . . . . . . . . 41
2.2.4.7. Quantification of ALP activity . . . . . . . . . . . . . . . 41
2.2.4.8. Quantification of mineralisation with alizarin red . . . . . 42
2.2.4.9. Quantification of Collagen . . . . . . . . . . . . . . . . . . 42
2.2.4.10. Quantification of Calcium . . . . . . . . . . . . . . . . . . 42
2.2.4.11. FACS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.2.4.12. SDS-PAGE . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.2.4.13. Western blot . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.2.4.14. TCA precipitation of proteins . . . . . . . . . . . . . . . . 45
2.2.4.15. Albumin depletion from cell culture medium . . . . . . . . 45
2.2.4.16. Mass spectroscopy . . . . . . . . . . . . . . . . . . . . . . 46

2.2.5. Molecular genetic techniques . . . . . . . . . . . . . . . . . . . . . . 47
2.2.5.1. Isolation and quantification of DNA . . . . . . . . . . . . 47
2.2.5.2. Isolation and quantification of RNA . . . . . . . . . . . . 48
2.2.5.3. cDNA-synthesis via RT-PCR . . . . . . . . . . . . . . . . 48
2.2.5.4. Polymerase chain reaction . . . . . . . . . . . . . . . . . . 49
2.2.5.5. Cloning of podoplanin into pEGFP-N1 vector . . . . . . . 50
2.2.5.6. Cell characterisation by PCR . . . . . . . . . . . . . . . . 51
2.2.5.7. Quantitative real-time polymerase chain reaction . . . . . 51

2.2.6. Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Results 53
3.1. Characterisation of human osteoblasts . . . . . . . . . . . . . . . . . . . . 54

3.1.1. Human primary osteoblasts . . . . . . . . . . . . . . . . . . . . . . 54
3.1.1.1. pOB growth and morphology . . . . . . . . . . . . . . . . 54
3.1.1.2. Osteogenic differentiation and matrix mineralisation . . . 55

3.1.2. Human osteosarcoma cell lines . . . . . . . . . . . . . . . . . . . . . 56
3.1.2.1. MG-63 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.1.2.2. Cal-72 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.1.2.3. SaOS-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.1.3. Effects of media on osteoblast growth and differentiation . . . . . . 58
3.1.4. Comparison of osteosarcoma cell lines expressing GFP . . . . . . . 62

3.2. Characterisation of endothelial cells . . . . . . . . . . . . . . . . . . . . . . 65
3.2.1. HDMEC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.2.2. HUVEC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.2.3. Umbilical artery endothelial cells . . . . . . . . . . . . . . . . . . . 66
3.2.4. Lymphatic and vascular populations of endothelial cells . . . . . . . 66

3.3. Angiogenesis-inducing potential of osteoblasts in co-culture with EC . . . . 68



Content

3.3.1. Angiogenesis in 2-dimensional co-cultures . . . . . . . . . . . . . . . 68
3.3.2. 3-D co-cultures of endothelial cells and osteoblasts . . . . . . . . . . 71
3.3.3. Angiogenic effects of osteoblast cell culture medium supernatants . 72
3.3.4. Transcriptional analysis of angiogenesis-related factors in osteosar-

coma cell lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.3.5. Effects of bFGF on angiogenesis . . . . . . . . . . . . . . . . . . . . 80
3.3.6. Release of HGF and VEGF in osteosarcoma cell lines . . . . . . . . 82
3.3.7. Correlation between HGF and endostatin . . . . . . . . . . . . . . . 84
3.3.8. Effects of podoplanin on angiogenic potential of osteoblasts . . . . . 84

3.3.8.1. Cloning and transfection of SaOS-2 cells with podoplanin 85
3.3.8.2. Podoplanin expressing SaOS-2 cells . . . . . . . . . . . . . 87

3.4. Mass spectroscopy on used media supernatants . . . . . . . . . . . . . . . 89
3.4.1. Gel-electrophoretic separation of cell culture supernatants . . . . . 89
3.4.2. Mass spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

Discussion 91
4.1. Characterisation of co-culture components . . . . . . . . . . . . . . . . . . 92

4.1.1. Human primary osteoblast characterisation . . . . . . . . . . . . . . 93
4.1.2. Osteosarcoma cell line characterisation . . . . . . . . . . . . . . . . 95
4.1.3. Comparison of osteoblast cell lines expressing GFP . . . . . . . . . 100
4.1.4. Primary human endothelial cells . . . . . . . . . . . . . . . . . . . . 103

4.2. Angiogenesis in co-culture systems . . . . . . . . . . . . . . . . . . . . . . 104
4.2.1. Comparison of angiogenic effects in co-culture systems . . . . . . . 105
4.2.2. Angiogenic potential of osteoblast cell culture supernatants . . . . . 106
4.2.3. Angiogenic effects of lymphatic and vascular populations . . . . . . 107

4.3. Screening for angiogenesis-inducing factors . . . . . . . . . . . . . . . . . . 109
4.3.1. Translational analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.3.2. Transcriptional analysis . . . . . . . . . . . . . . . . . . . . . . . . 111

Summary 113

Zusammenfassung 115

Appendix I
A.1. FACS analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II
A.2. Effects of osteoblast cell culture medium supernatants on angiogenesis . . . V
A.3. Effects of medium supernatants with basic fibroblast growth factor (bFGF)

on angiogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . X
A.4. Transcriptional analysis of angiogenesis-related factors . . . . . . . . . . . XI
A.5. Mass spectroscopic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . XIII

References XXXVII

List of Figures XXXIX

List of Tables XL



Abbreviations

All units derivate, if not aberrant marked, from SI base units (ISO/IEC 80000-1). Unit
prefixes like m, µ, n, p or f represent milli, micro, nano, pico or femto and serve
accordingly to DIN1301 to generate parts from the dimension unit. Chemical ele-
ments are not listed here. Numerical indices in elemental formula indicate the molar ratio.

ALP alkaline phosphatase
ANG angiopoietin
ANGPTL3 angiopoietin-like 3
ANOVA analysis of variance
APC allophycocyanin
APS ammonium persulfate
ATCC American Type Culture Collection, Rockville, USA
BCA bicinchoninic acid
bFGF basic fibroblast growth factor
β-ME β-mercaptoethanol
BSA bovine serum albumin
◦C degree Celsius
CD cluster of differentiation
CDH5 cadherin 5
cDNA complementary deoxyribonucleic acid
CDS coding DNA sequence
CM collagen matrix
CMV cytomegalovirus
COL18A1 collagen alpha-1(XVIII) chain
Ct cycle threshold
CXCL6 chemokine (C-X-C motif) ligand 6
CXCL10 C-X-C motif chemokine 10
D dimension
Da dalton
DAPI 4’,6-diamidino-2-phenylindole
DMSO dimethyl sulfoxide
DMEM Dulbecco’s modified eagle medium
DNA desoxyribonucleic acid
dNTP desoxyribonukleosidtriphosphate
DTT dithiothreitol
EC endothelial cells
ECBM endothelial cell basal medium
ECGM endothelial cell growth medium
ECGS endothelial cell growth supplement



Abbreviations

ECL enhanced chemiluminescence
EDTA ethylenediaminetetraacetic acid
EGTA ethylene glycol tetraacetic acid
EIA enzyme immunoassay
ELISA enzyme-linked immunosorbent assay
EREG epiregulin
F-12 nutrient mixture F-12
FACS fluorescence-activated cell sorting
FCS fetal calf serum
FD fold difference
FGF fibroblast growth factor
FITC fluorescein isothiocyanate
Flt fms-related tyrosine kinase
GFP green fluorescent protein
GSH glutathion
h hours
HA hydroxyapatite
HCAEC human coronary arterial endothelial cells
HCMEC human cardiac microvascular endothelial cells
HDMEC primary human dermal microvascular endothelial cells
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HGF hepatocyte growth factor
HPMEC primary human pulmonary microvascular endothelial cells
HPSE heparanase
HRP horseradish peroxidase
HUVEC primary human umbilical vein endothelial cells
ICAM-1 intercellular adhesion molecule 1
IGF-1 insulin-like growth factor 1
IGF-2 insulin-like growth factor 2
IL6 interleukin-6
IL8 interleukin-8
IL17 interleukin-17
JAG1 jagged 1
kb kilobase
KDR kinase insert domain receptor
LB lysogeny broth
LEP leptin
LPS lipopolysaccharide
M molar concentration defined as mol · l-1

MALDI Matrix-assisted laser desorption/ionization
MCS multiple cloning site
MDK midkine
MetOH methanol
min minutes
MEE monoethyl ester
OD optical density
OEC outgrowth endothelial cells
o-PD o-Phenylenediamine dihydrochloride
PBS phosphate-buffered saline



Abbreviations

PCR polymerase chain reaction
PDGF platelet-derived growth factor
PEG polyethylene glycol
PE phycoerythrin
PECAM platelet endothelial cell adhesion molecule
P/S penicillin/streptomycin
PFA paraformaldehyde
PlGF placental growth factor
PIPES piperazine-N,N-bis(2-ethanesulfonic acid)
pNPP para-nitrophenylphosphate
pNP para-nitrophenol
PMSF phenylmethanesulfonylfluoride
pOB primary osteoblasts
qPCR quantitative real-time polymerase chain reaction
RNA ribonucleic acids
RIPA radioimmunoprecipitation assay
rpm rounds per minute
RT-PCR reverse transcription polymerase chain reaction
sdH2O sterile distilled water
s seconds
SDS sodium dodecyl sulfate
SD standard deviation
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
TBE tris-borate-EDTA
TCA trichloroacetic acid
TE tris-EDTA
TEK angiopoietin-1 receptor
TEM transmission electron microscopy
TEMED tetramethylethylenediamine
TFPI tissue factor pathway inhibitor
TGF-α transforming growth factor alpha
TGF-β transforming growth factor beta
THBS1 thrombospondin 1
TIMP TIMP metallopeptidase inhibitor
TNF tumour necrosis factor
TOF time of flight
Tris tris(hydroxymethyl)aminomethane
UV ultra violet
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
vol.-% percent of volume
vWF von Willebrand factor
WST-1 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
xg gravitation defined as m · s-2





Introduction

1.1. Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2. Bone - A skeletal organ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1. Function, properties and structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.2. Formation and degradation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.3. Bone tissue engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3. Blood vessels - Growth in development and disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3.1. Function, physiology and structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3.2. Formation of blood vessels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.3.3. Regulation of angiogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.3.4. Co-culture systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.4. Aim of this study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18



Introduction

1.1 Preface

For successful integration of bone tissue engineering constructs into patients, adequate

supply of oxygen and nutrients is critical. Due to the important role of angiogenesis in

bone formation, remodelling and regeneration, vascularisation of bone tissue engineering

constructs has been a key research focus during the last decade. Several approaches

have been proposed using host vasculature as a mechanism to vascularise engineered

implants. Previous strategies have included the use of endothelial cells, osteoblasts, co-

culture systems and additional treatment of the engineered constructs with growth factors

or morphogens.

The current study focuses on angiogenesis in the context of bone tissue engineering

using co-culture systems of human endothelial cells and primary osteoblasts as well

as osteosarcoma cell lines. Co-culture models offer further insight into the underlying

mechanisms of bone vascularisaton and could also help to identify factors that stimulate

angiogenesis and promote the vascularisation process in therapeutic approaches. In the

following sections general background of fundamentals in bone tissue engineering, bone

formation and blood vessel formation, current co-culture approaches and vascularisation

strategies will be provided with an emphasis on potential applications in bone tissue

engineering.

1.2 Bone - A skeletal organ

For the repair and regeneration of bone defects by bone tissue engineering, a basic

understanding of the constitution of bone is needed. A typical bone is part of the

human endoskeleton and is built around a matrix containing inorganic and organic

compounds. The inorganic component makes up approximately two-thirds of the bone

matrix and consists primarily of hydroxyapatite (HA) (calcium hydroxyphosphate) and

calcium carbonate (Biltz and Pellegrino, 1977; Detsch et al., 2008). The organic bone

matrix is predominantly composed of type I collagen fibres but also has ground

2



Introduction

substance containing protein belonging to several different protein families, incuding pro-

teoglycans and glycoproteins. Proteins in bone matrix undergo extensive posttranslational

modifications (for example phosphorylation or sulfation) (Robey et al., 1993). Only two

per cent of the total bone mass is composed of cells (Martini et al., 2011).

The combination of inorganic and organic compounds gives the bone remarkable

properties. Bone is hard and lightweight with significant elasticity, giving it a num-

ber of mechanical and metabolic functions. In isolation, calcium salts are hard but

rather fragile, while collagen fibres are stronger but in contrast relatively flexible (Viguet-

Carrin et al., 2006). Their combination in bone, with minerals surrounding the collagen

fibres, results in a strong, somewhat flexible organ that is highly resistant to fractures

(Viguet-Carrin et al., 2006). These properties mean, that bone can compete with the

best steel-reinforced concrete. In essence, the collagen fibres in bone act like the steel

reinforcing rods, and the mineralised matrix acts like concrete (Martini et al., 2011).

However, in some musculoskeletal conditions (including maxillofacial syndrome, ortho-

paedic trauma, osteoporosis and bone cancer) therapies are required using tissue engi-

neering constructs for implantation that mimic bone properties and are linked to the host

vasculature.

1.2.1 Function, properties and structure

The skeletal system is comprised of skeletal bone as well as cartilage, ligaments, and other

connective tissues that stabilise and interconnect the bones. The major functions of the

skeletal system are given in Table 1.1.

Table 1.1: Primary functions of the skeletal system (Martini et al., 2011; Klinke et al., 2009)

Function Description

Mechanical support and protection The skeletal system provides mechanical support and protection for internal organs
in the body. Joints, muscles and tendons determine movement capabilities.

Metabolic depot and organ Bone marrow is involved in haematopoiesis. Bones store minerals, fat, growth
factors and hormones, and have a role in phosphate metabolism.

3
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Two types of bone can be distinguished: compact bone, also called cortical bone, which

is relatively solid and dense, and cancellous or trabecular bone that consists of an open

network of osseous tissue. Depending on the location and skeletal requirements, com-

pact or cancellous bone tissue predominates within a single bone (for example the fe-

mur, a typical long bone with an extended tubular shaft dominated by compact bone

tissue). Cancellous bone is more active in terms of growth, calcium homeostasis and

haematopoiesis, whilst compact bone is known to be more static having a greater role in

providing mechanical strength (Yaszemski et al., 1996). As well as containing calcified

intercellular material, the bone matrix contains bone cells, so-called osteocytes, within

lacunae. The lacunae are typically organised around blood vessels that penetrate the

bony matrix (Martini et al., 2011).

A major compound of this three dimensional internal network is mineralised osseous tis-

sue, which gives bone its rigidity. Additional tissue types in bone, such as marrow, nervous

tissue, blood vessels and endosteum, fulfill other needs both at a local level for the single

bone and on a wider scale for the body as a whole, like haematopoiesis, blood transport

and bone maintenance. Formed bone tissue is a relatively hard yet lightweight material.

The midshaft of a typical human femur has an estimated longitudinal tensile strength

of 133.0 MPa (Reilly and Burstein, 1975), which is comparable to cast iron (ASTM A-

48 G1800). Longitudinal compressive strength has been demonstrated to be 193.0 MPa

the magnitude of which is even more evident when it is transformed to 19 300 N/cm2.

In contrast, the longitudinal shear strength of a human femoral midshaft resists only

51.6 MPa (Turner et al., 2001). Thus a typical bone resists higher compressive forces,

than torsional or pulling forces. This significant degree of elasticity is due to the presence

and organisation of collagen fibres in bone.

For a better understanding of the properties of bone, a closer look at the structure

and cell-mediated bone formation is needed. A profile of a long bone as an example of a

typical bone is given in Figure 1.1. In order to provide the technical properties mentioned

above, an extensive vasculature is required to supply the incorporated cells, which in turn

4
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allow for growth and maintenance of the bone. Bone is externally covered by periosteum,

a dense connective tissue, which generates new bone material thus playing a key role in

bone growth and repair. Bone tissue is highly vascularised, even the so called, compact

bone tissue (Figure 1.1B). Organisation of osteons and lamellae in compact bone forms

distinct complexes, which are well regulated. The orientation of collagen fibres in adjacent

lamellae of each osteon forms a series of nested cylinders around a central canal (Figure

1.1C) (Martini et al., 2011).

Figure 1.1: Structure and blood supply of a mature long bone (Martini et al., 2011)
A Longitudinal profile included blood supply of a mature bone. B Organisation of osteons and different
lamellae in compact bone. C Orientation of collagen fibres in adjacent lamellae, which are responsible
for bone characteristics.

1.2.2 Formation and degradation

Bone formation involves a series of complex and highly regulated events, like minera-

lisation of extracellular matrix proteins, and is tightly orchestrated by cells which speci-

fically maintain the integrity of the bone (LeGeros, 2002). The formation of new bone

directly from mesenchymal tissue occurs during embryogenesis and is known as intramem-

branous bone formation (Campbell and Kaplan, 1992). It begins with differentiation of
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osteoprogenitor cells into an osteoblast lineage. Ossification requires adequate vascular-

isation to form cancellous bone. When bone density is sufficient, the cancellous bone is

remodelled, which involves both bone resorption by osteoclasts and bone formation by

osteoblasts until the optimal structure is achieved. For the formation of long bone ossifi-

cation occurs by endochondral bone formation and in fracture repair also by intramem-

branous ossification. Undifferentiated mesenchymal cells condense and differentiate into

rapidly proliferating chondrocytes (Chung et al., 2004), and when the cartilage frame-

work becomes ossified the chondrocytes stop proliferating and become hypertrophic. The

hypertrophic chondrocytes finally undergo apoptosis. Osteoblasts surround the miner-

alised cartilage matrix to form a bone collar, the precursor of cortical bone, which then is

invaded by vasculature carrying osteoblasts and cartilage-degrading chondroclasts. Can-

cellous bone is then formed from primary spongiosa.

Bone tissue is under a continuous process of remodelling (Cohen, 2006) by osteogenesis

and osteolysis, which are in turn mediated by osteoprogenitor cells, osteoblasts, osteocytes

and osteoclasts (Figure 1.2). Many growth factors such as transforming growth factor

alpha (TGF-α), transforming growth factor beta (TGF-β) and fibroblast growth factor

(FGF) are abundant in bone tissue and involved in these processes (Zambonin et al., 2000;

Mackie et al., 1998).

The osteoprogenitor cells are involved in growth and repair of bones (Figure 1.2A).

These cells mature to (pre)osteoblasts under the influence of calcitriol, glucocorticoids,

prostaglandins and growth factors like TGF-α and FGF (Widdermann, 2004; Dodds et al.,

1994; Mundy et al., 1995; Tsai et al., 2000; Ibbotson et al., 1986). Osteoblasts are mononu-

clear cells involved in bone matrix formation (Figure 1.2B). These cells produce osteoid,

a type I collagen matrix. After type I collagen, osteocalcin is the most abundant secreted

protein in bone (Carpenter et al., 1998; Puchacz et al., 1989). It can bind hydroxya-

patite as well as calcium and is a marker for osteogenic maturation (Nakamura et al.,

2009). However, this marker is not osteoblast-specific as it is also expressed in fibroblasts

(Newberry et al., 1996).
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Figure 1.2: Types of bone cells (Martini et al., 2011)
A Osteoprogenitor cells are stem cells that maturate to osteoblasts. B Osteoblasts are involved in the
formation of organic matrix. C Osteocytes are mature bone cells that maintain the bone matrix. D
Osteoclasts secrete acids and enzymes to dissolve bone matrix.

When osteoblasts are embedded in their secreted matrix, they become osteocytes,

inactive osteoblasts, or bone-lining cells or they undergo programmed cell death

(Dallas and Bonewald, 2010). The osteocytes are derived from osteoblasts and do not

divide during their entire lifetime of 50 years (Knothe Tate et al., 2004). Osteocytes

are active in spaces called lacunae and canaliculi and function to maintain the bone ma-

trix (Figure 1.2C). Osteoclasts are derived from haematopoietic origin and constitute the

main class of cells that are able to resorb bone (Walker, 1973) (Figure 1.2D). Osteoclasts

are derived from myeloid progenitors through a progression that involves the fusion of

mononuclear precursor cells under the influence of cytokine receptor activator of NF-κB

ligand (RANKL) (Jacome-Galarza et al., 2011). Osteocalcin is involved in osteoclast

differentiation (Glowacki et al., 1991).

1.2.3 Bone tissue engineering

The repair and regeneration of large bone defects caused by trauma and disease is

an important topic in regenerative medicine. Current standard treatment is either the
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transplantation of natural bone tissue from the patient (autograft) (Brown and Cruess,

1982; Laurencin et al., 1999) or the transplantation of tissue from a different individual

to the patient (allograft) (Burg et al., 2000). However, the use of autografts is restricted

because of donor shortages and complications including infection, pain and donor

morbidity (Gitelis and Saiz, 2002) while the application of allografts has its own set

of limitations, for instance it carries a high risk of immune rejection.

A potential alternative to natural bone transplantation is being studied in the field of

bone tissue engineering, which focusses on the development of biological substitutes for

bone fragments that restore function to a bone defect using the natural healing response

of the body. Cells, signalling molecules or growth factors, and scaffolds made from either

natural materials or synthetic polymers are used to generate a construct, with the aim of

implanting it in the patient (Albert et al., 2006; Rueger et al., 1998; Schieker et al., 2004).

However, since bone tissue is a highly vascularised and dynamic system with a complex

construction (Caplan and Goldberg, 1999), the vascularisation of engineered constructs

with the host vasculature is necessary for successful and optimal scaffold integration into

the patient. The supply of the engineered cell-containing constructs with nutrients and

oxygen by diffusion is limited to 100–200 µm around a capillary. Thus, establishing a

functional vascular network in the engineered constructs is the major challenge in the

field of bone tissue engineering and regenerative medicine.

Several different strategies for vascularisation of engineered bone tissue constructs

have been developed in the last decade. Some aim to improve the scaffold architecture

(Lovett et al., 2009; Santos et al., 2008), whereas others target the delivery of angio-

genesis-inducing growth factors (Geiger et al., 2005; Gu et al., 2004; Zisch et al., 2003).

It has been shown that vascularisation is enhanced by prevascularisation of scaffolds

using different cell types and co-culture systems (Rivron et al., 2008; Rouwkema et al.,

2006; Kaigler et al., 2003). For example, the use of endothelial cells in co-culture with

osteoblasts is a promising strategy to establish a functional vascular network in tissue

engineering constructs (Kaigler et al., 2003; Fuchs et al., 2007).
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1.3 Blood vessels - Growth in development and disease

Blood vessels are part of the circulating blood transport system that supplies tissues and

organs with nutrients and oxygen, eliminates waste and provides immune cells with broad

access to sites of endogenous and exogenous perturbations (Tsaryk et al., 2012). The

vascular system is generated early during embryonic development and also pervades bone

tissue (Starr and McMillan, 2011) as well as nervous and cartilaginous tissues.

1.3.1 Function, physiology and structure

Blood vessels are versatile and multifunctional, having many metabolic properties (Fig-

ure 1.3). Besides blood flow, these include regulation of platelet adherence, modulation of

vascular tone and regulation of immune and inflammatory responses (Sumpio et al., 2002).

Figure 1.3: Functions of resting endothelial cells (Pober and Sessa, 2007)
A Endothelial cells inhibit coagulation of the blood by binding and displaying tissue factor path-
way inhibitor (TFPI) which blocks the actions of the factor-VIIa–tissue-factor complex. B Arterial
endothelial cells have a major role in regulating blood flow by controlling the tone of smooth mus-
cle cells in the medial vessel wall layer. C Capillary endothelial cells are the principal regulators of
trans-endothelial extravasation of plasma proteins. They form intercellular junctions, closing off the
paracellular pathway between the cells. The extent of this barrier varies among different tissues. D
Venular endothelial cells form the principal site of leukocyte trafficking from the blood into the tissues.
Efficient recruitment of leukocytes requires activation of endothelial cells.
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Blood is transported in the vessel lumen, which is lined by endothelial cells. The pri-

mary essential function of the endothelium is to maintain vessel wall partial permeability

whilst sealing the circulatory system (Cines et al., 1998). Additionally, the blood ves-

sels may be lined with pericytes and smooth muscle cells, which stabilise the vessels and

can suppress proliferation of endothelial cells as well as promote their survival (Tsaryk

et al., 2012). In total around 1 ·1013 vascular endothelial cells contribute to this 1 kg

organ.

The developmental pathway of endothelial cells is still being discussed (Choi et al.,

1998), but it is agreed that they derive from blast-like bipotential cells, called heman-

gioblasts. It is well known, that there is strong phenotypic variation between endothelial

cells in different parts of the vascular tree. Furthermore, there are variations in the re-

sponses generated by endothelial cells to the same stimulus (Sumpio et al., 2002). Cell

responses to stimuli can vary significantly between the individual donors, even when the

cells were obtained from the same part of the vasculature.

Endothelial cells in the lymphatic system differ from blood vessel derived endothe-

lial cells in a number of ways. Some markers (such as platelet endothelial cell adhesion

molecule (PECAM)-1 or cluster of differentiation (CD)34) are present in all endothelial

cells, whereas others are more specific, for example vascular endothelial growth factor

receptor (VEGFR)-3 (fms-related tyrosine kinase (Flt)-4) is primarily expressed in lym-

phatic endothelial cells (Ruoslahti and Rajotte, 2000). Podoplanin is also reported to be a

specific marker for lymphatic endothelium (Breiteneder-Geleff et al., 1999). As mentioned

previously, bone tissue is highly vascularised with two different types of vessels. Periosteal

blood vessels are integrated within growing bone tissue close to the bone surface. In sec-

ondary ossification vessels sprout into the epiphysis. As well as this vessel network, a

secondary lymphatic network can be found in the periosteum to support a large number

of osteons (Martini et al., 2011).
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1.3.2 Formation of blood vessels

The process of postnatal formation of blood vessels from existing vessels is called angio-

genesis. In contrast, vasculogenesis describes the formation of new blood vessels from

angioblasts during embryogenesis (Risau, 1997). Both processes seem to be coupled and

act together during blood vessel formation (Hristov et al., 2007). Angiogenesis naturally

occurs in growth and development, the menstrual cycle and in wound healing. It also

plays an important role in several pathologies, including cancer, rheumatoid arthritis, eye

diseases, obesity, asthma, diabetes, multiple sclerosis, endometriosis, bacterial infection,

autoimmune disease, stroke and ulcers (Carmeliet, 2005). Furthermore, angiogenesis is

essential in bone formation, remodelling and regeneration.

Vasculogenesis, which occurs during embryonic development, begins with the differen-

tiation of angioblasts from mesoderm and the formation of a primitive blood vessel plexus

(Risau and Flamme, 1995). Further differentiation of angioblasts into endothelial cells

leads to aggregates, known as blood islands, which form a lumen and subsequently a

primary capillary plexus by fusion with each other (Risau and Flamme, 1995). Vasculo-

genesis is directly followed by angiogenesis.

Angiogenesis begins in the endothelium of postcapillary venules and forms new vascular

networks by capillary sprouting (Klinke et al., 2009; Carmeliet, 2000a). In response to an

angiogenic stimulus, pericytes detach from blood vessels and degrade the vessel membrane.

Growth factors induce detachment of endothelial cells from the extracellular matrix and

promote new vessel formation primarily coordinated by tip-cells. Subsequently, neigh-

bouring cells (stalk cells) proliferate and contribute to the formation of the vessel lumen.

This crosstalk between tip and stalk cells is mediated by the Notch signalling pathway

(Blanco and Gerhardt, 2013). The endothelial cells return to a quiescent state once the

new vessel connects with an existing vessel. Finally, pericytes are recruited and new basal

membrane is formed (Carmeliet and Jain, 2011).

Understanding the process of blood vessel formation is essential for developing

our knowledge and therapeutic options for several diseases (Unger et al., 2007). For
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sophisticated bone tissue engineering approaches, differentially regulated angiogenesis is

desirable. Whilst, a number of promoting and inhibitory factors of angiogenesis are known,

others are still being discussed, thus a complete and detailed understanding of the angio-

genic process in bones has still not been fully elucidated.

1.3.3 Regulation of angiogenesis

Regulation of angiogenesis is part of an intensive clinical research effort as angiogenesis

plays a critical role in tumour growth and a number of other pathologies (Cook and Figg,

2010) and it is also important for bone tissue engineering (Unger et al., 2007; Meijer

et al., 2007). Adequate supply of oxygen and nutrients is essential for tumour survival

(Ferrara et al., 1998; Hanahan and Folkman, 1996) and for integration of engineered

tissue constructs into the body (Awwad et al., 1986). Tumours induce blood vessel for-

mation by secretion of several growth factors that stimulate sprouting of endothelial cells

in surrounding tissue (Wang et al., 2010; Ricci-Vitiani et al., 2010). Angiogenesis is a

highly regulated process, which is under the control of different growth factors, cytokines,

chemokines and adhesion molecules (Table 1.2).

Table 1.2: A selection of the most important angiogenic factors

Factor Mechanism Reference

Angiopoietins Vessel stabilisation (Satoh et al., 2008)
bFGF Proliferation stimulator (Kuhn et al., 2012; Globus et al., 1989)

(Montero et al., 2000)
FGF Proliferation and differentiation stimulation (Stegmann, 1999)
TGF-β Extracellular matrix production (Petito et al., 2013)
PDGF Smooth muscle cell recruitment (Heldin, 1992; Hannink and Donoghue, 1989)
VEGF Binds tyrosine kinase receptors (Holmes et al., 2007)
VEGFR Acts on several signalling pathways (Cook and Figg, 2010; Schlaeppi et al., 1997)

(Akeno et al., 2002)

The main angiogenic inducers are vascular endothelial growth factor (VEGF), bFGF,

hepatocyte growth factor (HGF), tumour necrosis factor (TNF)-α and angiopoietins

(Folkman, 1995). Inhibitors of angiogenesis include prolactin, angiostatin and endo-

statin. One of the most important and well-documented inducers of angiogenesis is

12



Introduction

VEGF, which acts as a signal protein for capillary sprouting. The VEGF family in-

cludes VEGF-A, VEGF-B, VEGF-C, VEGF-D and placental growth factor (PlGF) that

bind to three types of VEGF receptors (Ferrara and Alitalo, 1999). VEGF (synonym

VEGF-A) is released by a number of different cell types, including macrophages, fibrob-

lasts and osteoblasts (Diegelmann and Evans, 2004). It stimulates cellular responses (for

example it induces endothelial cell sprouting) by binding to VEGFR-2, a tyrosine kinase

receptor. This has clinical relevance, as tumours can be targeted using anti-angiogenic

tyrosine kinase inhibitors (Gotink and Verheul, 2010), blocking the action of VEGF and

its receptors (Neufeld et al., 1999). Recent studies have shown that angiogenesis is inhib-

ited by blocking VEGF signalling pathways, which consequently reduces tumour growth

(Kim et al., 1993). Approved tyrosine kinase inhibitors that block the signalling cascade

through VEGF receptors include sorafenib (Nexavar®), sunitinib (Sutent®), pazopanib

(Votrient®) and vandetanib (Zactima™). Endothelial cells also express VEGF, which is

important for vessel maintenance. It is regulated by TGF-β, a major cytokine released

from bone tissue (Chim et al., 2013). The secretion of VEGF in different cell types is also

induced by hypoxia during wound healing (Fraisl et al., 2009; Ratcliffe, 1981; Steinbrech

et al., 2000).

Other relevant angiogenic growth factors include members of the FGF protein family.

A number of its members are involved in angiogenesis, early stage embryonic development

and wound healing. They induce angiogenesis directly through the activation of endothe-

lial cells via FGF receptors and indirectly by stimulating other cells to produce angiogenic

factors (Tsaryk et al., 2012). The most recently described member of this protein family,

FGF23, is responsible for phosphate metabolism and is secreted by osteoblasts and osteo-

clasts in response to calcitriol (Kolek et al., 2005; Prie and Friedlander, 2010). FGF as

well as TGF-β-1 are abundant in bone tissue (Zambonin et al., 2000; Mackie et al., 1998).

Since tumours have an increased FGF level, its inhibition is a valuable anti-angiogenic

tumour therapy in cancer research (Folkman, 1996). Recent osteoblast and osteoclast

related studies have shown that FGF-6 may regulate bone metabolism (Bosetti et al.,

2010), but this requires further research.
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An important angiogenic factor from the FGF protein family is bFGF, which has

pleiotropic effects. It is expressed by fibroblasts, osteoblasts and a number of other cell

types (Chim et al., 2013; Klein et al., 1993). In osteoblasts, bFGF production is induced

in response to prostaglandins and TGF-β (Beck and D’Amore, 1997). It acts as both an

autocrine and paracrine factor, that stimulates cell proliferation and angiogenesis-related

growth factor expression in endothelial cells (Seghezzi et al., 1998).

Another key player in angiogenesis is hepatocyte growth factor (HGF), which acts

primarily on endothelial cells as a paracrine growth factor (Yamada et al., 2013). In

the literature, there are reports that HGF has a central role in angiogenesis, tissue re-

generation and tumour growth (Porta et al., 2013). It is secreted by osteoblasts and, in

cooperation with cell-associated cytokines, is responsible for stem cell-stimulating

activities of osteogenic cells (Taichman et al., 2001). HGF regulates cell growth and

motility by stimulating mitogenesis (Zambonin et al., 2000; Kimoto et al., 2012; Jin

et al., 2004). It also increases osteopontin expression in human osteoblasts through several

signalling pathways (including PI3K and AKT) and promotes invasiveness and

progression of osteosarcoma by autocrine receptor c-MET (Chen et al., 2012; Rochet

et al., 1999).

Besides the stimulation of angiogenesis, inhibition is essential in vivo for vascular

haemostasis and is therefore also a focus of cancer research. Endostatin, a fragment

of collagen, is believed to interact with α5-integrins and inhibit integrin-dependent en-

dothelial cell functions, such as cell proliferation and migration (Rehn et al., 2001). As

an endogenous inhibitor of angiogenesis, it is thought to interfere with the growth fac-

tors bFGF and VEGF. In general, endostatin regulates many signalling pathways via

multiple targets, including TNFα and AP-1 (Abdollahi et al., 2004). Endostatin also

blocks VEGF-mediated signalling by direct interaction with kinase insert domain receptor

(KDR) (Kim et al., 2002). Due to its wide-ranging actions, endostatin is currently inten-

sively studied in clinical trials.
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Other relevant proteins involved in angiogenesis inhibition are matrix metallo-

proteinases. Although they are key factors in normal physiological cell processes like

tissue connections or development, unregulated activities of matrix metalloproteinases

are involved in numerous pathologies, especially tumour cell metastasis (Brew et al.,

2000). The family of tissue inhibitors of metalloproteinases consists of four homologous

proteins (TIMP-1 to TIMP-4) that are thought to be metastasis suppressors. TIMP-2

directly inhibits proliferation of endothelial cells and is therefore designated as an interest-

ing prospect in cancer research (Fiedler et al., 2001). Within the TIMP metallopeptidase

inhibitor (TIMP) protein family, TIMP-2 is unique, due to its ability to inhibit protease

activity in tissues undergoing extracellular matrix remodelling (Kai et al., 2002).

The combination of different angiogenic factors can have diverse effects in different cell

types (Nishishita and Lin, 2004). It has been shown that in smooth muscle cells, TGF-β

down-regulates angiopoietin (ANG)-1 expression, which is induced by PDGF stimulation

and is necessary for pericyte recruitment in newly formed blood vessels. In endothelial

cells, ANG-1 or TGF-β stimulation decreases PDGF expression. The combination of both

TGF-β and ANG-1 results in a dramatically greater downregulation of PDGF. Thus,

regulation of gene expression can be very complex and unpredictable. For maintenance

of vascular homeostasis, up or down-regulation of gene expression is essential. In vitro

co-cultures can provide further insights into important factors involved in angiogenesis

and mechanisms.

1.3.4 Co-culture systems

Co-culture systems of endothelial cells with osteoblasts as a ’drug delivery’ system are

an exciting strategy for angiogenesis-related research as well as for the in vitro study

of prevascularisation of tissue engineering constructs (Bishop et al., 1999; Kirkpatrick

et al., 2011; Unger et al., 2007). The co-cultivation of endothelial cells and osteoblasts

gives an insight into cell growth and proliferation processes that are relevant for repairing

large bone defects using bone tissue engineering (Liu et al., 2012). While co-cultures
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of endothelial cells and osteoblasts undergo angiogenesis and osteogenesis, monocultures

of endothelial cells show no formation of micro-capillary structures (Hofmann et al., 2008;

Guillotin et al., 2008). Additionally, co-cultivation of these cell types seems to have

positive effects on the osteoblastic differentiation of the osteoblasts (Qu and von Schroeder,

2006; Stains and Civitelli, 2005). The main issue in angiogenesis research is the choice

of an appropriate system (Staton et al., 2009). The use of transfected cell lines in co-

culture systems allows in vitro analysis of the precise contribution of single genes to the

angiogenic process (Balconi et al., 2000).

In previous studies, endothelial cells in monoculture and in co-culture with osteoblasts

have been shown to form lumen containing micro-capillary structures by self-assembly

and without the addition of any angiogenic stimulants (Unger et al., 2007). Moreover, the

addition of VEGF did not induce any further formation of such structures. Compared to

monoculture, the life span of endothelial cells in vitro was increased by the co-cultivation

with osteoblasts (Unger et al., 2007). Pre-formed microcapillary structures in vitro remain

stable for at least two weeks after implantation in immunodeficient mice and anastomose

with the host vasculature (Unger et al., 2010). In another study, outgrowth endothelial

cells (OEC) were co-cultured with osteoblasts and formation of lumina as well as tight

junctions was observed (Fuchs et al., 2007). Furthermore, the formation of micro-capillary

structures coincided with the production of mineralised matrix by osteoblasts (Fuchs et al.,

2009).

Since co-culture systems have a high degree of complexity, several parameters need to

be considered before starting any angiogenesis-related study (Kirkpatrick et al., 2011).

The choice of cell line is important and depends on the system and experimental ques-

tion being addressed. A comparative study of primary endothelial cells and cell lines in

vitro revealed significant differences in expression of the endothelial phenotype (Unger

et al., 2002). Furthermore, the level of osteoblast differentiation in primary osteoblasts

and osteosarcoma cell lines has effects on the expression profile of osteoblasts as well as

the co-cultured endothelial cells (Kirkpatrick et al., 2011).
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However, while endothelial cells are well described in the literature (Jaffe et al., 1973;

Hewett and Murray, 1996; Bishop et al., 1999; Donovan et al., 2001; Albelda and Buck,

1990), osteosarcoma cell lines are poorly characterised in terms of angiogenesis-inducing

potential. For example, the molecular composition of osteosarcoma extracellular matrix

is unknown but is thought to have a characteristic labelling profile (Pautke et al., 2004).

For blood vessel-related research in vitro, primary human umbilical vein endothelial

cells (HUVEC), primary human dermal microvascular endothelial cells (HDMEC) and

OEC are commonly used on account of their ready availability and potent pro-angiogenic

activity (Bouis et al., 2001; Unger et al., 2004; Kirkpatrick et al., 2011). Interactions

between cells in co-culture systems are mediated by several factors. Various molecules

that are involved in the growth and differentiation of endothelial cells and osteoblasts,

including adhesion proteins and growth factors, can influence cells in co-culture. In a

spheroid 3-D co-culture model of human primary osteoblasts and HUVEC, a bi-directional

influence of the cells on osteogenic and angiogenic gene expression has been shown (Stahl

et al., 2004; Kirkpatrick et al., 2011).

In addition to cellular components of co-culture systems, the cell culture media and

seeding logistics (relative cell number, etc.) need to be considered. Furthermore, the

potential need of cells to have dynamic mechano-stimulation can be addressed by the use

of bioreactors (Hutmacher and Singh, 2008; Khetani and Bhatia, 2006) or rotating culture

systems. Finally, one should consider whether to use a 2-D or 3-D initial cell seeding on

a scaffold or matrix (Kirkpatrick et al., 2011; Fuchs et al., 2007).

In order to understand interactions between endothelial cells and osteoblasts in bone

tissue engineering, angiogenesis research is essential. In vitro models can provide deep

insights into co-regulation and facilitate identification of factors involved in angiogenesis

(Vailhe et al., 2001). For reproducible results, established and well-characterised cell lines

are needed.
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1.4 Aim of this study

The involvement of endothelial cells in inflammation and angiogenesis confers a pivotal

role in tumour suppression and the integration of bone tissue engineering constructs.

For example, drug delivery in vascularised tumours could be better directed and im-

proved. Because of the important role of angiogenesis in bone formation, remodelling

and regeneration, the vascularisation of bone tissue engineering constructs is critical. The

prevascularisation of a scaffold can accelerate the healing response and integration of im-

plants (Kirkpatrick et al., 2011). Osteoblasts influence these processes by stimulation

of endothelial cells to form new blood vessels in vivo and vessel-like structures in vitro.

However, the effects that osteoblasts have on angiogenesis may result either from cell-cell

interactions or from cell signalling processes in the extracellular matrix.

The aim of this study was to demonstrate the relevance of the choice of cell types

and cell characteristics in multicellular in vitro co-culture systems. This study focussed

on the characterisation of endothelial cells and osteoblasts and their potential to induce

angiogenic processes. It also aimed to identify signal molecules that might be involved in

angiogenesis induction. Therefore, important components of the co-culture systems were

analysed to assess their effects on the endothelial cells and the formation of micro-capillary

structures.

In the initial experiments primary osteoblasts and several osteosarcoma cell lines

(MG-63, Cal-72 and SaOS-2) were analysed. These cells were characterised with re-

spect to growth and morphology, osteogenic differentiation and matrix mineralisation

markers as well as protein expression levels. Additionally, the effects of green fluorescent

protein (GFP)-transfection on osteosarcoma cell lines for cell visualisation were studied.

The results were compared with the potential of the cells to induce angiogenesis in 2-D

and 3-D co-cultures with endothelial cells.

The second part of the co-culture studies was to carry out an analysis with endothe-

lial cells, which are very well characterised in the literature. The cells were verified

after isolation based on expression of endothelial cell markers and the ratio of lymphatic
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and vascular sub-populations was analysed. Also, the effect of the lymphatic endothelial

cell marker podoplanin on angiogenesis in co-culture systems was investigated.

The third part of the co-culture studies consisted of examining cell culture medium

composition for its effect on angiogenesis. In order to gain a better understanding of the

influence of osteoblasts on angiogenesis, optimal medium conditions for the co-cultures

were determined, since both cell types require different media in monoculture. Further-

more, changes of the medium composition (especially by secretion of factors) by the cells in

mono- and co-cultures were analysed. Important factors that induce or inhibit angiogen-

esis are secreted by different cell types and include bFGF, HGF, VEGF and endostatin.

Other possible angiogenesis-related factors were determined by transcriptional analysis

and mass spectroscopy.
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Material and Methods

2.1 Materials

2.1.1 Instruments and microscopes

Table 2.3: Instruments and microscopes

Instrument Model Company

Analytical Balance A120S Sartorius, Göttingen, Germany
Autoclave Heraeus, Hanau, Germany
Balance LC420 Sartorius, Göttingen, Germany
Biological Safety Cabinet HeraSafe KS 12 Heraeus, Hanau, Germany
Centrifuge Megafuge 1.0 Kendro, Langenselbold, Germany
Cooling centrifuge S403 Eppendorf, Hamburg, Germany
Deep Freezer HeraFreeze Heraeus, Hanau, Germany
Digital Camera Olympus, Hamburg, Germany
Digital Camera DC 300 F Leica, Wetzlar, Germany
Electrophoresis apparatus Mini-PROTEAN Bio-Rad, Hercules, USA
FACSCalibur BD Biosciences, Pharmingen, Belgium
Fluorescent microplate reader GENios Plus Tecan, Crailsheim, Germany
Fluorescence microscope Biorevo BZ-9000 Keyence, Neu-Isenburg, Germany
Freezer -20°C Siemens, München, Germany
Heating block Dri-Block DB-20 Techne, Burlington, UK
Heating block Thermomixer 5436 Eppendorf, Hamburg, Germany
Incubator HeraCell 150 Heraeus, Hanau, Germany
Inverted fluorescence microscope Leica DM IRBE Leica, Wetzlar, Germany
Laser scanning confocal microscope Leica DM RE Leica, Wetzlar, Germany
Liquid nitrogen tank MVE Cryosystem 6000 German-Cryo, Jüchen, Germany
Liquid nitrogen tank Cryo 1◦C Nalgene, Rochester, UK
Luer forceps Aesculap, Tuttlingen, Germany
Magnet MPC-1 Dynal, Hamburg, Germany
Magnetic stirrer IKAMAG RET-GS IKA-Labortechnik, Staufen, Germany
MALDI LTQ Orbitrap XL Thermo Scientific, Dreieich, Germany
Microcentrifuge SD Roth, Karlsruhe, Germany
Microcentrifuge Biofuge Pico Heraeus, Hanau, Germany
Microplate reader Multiscan Plus MK II Titerscan, Huntsville, USA
Nano Drop ND-1000 NanoDrop, Wilmington, USA
Neon Transfection System Invitrogen, Carlsbad, Germany
Neubauer cell counting chamber Marienfeld, Germany
PCR Cycler Gene PCR System 9700 Applied Biosystems, Foster City, USA
pH meter InoLab 730 WTW, Weilheim, Germany
Plate centrifuge Biofuge Stratos Heraeus, Hanau, Germany
Plate washer Hydro Control Tecan, Männedorf, Switzerland
Power supply PowerPac HC Bio-Rad, Hercules, USA
Real-time PCR cycler 7300 Applied Biosystems, Foster City, USA
Refridgerator 4°C Bosch, München, Germany
Roll mixer Assistent RMS Karl Hecht, Sondheim, Germany
Sterilizer Heraeus, Hanau, Germany
Shaker Reax3 Heidolph, Schwabach, Germany
Shaker Unimax1010 Heidolph, Schwabach, Germany
Ultrasound water bath Sonorex TK52 Bandelin, Berlin, Germany
UV table Bachofer, Waibingen, Germany
Vacuum Pump Vacusafe Comfort Integra Biosciences, Fernwald, Germany
Vortex VWR International, Darmstadt, Germany
Water bath SW-20C Julabo, Seelbach, Germany
Wide-mouth bottles 250ml Nalgene, Rochester, UK
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2.1.2 Consumables

Table 2.4: Consumables

Material Company

15 ml High Clarity PP Conical Tubes (17x120mm) BD Falcon, NJ, USA
50 ml Cell Star Tubes Greiner bio-one, Tuttlingen, Germany
Bioreactor for 3G5 hypridoma cells CELLine CL1000, IBSINTEGRA Biosciences, Chur, Schweiz
Cell Strainer 40 µm and 100 µm Nylon BD Falcon, Heidelberg, Germany
Coverslips (25x40 mm and 18x18 mm) Menzel, Braunschweig, Germany
Coverslips (ø 15 mm and ø 18 mm) Roth, Karlsruhe, Germany
Cryo tubes Nalgene, Rochester, UK
Cytodex microcarrier beads GE Healthcare, Uppsala, Sweden
Examination gloves, latex Semper med, Wien, Austria
Examination gloves, nitrile Igefa, Ahrensfelde, Germany
FlexiPERM chamber Greiner bio-one, Tuttlingen, Germany
Gelmount mounting media Biomedia
HTS Transwell 0,4 µm #3378 Polyester membranes Costar/Corning Life sciences, Amsterdam, Netherlands
Hyperfilm, ECL Amersham Pharmacia Biotech, Freiburg, Germany
Ibidi µ-slides Ibidi, Martinsried, Germany
Laboratoryfilm, Parafilm Pechiney Plastic Packaging, Chicago, USA
LabTek II CC2-treated glass chamber slide Nunc, Roskilde, Denmark
Maxisorb 96-wells plates Nunc, Roskilde, Denmark
Microplates (non-sterile, flat-bottom, 96-well) Greiner bio-one, Tuttlingen, Germany
Object slides Mentel, Braunschweig, Germany
Optical adhesive film (qPCR) Applied Biosystems, Foster City, USA
PCR reaction tubes Applied Biosystems, Foster City, USA
Pipette tips (10, 100, 1000 µl) Greiner, Soligen, Germany
Pipettes (2, 5, 10, 25 ml) Greiner, Soligen, Germany
Protran Nitrocellulose Transfer Membrane Schleicher & Schuell, Dassel, Germany
qPCR optical 96-well reaction plates Applied Biosystems, Foster City, USA
Scalpels Braun, Tutlingen, Germany
Syringe filter 0,2 µm Thermo Scientific, Dreieich, Germany
Terralin liquid Pharmacy, Universitätsmedizin Mainz, Germany
Thermanox coverslips (12 mm) Roth, Karlsruhe, Germany
Tissue culture dishes (ø 3.5 cm, ø 6 cm, ø 10 cm) Greiner bio-one, Tuttlingen, Germany
Tissue culture flask (12.5 cm2) BD Falcon, NJ, USA
Tissue culture flask (25.0 and 75.0 cm2) TPP, Trasadingen, Switzerland
Tissue culture plates (6-, 24-, 48- and 96-well) TPP, Trasadingen, Switzerland
Tissue culture plates (12-well) Greiner bio-one, Tuttlingen, Germany
Tubes (1.5 ml and 2.0 ml) Eppendorf, Hamburg, Germany
Tubes (15 ml and 50 ml) BD Falcon, Heidelberg, Germany
Whatman 3 mm filter paper Schleicher & Schuell, Dassel, Germany

2.1.3 Chemicals

Table 2.5: Chemicals
Chemical Company

1-Butanol Merck, Darmstadt, Germany
2-Propanol Fluka, Basel, Switzerland
10 vol.-% β-mercaptoethanol Dako Hamburg, Germany
40 % Acrylamide/Bisacrylamide solution, 19:1 Bio-Rad, Hercules, USA
Acetone Sigma-Aldrich, St. Louis, USA
Acetic acid Roth, Karlsruhe, Germany
Agar-100 resin PLANO, Germany
Agarose AppliChem, Darmstadt, Germany
AlexaFluor 594 phalloidin Invitrogen, Carlsbad, Germany
APS Bio-Rad, Hercules, USA
sdH2O Braun, Meslingen, Germany

Continued on the following page
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Table 2.5 – Continued from the previous page

Chemical Company

bFGF Sigma-Aldrich, St. Louis, USA
Blocking reagent Roche, Freiburg, Germany
BSA Sigma-Aldrich, St. Louis, USA
CaCl2 x 2H2O Sigma-Aldrich, St. Louis, USA
Calcein AM Molecular Probes, Carlsbad, Germany
CH3COOH Merck, Darmstadt, Germany
Ciprobay 200 Bayer, Leverkusen, Germany
Citric acid Sigma-Aldrich, St. Louis, USA
Collagen type I ICN Biomedicals, Eschwege, Germany
Coomassie Blue G250 Sigma-Aldrich, St. Louis, USA
Crystal violet Merck, Darmstadt, Germany
DAPI (Hoechst) Sigma-Aldrich, St. Louis, USA
dimethyl sulfoxide Sigma-Aldrich, Germany
dNTP mix Qiagen, Hilden, Germany
DTT ICN Biomedicals, Eschwege, Germany
Dynabeads CD31 Dynal, Hamburg, Germany
ECL Western Blotting Detection Reagents Amersham Pharmacia Biotech, Freiburg, Germany
EDTA Sigma-Aldrich, St. Louis, USA
EGTA Sigma-Aldrich, St. Louis, USA
ethanol AppliChem, Darmstadt, Germany
FCS Sigma-Aldrich, St. Louis, USA
Fibrinogen Fluka, Basel, Switzerland
Fibronectin Roche, Freiburg, Germany
Ficoll solution Sigma-Aldrich, St. Louis, USA
Formalin Sigma-Aldrich, St. Louis, USA
Fungizone Gibco, Karlsruhe, Germany
Gelatine Sigma-Aldrich, St. Louis, USA
GenCarrier-1 Cell Transfection Reagent Epoch Biolabs, Sugar Land, USA
GlutaMaxTM (100x) Gibco, Carlsbad, Germany
Glycerol Sigma-Aldrich, St. Louis, USA
Glycine Roth, Karlsruhe, Germany
GSH-MEE Calbiochem, Darmstadt, Germany
H2O2 Merck, Darmstadt, Germany
HNO3 Fisher Scientific, United Kingdom
H2SO4 Merck, Darmstadt, Germany
H3PO4 Merck, Darmstadt, Germany
HCL Merck, Darmstadt, Germany
HEPES Sigma-Aldrich, St. Louis, USA
Hoechst 33342 Sigma-Aldrich, St. Louis, USA
Hydrochloric acid Merck, Darmstadt, Germany
Isopropanol Fluka, Basel, Switzerland
KCl Calbiochem, Darmstadt, Germany
KOH Merck, Darmstadt, Germany
L-glutathione reduced Sigma-Aldrich, St. Louis, USA
LPS Sigma-Aldrich, St. Louis, USA
MetOH AppliChem, Darmstadt, Germany
MgCl2 x 6H2O Merck, Darmstadt, Germany
Na2HPO4 Roth, Karlsruhe, Germany
NaCl Roth, Karlsruhe, Germany
NaOH Roth, Karlsruhe, Germany
n-butanol Fluka, Basel, Switzerland
Nonfat dried milk powder AppliChem, Darmstadt, Germany
o-PD tablet Roche, Freiburg, Germany
PBS Gibco, Carlsbad, Germany
PBS (10x sterile solution) Sigma-Aldrich, St. Louis, USA
PEG Sigma-Aldrich, St. Louis, USA
PKH26 Sigma-Aldrich, St. Louis, USA
P/S (each 10,000 U/ml) Gibco, Carlsbad, Germany
PFA (3.7 vol.-% in CS-buffer) Merck, Darmstadt, Germany
PIPES Sigma-Aldrich, St. Louis, USA
PMSF Sigma-Aldrich, St. Louis, USA
Ponceau S solution Sigma-Aldrich, St. Louis, USA
Power SYBR Green Applied Biosystems, Foster City, USA
Precision Plus Protein Standards Dual Color Bio-Rad, Hercules, USA
Precision Plus Protein Standards Western Color Bio-Rad, Hercules, USA
Precision StrepTactin-HRP Conjugate Bio-Rad, Hercules, USA

Continued on the following page
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Table 2.5 – Continued from the previous page

Chemical Company

Protease Inhibitors Cocktail Sigma-Aldrich, St. Louis, USA
Random Primer, d(N)x New England Biolabs, Frankfurt am Main, Germany
RotiLoad-1 loading buffer Roth, Karlsruhe, Germany
SDS Serva, Heidelberg, Germany
Sodium deoxycholate Sigma-Aldrich, St. Louis, USA
Sodium heparin Sigma-Aldrich, St. Louis, USA
Substrate reagents R&D Systems, Wiesbaden, Germany
Sucrose Serva, Heidelberg, Germany
Supplement Mix PromoCell, Heidelberg, Germany
TEMED Bio-Rad, Hercules, USA
Tris Roth, Karlsruhe, Germany
Tris-HCl 1M Sigma-Aldrich, St. Louis, USA
Triton X-100 Sigma-Aldrich, St. Louis, USA
Tween 20 Serva, Heidelberg, Germany
VEGF Gibco, Carlsbad, Germany

2.1.4 Buffers

Table 2.6: Buffers
Buffer Composition Used for (company)

Bradford reagent

50 mg Coomassie Blue G250

Visualisation of proteins25 ml ethanol
50 ml H3PO4

adjusted to 1.0 l with sdH2O

Buffy coat buffer
0.5 % FCS

OEC isolation0.4 % 20 mM EDTA
adjusted with PBS

Cacodylat/HCl

150 mM NaCacodylat

TEM1 mM CaCl2
0.5 mM MgCl2
pH 7.2 adjusted with HCl

Blocking solution
5 % Milk powder

Western blotPBS
0.2 % Tween 20

CM buffer
0.26 M NaHCO3

Reconstitution buffer for collagen gel matrix0.2 M HEPES
0.04 N NaOH

CS

0.1 M PIPES

Solvent buffer for paraformaldehyde
1 mM EGTA
4 % PEG
0.4 % NaOH
pH 7.2

Laemmli Stock
30 g Tris

Laemmli Stock for SDS-PAGE144 g Glycine
adjust to 1 l with sdH2O

SDS-PAGE running buffer
200 ml Laemmli Stock

Running buffer for SDS-PAGE5 ml 20 % SDS
adjust to 1 l with sdH2O

SDS-PAGE transfer buffer
100 ml Laemmli Stock

Transfer buffer for SDS-PAGE250 ml MetOH
adjust to 1 l with sdH2O

Continued on the following page
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Table 2.6 – Continued from the previous page

Buffer Composition Used for (company)

PBS

20x stock solution

Wash buffer for ELISA, Western blot
160.0 g NaCl
4.0 g KCl
4.0 g KH2PO4

adjusted to 1.0 l with sdH2O

RIPA buffer

50 mM Tris-HCl pH 7.4

Lysis of cells and tissues

150 mM NaCl
1 mM EDTA
1 % Sodium deoxycholate
0.1 % SDS
1 % Triton X-100
1 mM PMSF

SDS transfer buffer
25 mM Tris-HCl, pH 8.0

Western blot100 mM Glycine
25 % MetOH

Sodium citrate 10x stock 1 M citric acid CAM-EIA2 M Na2HPO4

Stripping buffer
10 ml PBS

Western blot70 µl β-ME
2 % SDS

Substrate solution

5 ml Sodium citrate 10x stock

CAM-EIA45 ml sdH2O
1 tablet o-PD (20 mg)
20 µl H2O2

TBE buffer
Tris

DNA agarose gelsborate
EDTA

TE buffer 100 mM Tris-HCl pH 8.0
10 mM EDTA pH 8.0

Umbilical cord buffer

900 ml sdH2O

HUVEC isolation
100 ml HEPES 10x
1 % P/S
1 % ciprobay
1 % fungizone

BSA-Tris buffer Tris ELISA1.0 % BSA

2.1.5 Solutions and cell culture media

Table 2.7: Solutions and cell culture media

Chemical Company

DMEM Sigma-Aldrich, St. Louis, USA
DMEM/F-12 (1:1) (1x) and GlutaMaxTM Gibco, Carlsbad, Germany
EBM2 Lonza, Köln, Germany
ECBM and supplements PromoCell, Heidelberg, Germany
ECGM and supplements Lonza, Köln, Germany
EGM2 BulletKit supplements Lonza, Köln, Germany
Medium 199 Sigma-Aldrich, St. Louis, USA
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2.1.6 Enzymes

Table 2.8: Enzymes

Enzyme Company

BamHI Fermentas, St. Leon-Rot, Germany
Collagenase type I Worthington, Lakewood, UK
Dispase Gibco, Carlsbad, Germany
EcoRI Fermentas, St. Leon-Rot, Germany
Proteinkinase K Sigma-Aldrich, St. Louis, USA
RNaseA Roche, Freiburg, Germany
RNase-Free DNase Qiagen, Hilden, Germany
Streptavidin HRP R&D Systems, Wiesbaden, Germany
Streptavidin-biotinylated HRP complex Amersham Pharmacia Biotech, Freiburg, Germany
Thrombin Sigma-Aldrich, St. Louis, USA
Trypsin Gibco, Carlsbad, Germany
Trypsin-EDTA (1x) Gibco, Carlsbad, Germany
Versene Gibco, Carlsbad, Germany

2.1.7 Antibodies

Table 2.9: Antibodies

Antibody Source Dilution Company

Alexa 488 anti-mouse IgG goat 1:1000 Invitrogen, Carlsbad, Germany
Alexa 488 anti-rat IgG goat 1:1000 Invitrogen, Carlsbad, Germany
Alexa 488 anti-rabbit IgG donkey 1:1000 Invitrogen, Carlsbad, Germany
Alexa 488 anti-goat IgG donkey 1:1000 Invitrogen, Carlsbad, Germany
Alexa 546 anti-mouse IgG goat 1:1000 Invitrogen, Carlsbad, Germany
Alexa 546 anti-rabbit IgG goat 1:1000 Invitrogen, Carlsbad, Germany
Alexa 594 anti-rabbit IgG donkey 1:1000 Invitrogen, Carlsbad, Germany
Alexa 594 anti-goat IgG donkey 1:1000 Invitrogen, Carlsbad, Germany
Anti-D2-40 mouse 1:20 Covance, Princeton, USA
Anti-CD31 FITC conjugate mouse 1:40 Chemicon, Billerica, USA
Anti-CD31 mouse 1:50 Dako, Glostrup, Danmark
Anti-E-selectin mouse 1:2000 Bender MedSystems, Vienna, Austria
Anti-ICAM-1 rabbit 1:1000 Cell Signaling, Danvers, USA
Anti-ICAM-1 mouse 1:400 Bender MedSystems, Vienna, Austria
Anti-VE-Cadherin mouse 1:100 BD Biosciences, Pharmingen, Belgium
Anti-vWF rabbit 1:8000 Dako, Glostrup, Danmark
Anti-mouse IgG biotinylated goat 1:1000 Amersham Pharmacia Biotech, Freiburg, Germany
Anti-mouse IgG HRP linked sheep 1:2000 Amersham Pharmacia Biotech, Freiburg, Germany
Anti-mouse IgG HRP linked rabbit 1:400 Dako, Glostrup, Danmark
Anti-rabbit IgG HRP linked donkey 1:3000 Amersham Pharmacia Biotech, Freiburg, Germany
Anti-rabbit IgG HRP linked goat 1:5000 Jackson ImmunoResearch, Suffolk, UK
ELISA antibodies see Table 2.11 R&D Systems, Wiesbaden, Germany
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2.1.8 Oligonucleotides

Table 2.10: Oligonucleotides

Primer Sequence

18s 3’ 5’-GGCATCGTTTATGGTCGGAA-3’
18s 5’ 5’-AGCGAAAGCATTTGCCAAGA-3’
Actin 3’ 5’-TACGCCAACACAGTGCTGTCT-3’
Actin 5’ 5’-TGCATCCTGTCGGCAATG-3’
E-selectin 3’ 5’-CCCGTGTTTGGCACTGTGT-3’
E-selectin 5’ 5’-GCCATTGAGCGTCCATCCT-3’
GAPDH 3’ 5’-ATGGGGAAGGTGAAGGTCG-3’
GAPDH 5’ 5’-TAAAAGCAGCCCTGGTGACC-3’
HIF-1α 3’ 5’-GCAAGCCCTGAAAGCG-3’
HIF-1α 5’ 5’- GGCTGTCCGACTTTGA-3’
ICAM-1 3’ 5’-CGGCTGACGTGTGCAGTAAT-3’
ICAM-1 5’ 5’-CACCTCGGTCCCTTCTGAGA-3’
IL-8 3’ 5’-TGGCAGCCTTCCTGATTTCT-3’
IL-8 5’ 5’-TTAGCACTCCTTGGCAAAACTG-3’
VEGF 3’ 5’-CGAGGGCCTGGAGTGTGT-3’
VEGF 5’ 5’-CCGCATAATCTGCATGGTGAT-3’
Podoplanin 3’ 5’-ATGCTGACTCCGCTCG-3’
Podoplanin 5’ 5’-TTAGGGCGAGTACCTTC-3’
podoplaninEcoRI 5’-ATTAAGAATTCATGCTGACTCCGCTCG-3’
podoplaninBamHI 5’-TATTATGGATCCTTAGGGCGAGTACCTTC-3’

2.1.9 Kit systems

Table 2.11: Kit systems

Kit Company

Albumin and IgG Depletion Kit Qiagen, Hilden, Germany
BCA Protein Assay Kit Pierce, Rockford, USA
Calcium OCP Fluid MTI-diagnostics, Idstein, Germany
DNA Damage Quantification Kit BioVision, Mountain View, USA
DNeasy Blood & Tissue Kit Qiagen, Hilden, Germany
Human Angiogenesis Proteome Profiler Antibody Array Kit R&D Systems, Wiesbaden, Germany
Human VEGF DuoSet ELISA Kit R&D Systems, Wiesbaden, Germany
Human bFGF DuoSet ELISA Kit R&D Systems, Wiesbaden, Germany
Human IGF-1 DuoSet ELISA Kit R&D Systems, Wiesbaden, Germany
Human HGF DuoSet ELISA Kit R&D Systems, Wiesbaden, Germany
Human endostatin DuoSet ELISA Kit R&D Systems, Wiesbaden, Germany
MinElute Reaction Cleanup Kit Qiagen, Hilden, Germany
NanoOrange Protein Quantification Kit Molecular Probes, Carlsbad, Germany
Neon Transfection Kit Invitrogen, Carlsbad, Germany
Omniscript RT Kit Qiagen, Hilden, Germany
Osteogenesis Quantification Kit Chemicon International, Temecula, USA
Proteo Mass MALDI Calibration Kit for LT QXL Thermo Scientific, Dreieich, Germany
Qiagen Plasmid Mini Kit Qiagen, Hilden, Germany
Qiaquick Gel Extraction Kit Qiagen, Hilden, Germany
Quanti-iT PicoGreen dsDNA Invitrogen, Carlsbad, Germany
Rapid DNA Ligation Kit Roche, Freiburg, Germany
RNeasy Mini Kit Qiagen, Hilden, Germany
Sircol Soluble Collagen Kit Biocolor, Carrickfergus, UK
SuperScript II Reverse Transcriptase Invitrogen, Carlsbad, Germany
SYBR Green PCR Master Mix Applied Biosystems, Foster City, USA
WST-1 Cell Proliferation Assay Roche, Freiburg, Germany
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2.1.10 Primary cells and cell lines

Table 2.12: Bacteria, primary cells and cell lines

Cell type abbreviation Source

E. coli XL1-Blue Stratagene
HUVEC primary human umbilical vein endothelial cells (HUVEC) from umbilical cord
HDMEC primary human dermal microvascular endothelial cells (HDMEC) from juvenile foreskin
HPMEC primary human pulmonary microvascular endothelial cells (HPMEC) from lung tissue
OEC outgrowth endothelial cells (OEC) from blood buffy coat
pOB primary osteoblasts (pOB) from cancellous bone fragments
MG-63 human osteosarcoma cell line purchased from ATCC
Cal-72 human osteosarcoma cell line purchased from DSMZ
SaOS-2 human osteosarcoma cell line purchased from ATCC
ST1 human pulmonary endothelial cell-derived cell line (Krump-Konvalinkova et al., 2001)

2.1.11 Software

Table 2.13: Software

Used for Software Version Developer System

Sequence analysis
ApE - A plasmid Editor 1.17 M. Wayne Davis

Mac OS XMacVector 11.0.4 MacVector Inc.
Serial Cloner 2.1 Serial Basic

VectorNTI Advance 11 Invitrogen Windows 7

GNCPro Qiagen (SABiosciences, 2013) Online

Primer design Oligo 7.54 Molecular Biology Insights, Inc. Mac OS X

Primer Premier 5.00 Premier Biosoft International Windows 7

Statistical data analysis
Prism 5.0c GraphPad Software Inc. Mac OS X

Quantity One 4.6.3 Bio-Rad Windows7Excel 2010 Microsoft

Image processing Photoshop CS4/5 Adobe Mac OS XFITS Liberator 2.2/3.0 ESA/ESO/NASA

FACS analysis FACS Calibur 2.1 BD Biosciences Mac OS XCell Quest Pro 2.1 BD Biosciences

qPCR software 7300 Real Time PCR System 1.4 Applied Biosystems Windows 7

Microscope software

BZ-9000 Analyzer Keyence

Windows 7BZ-9000 Viewer Keyence
LCS Leica Microsystems
QWin Leica Microsystems
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2.2 Methods

2.2.1 Isolation of primary human endothelial cells

2.2.1.1 Isolation of HUVEC

Primary human umbilical vein endothelial cells (HUVEC) were isolated according to Jaffe

et al. (1973) from fresh umbilical cords which were obtained from the GPR Clinic, Rüs-

selsheim. Soon after birth the cord was cropped from the placenta and kept at 4◦C in a

sterile bottle containing umbilical cord buffer (Table 2.6) until further processing. The

umbilical cord was cleaned with 70 % ethanol and cut at both ends to remove areas with

clamp marks. At both ends of the vein a plastic needle was inserted and fixed with a

clamp. The umbilical vein was rinsed with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES). Eventually occurring defects were fixed with clamps. After cleaning, the

vein was filled with 5 ml of a collagenase type I (0.1 %) and HEPES mixture (1:1 (v/v))

for enzymatic tissue dissociation. The umbilical vein was sealed with clamps and incu-

bated at 37◦C. After 20 min, the umbilical cord was softly massaged for 1 min to loosen

endothelial cells. The enzyme-cell suspension was collected in a sterile 50 ml tube and the

vein was rinsed with phosphate-buffered saline (PBS) to a final volume of 50 ml. The cells

were then centrifuged (1200 rpm, 5 min), resuspended in M199 (containing 20 % FCS,

1 % P/S, 2 mM GlutaMaxTM , ECGS (1:2000), sodium heparin (1:2000)) and seeded on

a 0.2 % gelatine-coated T25 cell culture flask.

The cells were cultivated in an atmosphere of 5 % CO2, 95 % humidity and 37◦C

(Section 2.2.2) until reaching confluence (passage 0). They were passaged in 1:3 ratio on

a gelatine-coated cell culture flask (passage 1). When reaching confluence again, the cells

were passaged in 1:3 ratio or frozen as described in Section 2.2.2.3 (passage 2).

2.2.1.2 Isolation of HDMEC

Primary human dermal microvascular endothelial cells (HDMEC) were isolated from juve-

nile foreskin (Kirkpatrick et al., 2002). After disinfection with 70 % ethanol, the foreskin

was washed with PBS. Connective tissue was removed and the dermis was cut into

2x2 mm pieces before incubation in 2.36 U/ml dispase at 4◦C overnight. The enzymatic
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reaction was stopped by the addition of 2 ml 20 % FCS. Epidermis was removed from the

dermis and the pieces were washed in PBS. Afterwards, the foreskin was digested with

5 ml versene and 80 µl 2.5 % trypsin at 37◦C for 2 h under moderate shaking. Enzymatic

reaction was stopped by addition of 40 ml 20 % FCS. The pieces were transferred into

a glass petri dish and squeezed with the flat side of a sterile plastic syringe. The tis-

sue suspension was filtered (100 µm) into a fresh 50 ml tube and centrifuged (1200 rpm,

5 min). The cell pellet was resuspended in 12 ml endothelial cell basal medium (ECBM)

with Supplement-Mix and 1 % P/S, seeded onto a T75 cell culture flask pre-coated with

gelatine (passage 0) and cultivated (Section 2.2.2). Unattached cells and remaining tis-

sue particles were removed the next day by changing the medium. Continuous medium

change was performed every 3-4 days.

When confluence was reached endothelial cells were purified using Dynabeads conju-

gated with antibody against CD31. 8 to 16 µl Dynabeads suspension were washed with

PBS in a tube fixed to a magnet. Subsequently the Dynabeads were resuspended in 5 ml

PBS with 0.1 % bovine serum albumin (BSA) and added to the cell culture. Beads were

incubated with the cells at 37◦C for 20 min. After 10 min, the binding of the beads to

endothelial cells was controlled microscopically. Medium was discarded and cells were de-

tached with 1 ml of 25 % trypsin/ethylenediaminetetraacetic acid (EDTA) solution. The

cells were resuspended in PBS with 10 % FCS and transferred into a 15 ml tube fixed to

a magnet. After 1 min of incubation, cells labelled with CD31-Dynabeads were located

at the side of the tube closest to the magnet. The liquid was discarded and cells were

resuspended in 3 ml PBS with 0.1 % BSA. The cells were mixed in the tube on a roll

mixer at 4◦C for 10 min and separated by the magnet before repeating the resuspension

step. This washing step was performed three times before HDMEC were sieved through

a 40 µm filter. HDMEC were resuspended in 12 ml ECBM with supplement-mix and 1 %

P/S, and seeded onto a gelatine-coated cell culture flask (passage 1).

HDMEC were grown to confluence, passaged 1:3. After 4 h a second CD31 separation

was performed (passage 2). When HDMEC reached confluence, the cell culture medium

was changed to endothelial cell growth medium (ECGM) (containing 15 % FCS, 1 % P/S,

sodium heparin (10 µg/ml), bFGF (2.5 ng/ml)). Cells were passaged in 1:3 ratio or cryo

conserved (Section 2.2.2.3).
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2.2.1.3 Isolation of HPMEC

Primary human pulmonary microcascular endothelial cells (HPMEC) were isolated from

lung tissue (Carley et al., 1992).

2.2.1.4 Isolation of OEC

OEC were isolated from human peripheral blood buffy coats which were obtained from

the Transfusionszentrale, University Medical Center, Mainz (Fuchs et al., 2007). Buffy

coat is the middle fraction between plasma and erythrocytes of a blood density gradient

centrifugation. It mostly contains leuco- and monocytes.

OEC were separated by diluting the blood 1:2 with buffycoat buffer (Table 2.6), over-

coating carefully 15 ml of ficoll solution (specific density: 1.077 g/ml) with 35 ml of the

mixture and centrifuging (400 xg without brake, 35 min) at room temperature. The sedi-

mentation equilibrium state in combination with formation of a density gradient led to sep-

aration of erythro- and granulocytes at the bottom of the tube, monocytes as a white inter-

phase (buffy coat) and blood plasma and thrombocytes above the interphase (Figure 2.4).

Buffy coat containing monocytes was carefully transferred into a fresh tube and mixed

Figure 2.4: Density gradient centrifugation of
human peripheral blood
Scheme of density gradient centrifugation of hu-
man peripheral blood with the different phases.
For OEC isolation the buffy coat phase was used.

with 50 ml of PBS. The suspension was

centrifuged (400 xg, 10 min), supernatant

was discarded and the pellet was washed

three times with PBS. With the last wash-

ing step, 1 ml of the cell suspension was

used to count the cells. Meanwhile, 24-well

cell culture plates were prepared by coating

with collagen type I (10 µg/ml) for 1 h at

37◦C (Section 2.2.2.1). The cells were then

resuspended in EBM2 with EGM2 Bul-

letKit supplements, 5 % FCS und 1 % P/S

and plated onto the previously coated 24-

well plates (5 x 106 cells per well). Cell

culture medium was refreshed three times
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a week. After three to four weeks, single colonies of OEC appeared, showing typical

bouldering morphology. They were combined 28 days after isolation and plated onto fi-

bronectin coated (10 µg/ml) 24-well cell culture plates. When the cells reached confluence

they were passaged 1:2 several times until the needed cell amount was reached. The cells

were used between passage 8 and 18.

2.2.1.5 Isolation of pOB

pOB were isolated from human cancellous bone fragments of healthy donors according

to Annaz et al. (2004) and Hoffmann et al. (2003). Bone fragments were obtained from

Orthopedics, University Medical Center, Mainz. Bone fragments were cleaned with ster-

ile PBS/1 % P/S in glass petri dishes and cut into pieces. The pieces were put into a

50 ml tube with PBS and washed by shaking the tube vigorously. The supernatant was

discarded. This step was repeated until the supernatant was limpid and did not show

any tissue or blood residues. Subsequently the bone parts were placed in sterile 6-well

plates, each well carrying 3 pieces. Wells were filled with 2 ml Dulbecco’s modified eagle

medium (DMEM)/nutrient mixture F-12 (F-12) (containing 1 % P/S, 20 % FCS). Cells

were cultivated (Section 2.2.2), medium was changed daily and cell proliferation was mon-

itored twice a week by microscopic analysis (passage 0).

When the cell layer was confluent the medium was discarded and cells were detached

with 1 ml 25 % trypsin/EDTA solution for one minute at 37◦C. The enzymatic reaction

was stopped by the addition of DMEM/F-12 (containing 1 % P/S, 20 % FCS). Detached

cells were pooled in a 50 ml tube, separated from the bone residues by filtration (40 µm

nylon) and transferred into a T75 cell culture flask (4 confluent wells per T75, passage 1).

Medium was changed twice a week and the DMEM/F-12 (containing 1 % P/S, 20 % FCS)

was substituted by DMEM/F-12 (containing 1 % P/S, 10 % FCS, 2 % GlutaMaxTM).

2.2.2 Cell culture

All cells mentioned in this study were grown under standard cell culture conditions with

5 % CO2 and 95 % humidity at 37◦C. Cells were handled in sterile conditions using

biological safety cabinet. For 2-D cell culture the culture surface was coated. Prior to
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experiments, cells were grown in standard culture conditions until confluence and used in

the needed cell density after being counted in a Neubauer cell counting chamber.

2.2.2.1 Coating of cell culture surfaces

Extracellular membrane proteins like gelatine, fibronectin or collagen increase and improve

the adhesion of endothelial cells to the culture surface. Therefore flasks, plates, LabTeks,

transwell filter membranes and petri dishes were coated prior to cell seeding. For the

coating of culture surfaces, they were incubated for 1 h at 37◦C with gelatine (0.2 %), rat

tail collagen type-I (12.12 µg/cm2) and fibronectin (5 µg/ml) diluted in PBS.

2.2.2.2 Cell passage and cell seeding

Cells were grown (in case of endothelial cells on coated) tissue culture flasks and plates.

Table 2.14: Cell culture media for different cell types

Cell type Medium Passage

HDMEC

ECGM

1:3; ≤ passage 3
15 % FCS
1 % P/S
bFGF (1:500)
sodium heparin (1:5000)

HCMEC

ECGM

1:4; ≤ passage 35
15 % FCS
1 % P/S
bFGF (1:500)
sodium heparin (1:5000)

HPMEC

ECGM

1:4; ≤ passage 35
15 % FCS
1 % P/S
bFGF (1:500)
sodium heparin (1:5000)

HUVEC

M199

1:3; ≤ passage 3
15 % FCS
1 % P/S
ECGS (1:2000)
sodium heparin (1:2000)

OEC
EBM2

1:3; ≤ passage 185 % FCS
1 % P/S
EGM2 BulletKit supplements

pOB

DMEM

1:3; ≤ passage 12
10 % FCS
1 % P/S
1 % GlutaMaxTM
sodium heparin (1:2000)

DMEM
Cal-72 10 % FCS
MG-63 1 % P/S 1:3; ≤ passage 35
SaOS-2 1 % GlutaMaxTM

sodium heparin (1:2000)

When cells reached 90 - 100 % conflu-

ence they were detached and seeded on

a fresh culture surface. Used cell cul-

ture medium was discarded and cells

were washed once with PBS. For de-

taching the cells, they were incubated

with 0.5 ml of 25 % trypsin/EDTA

solution at 37◦C for 2 min. The en-

zymatic reaction was stopped by the

addition of 5 ml 10 % FCS. Cells

were transferred in 1:3 to 1:5 ratio

in the respective cell culture medium

(Table 2.14). For experiments, cells

were counted and seeded at the needed

cell density. Some angiogenesis exper-

iments were performed with endothe-

lial cells and used osteoblast medium

supernatants. For this, the medium
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supernatants were centrifuged (1200 rpm, 5 min) to remove possible contamination with

dead cells and mixed 1:1 with fresh cell culture medium. Cells were grown in standard

cell culture conditions (Section 2.2.2).

2.2.2.3 Cryoconservation and thawing of cells

For cryoconservation of cells, cell culture medium was discarded and the cells were washed

with PBS before being trypsinised with 0.5 ml trypsin/EDTA in 37◦C for 2 min. The

enzymatic reaction was stopped by the addition of 5 ml 10 % FCS. Cells were pelleted

by centrifugation (1200 rpm, 5 min) and re-suspended in cell culture medium containing

10 % dimethyl sulfoxide (DMSO). Portions of 1.8 ml were transferred into cryo tubes.

The cryo tubes were stored at -80◦C and put into a fluid nitrogen tank the next day. For

defrosting, the cells were thawed in a water bath at 37◦C, transferred into a coated culture

flask and supplemented with fresh cell culture medium. Medium was changed after the

cells attached to the culture surface.

2.2.2.4 Cell number quantification

Relative cell number was determined by Neubauer cell counting chamber. The chamber

was prepared by cleaning the polished surface and coverslip. The coverslip was placed

over the counting surface and 10 µl of the cell suspension was introduced into one well.

The cells in the counting grid were counted. If needed, the cell suspension was diluted

to avoid overlapping particles or cell clusters. Each square has an area of 1/25 mm2 and

depth of 0.1 mm. For calculation of total cells per ml the following equation was used:

cells per ml = counts per grid · 10000 (2.1)

2.2.2.5 Transfection of SaOS-2

SaOS-2 were transfected using Neon Transfection System. A 24-well cell culture plate was

prepared by adding 500 µl DMEM (containing 10 % FCS, 1 % P/S, 1 % GlutaMaxTM ,

sodium heparin (1:2000)) per well. Trypsinised and centrifuged cells were resuspended in

PBS and counted. 1.7 million cells were centrifuged (1200 rpm, 2 min) and resuspended
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Table 2.15: SaOS-2 transfection

voltage duration repeats

1200 V 40 ms 1 x
1300 V 10 ms 3 x
1100 V 40 ms 1 x
1300 V 20 ms 2 x
1400 V 10 ms 1 x
1200 V 30 ms 2 x

in 285 µl solution R. Cells were transferred to a 1.5 ml tube

containing 15 µg plasmid desoxyribonucleic acid (DNA) in

not more than 15 µl liquid. A microporation tube was filled

with 3 ml of solution E and the cells/DNA mixture was

soaked into the microporator pipette before being placed in

the pipette station. Microporation pulse conditions were set according to Table 2.15 and

applied 4 times each on fresh cells/DNA mixture. Samples were seeded into 24-well cell

culture plates and incubated for 10 days changing medium every third day.

2.2.2.6 Cell treatment with growth factors

For growth factor experiments, co- and monocultures of endothelial cells and osteosarcoma

cell lines were treated with different growth factor concentrations (Table 2.16). For mono-

Table 2.16: Growth factor concentrations

Growth factor Used concentration

VEGF 5 ng/ml, 50 ng/ml, 200 ng/ml

bFGF 1 ng/ml, 10 ng/ml, 100 ng/ml

IGF-1 2 ng/ml, 20 ng/ml, 200 ng/ml

IGF-2 2 ng/ml, 20 ng/ml, 200 ng/ml

cultures, endothelial cells were seeded in colla-

gen type I gel matrix (Section 2.2.2.9). Cell cul-

ture medium was supplemented with the growth

factor in appropriate concentration. At different

time points, the cells were detected by Calcein-

AM staining (Section 2.2.3.1).

2.2.2.7 2-D co-cultures on cell culture plastic

For co-cultivation of endothelial cells and osteoblasts, both cell types were trypsinised and

counted before 168000 endothelial cells and 26000 osteoblasts were seeded onto precoated

petri dishes. The cells were supplied with 2 ml ECBM (containing 15 % FCS, 1 % P/S,

sodium heparin (10 µg/ml), bFGF (2.5 ng/ml)) and cultured for 7, 14, 21 and 28 days

before being visualised by immunofluorescent staining (Section 2.2.4.3).

2.2.2.8 2-D co-cultures with flexiPERM chamber

Co-cultures of endothelial cells and osteoblasts in flexiPERM chambers were performed

in petri dishes. One flexiPERM ring was put onto one petri dish before cell culture

surface was coated with gelatine. Meanwhile, cells were trypsinised and counted. First,

35



Material and Methods

25000 endothelial cells were seeded in the middle of the flexiPERM chamber, then 100000

osteoblasts were seeded outside the flexiPERM ring and coated with ECBM (containing

15 % FCS, 1 % P/S, sodium heparin (10 µg/ml), bFGF (2.5 ng/ml)). After 4-5 h cells

were adherent and the flexiPERM chambers could be removed carefully. Co-culture was

kept for 21 days, changing medium every 3-4 days.

2.2.2.9 3-D culture in collagen type I gel matrix

Confluent cells were used for 3-D cultures in collagen type I gel matrix. The cells were

trypsinised and cell number was estimated in a Neubauer cell counting chamber. On a

48-well plate, 150 µl of collagen type I gel matrix were used per well with a total cell

number of 175000. The appropriate amount of cells per experiment was centrifuged in a

sterile tube (1200 rpm, 5 min). Meanwhile the collagen gel matrix mixture was prepared.

50 % sterile distilled water (sdH2O), 30 % collagen type I and 10 % M199 (10x) were

mixed before 10 % collagen matrix (CM) buffer (10x) was added. The solution was mixed

carefully until the colour changed from yellow to red/brown and kept on ice until being

used. The pelleted cells were resuspended in collagen type I gel matrix solution and

150 µl were seeded in each well of a 48-well plate. The plate was incubated for 20 min at

37◦C until a stable gel was formed. The wells were carefully covered with 300 µl of 37◦C

pre-warmed cell culture medium.

Some angiogenesis experiments were performed with endothelial cells in the collagen

gel matrix and used osteoblast medium supernatants. The medium supernatants were

centrifuged (1200 rpm, 5 min) to remove a possible contamination with dead cells and

mixed 1:1 with fresh ECGM (containing 15 % FCS, 1 % P/S, sodium heparin (10 µg/ml),

bFGF (2.5 ng/ml)). At different time points the angiogenic effects were documented by

phase contrast microscopy and Calcein-AM staining (Section 2.2.3.1).

2.2.2.10 3-D culture in fibrin gel matrix

For 3-D cultures in fibrin gel matrix fibrinogen (20 mg/ml) and thrombin (200 U/ml)

solutions were prepared in advance. The fibrinogen solution contained 4.5 g fibrinogen

diluted in 255 ml ECBM medium without supplements. The mixture was dissolved at

36



Material and Methods

37◦C for 4 h with gentle shaking every 30 min. The solution was filtered (0.2 µm) and

stored in aliquots at -20◦C. 10000 Units of thrombin were dissolved in 50 ml ECBM

supplemented with 0.1 % BSA, filtered (0.2 µm) and stored in aliquots at -20◦C. Confluent

cells were used for 3-D cultures in fibrin gel matrix. The cells were trypsinised (Section

2.2.2.2) and counted. On a 48-well plate, 150 µl of fibrin gel matrix were used per well

with a total cell number of 175000. The appropriate amount of cells per experiment was

centrifuged in a sterile tube (1200 rpm, 5 min). Cell pellets were resuspended in ECBM

supplemented with 10 U/ml thrombin and 110 µl per well were seeded on a 48-well plate.

40 µl fibrinogen solution were added and kept at room temperature for 10 min.

2.2.3 Cytotoxicity assays

2.2.3.1 Calcein-AM cell viability assay

For determination of cell viability Calcein-AM cell viability assay was used. Cell culture

medium was supplemented with 1 mM Calcein-AM and incubated at 37◦C for 15 min. Vi-

able cells were detected by fluorescence microscopy. In viable cells with intact membrane,

internalised Calcein-AM is hydrolysed by an endogenous esterase into fluorescent calcein.

The fluorescence was monitored by Leica IBRE microscope with a 485 nm excitation filter

and 530 nm emission filter system.

2.2.3.2 Viability test with WST-1

The 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1)

cell proliferation assay is based on the formation of formazan after cleavage of a tetra-

zolium salt by mitochondrial dehydrogenases in viable cells. The formazan level produced

by viable, metabolically active cells following the addition of WST-1 can be quantified by

the absorption of light at a monochromatic wavelength of λ=450 nm. The absorption is

proportional to the number of living cells.

10000 cells were seeded per well in a 96-well plate and grown until 90 % confluence.

Cell culture medium was removed and cells were washed twice with HEPES buffer sup-

plemented with 0.2 % BSA. A mixture of cell culture medium and WST-1 was prepared

(100 µl medium and 10 µl WST-1 stock solution per well), 120 µl were added per well
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and incubated at 37◦C. After 60 min 100 µl of the supernatant was transferred to a new

96-well plate and the absorption was measured at λ=450 nm in a microplate reader. For

the calculation of the percent viability the blank (no cells with medium and WST-1 stock

solution) was subtracted from all measured values.

2.2.4 Protein biochemical methods

2.2.4.1 ELISA

The enzyme-linked immunosorbent assay (ELISA) was used for analysis of factors re-

leased by cells into the cell culture medium supernatants. Cells were grown in co- and

monocultures on petri dishes. The used cell culture medium was collected and stored at

-80◦C or used directly for ELISA.

Released growth factors in cell culture medium were quantified using NUNC Max-

isorp 96-well plates coated with 100 µl primary capture antibody (4 µg/ml diluted in

tris(hydroxymethyl)aminomethane (Tris) buffer with 1 % BSA) at room temperature on

a shaker (50 rpm) overnight. The plates were washed subsequently with PBS contain-

ing 0.05 % Tween 20. Blocking was performed with 100 µl BSA at room temperature for

1 h followed by another washing step. 100 µl of the diluted medium supernatants (dilution

dependent on cell types and amount of cells in Tris with 1 % BSA) and standards were

added to the wells. The plates were incubated at 37◦C for 2 h to allow antibody binding.

Table 2.17: ELISA standard dilutions

Growth factor Standard stock solution Dilution range

VEGF 110 ng/ml 62.5 - 2000 pg/ml
bFGF 80 ng/ml 31.25 - 1000 pg/ml
Endostatin 150 ng/ml 125 - 4000 pg/ml
HGF 480 ng/ml 125 - 8000 pg/ml
IGF-1 110 ng/ml 62.5 - 2000 pg/ml

Standard dilutions are listed in Ta-

ble 2.17. The plates were washed

three times with PBS containing

0.05 % Tween 20. Biotinylated

detection antibodies were first di-

luted in Tris buffer with 1 % BSA

(20 ng/ml) before 100 µl of them were added to each well and incubated for 2 h. The

plates were washed again three times with PBS containing 0.05 % Tween 20. For the de-

tection of antibody-antigen complexes, 100 µl working dilution of streptavidin-HRP (1:200

in Tris buffer with 1 % BSA) were added to the wells and incubated for 1 h. After another

wash step with PBS containing 0.05 % Tween 20, 100 µl of substrate solution (mixture
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of H2O2 and tetramethylbenzidine) were added and incubated for 20 min at room tem-

perature. The reaction was terminated by addition of 50 µl 2 N H2SO4. The optical

density (OD) was measured at λ = 450 nm with the wavelength correction at 540 nm.

Based on dilutions of medium supernatants and standard curves, the concentrations of

different cytokines were calculated.

2.2.4.2 EIA

Detection of intercellular adhesion molecule 1 (ICAM-1) and E-selectin expression in fixed

cells was done by enzyme immunoassay (EIA). Cell culture medium was discarded and

cells were fixed in 3.7 % paraformaldehyde (PFA) for 15 min. After being washed with

PBS, the binding sites were saturated with 10x diluted blocking reagent with 1 % H2O2 to

deplete the activity of endogeneous peroxidases at 37◦C for 30 min. The primary antibody

was diluted in blocking reagent and incubated with the samples at 37◦C for 30 min with

gentle shaking. Samples were subsequently washed three times with PBS supplemented

with 0.025 % Tween 20. Biotinylated secondary antibody was added to washed samples

and incubated at 37◦C for 30 min with gentle shaking. After three more washing steps

with PBS supplemented with 0.025 % Tween 20, samples were incubated with biotinylated

streptavidin-HRP at 37◦C for 1 h with gentle shaking. Samples were then washed six

more times with PBS supplemented with 0.025 % Tween 20. The colourimetric reaction

was initiated by addition of substrate solution and incubation at 37◦C for 20 min, and

terminated by addition of 3 M HCl. The mixture was transferred to a fresh 96-well

microplate and OD was measured at λ = 492 nm. A mixture of substrate and stop

solution served as blank.

2.2.4.3 Immunofluorescent staining of cell components

Immunofluorescent staining was performed using primary and secondary antibodies listed

in Table 2.18. At the end of a 2-D experiment the cell culture medium was aspirated and

cells were fixed in 3.7 % PFA for 15 min. Subsequently, the samples were washed three

times with PBS and permeabilised by addition of 0.1 % Triton X-100 in PBS and incuba-

tion for 5 min. Afterwards, 4 wash steps with PBS (5 min each) were performed. Primary
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Table 2.18: Antibodies for immunofluores-
cent staining

Antibody Source Dilution

Alexa 488 anti-mouse goat 1:1000
Alexa 488 anti-rabbit donkey 1:1000
Alexa 546 anti-mouse goat 1:1000
Alexa 546 anti-rabbit goat 1:1000
Alexa 594 anti-rabbit donkey 1:1000
Anti-CD31 mouse 1:50
Anti-D2-40 mouse 1:20
Anti-E-selectin mouse 1:2000
Anti-ICAM-1 rabbit 1:1000
Anti-ICAM-1 mouse 1:400
Anti-VE-Cadherin mouse 1:100
Anti-vWF rabbit 1:8000

or isotype control antibody (or phalloidin, dilution

1:40) was incubated with the cells in PBS contain-

ing 1 % BSA for 1 h at room temperature. Again,

samples were washed four times with PBS for 5 min.

Cells were incubated with fluorescently labelled sec-

ondary antibody in PBS with 1 % BSA for 1 h at

room temperature in darkness. Cells were washed

twice with PBS and cell nuclei were stained with

0.5 µg/ml 4’,6-diamidino-2-phenylindole (DAPI) for 5 min. Finally, samples were washed

and covered with mounting medium and glass coverslips. Before microscopical examina-

tion, samples were stored at 4◦C. Fluorescence microscope and laser scanning confocal

microscope (Leica DMRE) were used for detection and image capture.

2.2.4.4 Antibody array human angiogenesis

Soluble protein expression of angiogenesis-related proteins in different cell types was mea-

sured by an antibody array kit containing capture antibodies which are spotted in dupli-

cates on a nitrocellulose membrane. The membranes were blocked with 2 ml array buffer

7 for 1 h at room temperature. Medium supernatants of Cal-72, MG-63 and SaOS-2 cul-

tures were diluted 3:1 with array buffer 4 before 15 µl of a cocktail of biotinylated detection

antibodies were added. The nitrocellulose membrane was incubated with the sample mix-

ture over night at 4◦C. Present protein/antibody complexes were bound by their cognate

immobilised capture antibody on the membrane. Unbound material was washed away

twice with wash buffer before the membrane was incubated with streptavidin-horseradish

peroxidase (HRP) detection reagents for 30 min at room temperature. Chemiluminescence

was detected, the light at each spot is proportional to the amount of protein bound.

2.2.4.5 Protein quantification by BCA assay

Protein concentration in media supernatants and cell lysates was measured by bicin-

choninic acid (BCA) protein assay kit. It detects the reduction of Cu2+ to Cu+ in proteins

that are present in alkaline environment by BCA which forms a violet BCA-Cu+ complex
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with Cu+. Proteins were extracted from cells by lysis with radioimmunoprecipitation

assay (RIPA) buffer supplemented with fresh phenylmethanesulfonylfluoride (PMSF) and

protease inhibitor cocktail for 10 min on ice. Lysates were centrifuged (1200 rpm, 5 min)

at 4◦C. The supernatants were used directly or stored at -20◦C until usage. Lysed

samples and BSA standards were diluted in PBS and transferred 25 µl each to a 96-well

microplate. 200 µl of working reagent were added per well and incubated at 37◦C for

30 min in darkness. The OD was measured at λ = 550 nm in a microplate reader and

protein concentration was calculated from BSA standards.

2.2.4.6 DNA quantification in cell lysates

Quantification of DNA in cell cultures was done using Quanti-iT PicoGreen assay. Pico-

Green is a fluorochrome that intercalates with double stranded DNA and changes absorp-

tion at λ = 485 nm proportional to the amount of DNA. Cells were first trypsinised,

pelleted and resuspended in sdH2O. They were deep frozen at -80◦C and thawed be-

fore incubation for 15 min in an ultrasonic water bath to open the cell membranes. For

quantification 28 µl sample were mixed with 100 µl tris-EDTA (TE) buffer in a 96-well

microplate. PicoGreen solution was diluted 1:200 before 72 µl were added to each sam-

ple and incubated at room temperature for 10 min gently shaking in darkness. OD was

measured at λ = 485 nm in a microplate reader. DNA concentration was calculated by

DNA standard curve.

2.2.4.7 Quantification of ALP activity

Analysis of the osteogenic differentiation level was done by quantification of alkaline

phosphatase (ALP) activity in cell culture supernatants. Colorless para-nitrophenylphos-

phate (pNPP) changes conformation to yellow para-nitrophenol (pNP) by ALP medi-

ated dephosphorylation. 60 µl of a substrate solution containing 0.2 % pNPP, 1 M di-

ethanolamin and 0.5 mM MgCl2, pH 9.8 was mixed with 20 µl sample and standard in

a 96-well microplate incubated at 37◦C for 30 min before 80 µl stop solution (0.2 mM

EDTA in aqueous NaOH (pH 8.0)) were added. OD was measured at λ = 405 nm in a

microplate reader. ALP activity was calculated by comparison to the standard curve.
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2.2.4.8 Quantification of mineralisation with alizarin red

Mineralisation of cell cultures was quantified by osteogenesis assay kit which uses alizarin

red to bind crystalline calcium. The complex can be detected photometrically. Cell culture

medium was aspirated from 2-D experiments, cells were fixed in 3.7 % PFA for 15 min

and washed three times with PBS. 500 µl alizarin red solution were added and incubated

at room temperature for 20 min. Cells were washed with sdH2O until the colour cleared

out and lysed with 400 µl 10 % acetate at room temperature for 30 min. The lysates were

transferred into 1.5 ml tubes, vortexed and incubated at 85◦C for 10 min in a heat block

before being cooled on ice. To avoid clumps the samples were centrifuged (1200 rpm,

5 min), supernatants were transferred into fresh 1.5 ml tubes and neutralised with 150 µl

10 % ammonium hydroxide. Standard samples were diluted in ARS dilution buffer. 150 µl

of all samples and standards were transferred into a 96-well microplate and OD was

measured at λ = 405 nm in a microplate reader.

2.2.4.9 Quantification of Collagen

Collagen was quantified with Sircol soluble collagen assay. Cells were trypsinised, pelleted

and resuspended in 1 ml pepsin (0.1 mg/ml 0.5 M acetic acid). The mixture was incubated

at 4◦C over night before 100 µl acid neutralising reagent was added. Further 200 µl cold

isolation and concentration reagent were added and incubated at 4◦C over night. Samples

were centrifuged (maximum speed, 10 min), pellets were mixed with 1 ml dye reagent and

incubated for 20 min at room temperature. After another centrifugation step (maximum

speed, 10 min), 750 µl ice cold acid salt wash reagent were added to the pellet. Samples

were centrifuged again (maximum speed, 10 min) before the pellets were drained carefully.

250 µl alkali reagent were added to blanks, standards and samples and vortexed until the

dye dissolved. 200 µl of each mixture were transferred to a 96-well microplate. OD was

measured at λ = 555 nm in a microplate reader.

2.2.4.10 Quantification of Calcium

Calcium was quantified by calcium OCP assay. 20 µl cell culture medium and standards

were mixed with 120 µl reagent 1 and 120 µl reagent 2 in a 96-well microplate and
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incubated for 5 min at room temperature with gentle shaking. OD was measured at

λ = 578 nm in a microplate reader. Calcium amount was normalised to the amount of

DNA and calculated by comparison to the standard as follows:

δA(sample)/δA(standard) · 10 = mg/ml (2.2)

2.2.4.11 FACS

The fluorescence-activated cell sorting (FACS) method allows analysing multiple factors

in cell cultures on a single cell basis. Besides simple cell counting, different extracel-

lular and intracellular molecules can be stained with antibodies linked to fluorescein

isothiocyanate (FITC), phycoerythrin (PE) or allophycocyanin (APC) and quantified.

Antibody isotypes served as controls and for definition of measurement parameters. Di-

rectly marked antibodies and corresponding isotypes are listed in Table 2.19. For each

Table 2.19: FACS antibodies and
isotypes

Antibody Isotype control

CD146-PE Mouse IgG1-PE
CD34-FITC Mouse IgG2a-FITC
CD31-APC Mouse IgG1-ABC

measurement 6000 - 10000 counts per approach were de-

tected. Cells were trypsinised, pelleted and resuspended in

1 ml 3.7 % PFA. After incubation at room temperature for

15 min, cells were centrifuged (1200 rpm, 5 min) and resus-

pended in 100 µl PBS with 1 % BSA to saturate unspecific

bonds. 10 µl antibody or corresponding isotype were added

to each sample and incubated at 4◦C for 20 min before 1 ml PBS was added. Samples

were pelleted (8000 rpm, 5 min), resuspended in 350 µl PBS and transferred into FACS

tubes. Measurement and analysis was done with Cell QuestPro and Prism GraphPad.

2.2.4.12 SDS-PAGE

Cell culture medium supernatants and protein extracts were separated by SDS-PAGE

according to molecular weight (Laemmli, 1970). Polyacrylamide gels consisted of 10 %

resolving and 4 % stacking gel. Resolving gel solution was cast between two glass plates

and overlayed with n-butanol to ensure optimal polymerisation by a protecting layer

against aerial oxygen. n-Butanol was removed and stacking gel solution was cast on top

of the resolving gel. Pipetting scheme and buffer composition are given in Table 2.20.
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Table 2.20: SDS-PAGE buffer and gel composition for two gels

buffer composition resolving gel 10 % stacking gel 4 %

R-buffer Tris pH = 8.8 1.5 M 2.50 ml -

S-buffer Tris pH = 6.8 0.5 M - 2.50 ml

bis-/acrylamide acrylamide 29.2 % 3.33 ml 1.33 mlbis-acrylamide 0.8 %

SDS Stock SDS 10.0 % 0.1 ml

APS APS 10.0 % 60.0 µl 80.0 µl

TEMED TEMED 6.63 M 5.0 µl 10.0 µl

sdH2O 4.0 ml 6.0 ml

sample buffer

glycerol 10.0 %
β-ME 5.0 %
SDS 2.0 %
bromophenol blue 0.012 %
Tris 62.5 mM

A comb was inserted between the glass plates in order to get wells after polymerisation.

Samples were diluted if necessary, mixed 1:4 with loading buffer and denatured at 95◦C for

5 min before being loaded to the wells of the stacking gel. Electrophoresis was carried out

Table 2.21: Acrylamide gel staining solution

Solution Component Concentration

Staining solution
Ethanol 30.0 %
Acetic acid 10.0 %
Coomassie brilliant blue G250 0.10 %

in sodium dodecyl sulfate (SDS)

running buffer at 25 mA per gel.

After electrophoretic separation

the polyacrylamide gel was trans-

ferred into ethanol acetic acid

with coomassie G250 staining solution (Table 2.21) for chemical precipitation and pro-

tein staining. The gel was incubated in the staining solution for 1 h with gentle shaking.

Unbound coomassie dye was removed by washing the gel in sdH2O.

2.2.4.13 Western blot

For protein analysis by western blot, proteins were transferred to a nitrocellulose mem-

brane after sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The

membrane, gel and six sheets of filter paper were equilibrated in SDS transfer buffer (Ta-

ble 2.6) and stacked in layers. The gel was put on top of the membrane and covered with

three sheets of wet filter paper from each side. The stack was covered with wet sponges

and put vertically into the PROTEAN Mini transfer chamber orientating the membrane

to the anode. The chamber was cooled with ice to reduce thermic development, and filled
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with SDS transfer buffer. Transfer of proteins from the gel to the membrane was carried

out for 1 h at 350 mA. Protein transfer was controlled by Ponceau S staining, which

was rinsed out with PBS. Unspecific binding sites were saturated by incubation of the

membrane in blocking solution (Table 2.6) at room temperature for 1 h. Incubation with

primary antibody diluted in blocking solution was done at room temperature for 2 h or at

4◦C over night. Subsequently the membrane was washed twice with PBS containing 0.2 %

Tween 20 for 5 min to remove unbound antibody and incubated with correspondent HRP

linked secondary antibody at room temperature for 2 h. After three more washing steps

with PBS containing 0.2 % Tween 20 for 5 min each, the antibody bound to the protein

of interest was detected with enhanced chemiluminescence (ECL) detection reagents and

high performance chemiluminescent film. For analysis of the same membrane with an-

other antibody, it was stripped twice in stripping buffer (Table 2.6) at room temperature

for 20 min to remove previous antibodies. Antibody binding procedure was repeated with

the needed antibody.

2.2.4.14 TCA precipitation of proteins

Proteins from medium supernatants were precipitated by trichloroacetic acid (TCA) pre-

cipitation. Samples were mixed 4:1 with 100 % TCA and incubated for 10 min at 4◦C.

They were pelleted by centrifugation (maximum speed, 5 min) and washed with ice cold

acetone supplemented with bromophenolblue until the colour indicated a neutral pH.

Samples were dried in a heat block to remove acetone and used for SDS-PAGE.

2.2.4.15 Albumin depletion from cell culture medium

Albumin depletion from cell culture medium was performed by passing the supernatants

through an affinity resin comprising antibodies against albumin, covalently attached to

an inert sepharose matrix. The columns were equilibrated twice with 0.5 ml of dilution

buffer by gravity flow. The diluted samples (1:4 in PBS) were applied to the column

and incubated for 5 min at room temperature with gentle shaking. The colums were

centrifuged (500 xg, 10 s) and washed twice with 100 µl PBS, always collecting the flow-

through which was used for SDS-PAGE.
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2.2.4.16 Mass spectroscopy

Protein identification was performed by mass spectroscopic analysis (Matrix-assisted laser

desorption/ionization (MALDI)-time of flight (TOF)) in the Augenklinik, University Med-

ical Centre, Mainz. Cell culture medium supernatants were segmented by SDS-PAGE.

Proteins were fragmented, ionised and analysed regarding their relative molecular mass.

Proteins can be identified by characteristic peptide fingerprints. Medium supernatants

were used for SDS-PAGE and segmented by cutting each lane of the gel into the same

number of pieces. Each piece was incubated for 5 min in 300 µl of 50 mM NH4(CO3)2 by

shaking at room temperature. Supernatants were discarded and samples were dried in a

speedvac for 1 h at 37 ◦C. These wash steps were repeated three times or more until all

coomassie blue staining was washed out.

Rehydration was done by incubation for 1 h at 56 ◦C in 100 µl 10 mM DTT in 100 mM

NH4(CO3)2 solution. Supernatants were discarded and gel pieces were incubated in 100 µl

of a 100 mM NH4(CO3)2 buffered 55 mM 2-iodoacetamide solution for 45 min in dark-

ness. These steps were repeated three times to ensure a quantitative removal of disulfide

bonds. For restriction samples were incubated in 50 µl of 1 % trypsine solution buffered

in 50 mM NH4(CO3)2 first for 45 min on ice, then for 16 h at 37 ◦C. After incubation,

all supernatants were collected and incubated with the solutions listed in Table 2.22

Table 2.22: Elution buffers for trypsin re-
striction of gel samples

Solution Chemical Concentration

A NH4(CO3)2 25 mM
B formic acid 5 %

acetonitrile 50 %
C acetonitrile 100 %

(Shevchenko et al., 2006). Supernatants were con-

centrated by speedvac to a volume of 20±5 µl and

incubated with 5 µl of 0.4 % trifluoroacetic acid.

The C18 matrix of a 10 µl ZipTip pipette tip was

activated by pipetting 3 times 10 µl of 100 % triflu-

oroacetic acid. Peptides were bound to the matrix

by pipetting 20 times. The matrix was washed three times with 0.1 % trifluoroacetic

acid solution. Elution was done by pipetting three times 5 µl of aquous 60 % acetonitrile

solution. Samples were kept in -80 ◦C until measurement.

Ionisation of peptide fragments was done on α-cyano-4-hydroxycinnamic acid matrix.

This matrix is the standard for small peptides and laser with 337 and 355 nm wavelengths.

The use of a reflector flight tube enhanced signal selectivity (Lottspeich et al., 2008). The

46



Material and Methods

α-cyano-4-hydroxycinnamic acid matrix was prepared on the carrier plate by pipetting

the samples on the plate before mixing them with 2 µl of a 0.2 % α-cyano-4-hydroxy-

cinnamic acid solution (50 % acetonitrile and 0.2 % trifluoroacetic acid). The mixture

was dried at 37 ◦C and analysed in a MALDI LTQ Orbitrap XL spectrometer (Thermo

Scientific). Calibration was done by Proteo Mass MALDI Calibration Kit for LT QXL

and LTQ hybrids (200 - 4000 Da). Mass spectroscopic measurement was done by shooting

each spot 10 times with 25 µJ. The impulse responses were filtered for significant signals

and fragmented by collision-induced dissociation.

2.2.5 Molecular genetic techniques

2.2.5.1 Isolation and quantification of DNA

Genomic DNA was isolated using DNeasy Blood and Tissue Kit. Cell pellets obtained

after trypsinisation were resuspended in 200 µl PBS and ribonucleic acids (RNA) were di-

gested by addition of 20 µl RNase A (10 mg/ml) for 2 min. Subsequently, 20 µl proteinase

K and 200 µl buffer AL were added and samples were incubated at 70◦C for 10 min to

open the cell membranes. DNA was precipitated by 200 µl of 100 % ethanol. The mix-

ture was applied onto the DNeasy Mini spin column and centrifuged (8000 rpm, 1 min).

Membrane-bound DNA in the column was washed with 500 µl buffer AW1 and centrifuged

(8000 rpm, 1 min). It was washed with 500 µl buffer AW2 and centrifuged (14000 rpm,

3 min). DNA was eluted from columns by 50 µl TE buffer (1 min at 8000 rpm).

The DNA concentration was measured with a NanoDrop ND1000 spectrophotometer.

1 µl eluted DNA was used to determine DNA concentration. Absorptions at the wave-

lengths λ = 260 nm and λ = 280 nm were measured to investigate the purity of samples.

Pure DNA has an absorption quotient (OD260/280) of 1.8. Water was used as blank and

for synchronisation of the NanoDrop system. The concentration of DNA was calculated

by the NanoDrop software as follows:

c[g/ml] = OD260nm/extinction coefficient · layerthickness (2.3)

An extinction coefficient of 1 equals 50 ng · µL−1 DNA. The DNA was stored at -20◦C.
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2.2.5.2 Isolation and quantification of RNA

RNA isolation was carried out using the RNeasy Mini Kit from Qiagen. The kit was

used according to recommendations by the manufacturer. Cell pellets obtained after

trypsinisation were lysed with RLT buffer containing β-mercaptoethanol (β-ME) (10 µl

per 1 ml buffer). If not processed immediately the cell lysates were stored at -80◦C.

RNA was precipitated with 1 volume of 70 % ethanol and loaded onto an RNeasy spin

column. The samples were centrifuged (8000 rpm, 15 s). 350 µl RW1 buffer were added

to the column and centrifuged again (8000 rpm, 15 s). DNA bound to the membrane

was digested for 15 min with DNase I. 350 µl RW1 buffer was added to the column and

centrifuged (8000 rpm, 15 s). The membrane was subsequently washed twice with RPE

buffer (centrifugation at 8000 rpm, 15 s, 2 min) and dried by centrifugation (8000 rpm,

1 min). RNA was eluted in 30 µl RNase-free sdH2O by centrifugation (8000 rpm, 1 min).

Quantification of RNA concentration was done photometrically using a NanoDrop

ND1000 spectrophotometer. 1 µl eluted RNA solution was used to determine the RNA

concentration. Absorptions at wavelengths λ = 260 nm and λ = 280 nm were measured

to determine purity of samples. Pure RNA has an absorption quotient (OD260/280) of 2.0.

Water was used as blank and to synchronise the NanoDrop system. The concentration of

RNA was calculated by NanoDrop software as follows:

c[g/ml] = OD260nm/extinction coefficient · layerthickness (2.4)

An extinction coefficient of 1 equals 40 ng · µL−1 RNA. RNA was directly used for cDNA

synthesis or stored at -80◦C.

2.2.5.3 cDNA-synthesis via RT-PCR

1 µg RNA was reverse transcribed into complementary deoxyribonucleic acid (cDNA)

using Omni-Script reverse transcription polymerase chain reaction (RT-PCR) Kit. Sample

volume was adjusted to 10 µl and 2 µl random primers (0.1 µg/µl) were added to RNA. 8 µl

of a mastermix containing 2 µl buffer (10×), 2 µl 0.1 M DTT, 2 µl dNTP Mix (5 mM each)
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Table 2.23: RT-PCR scheme and program

Pipetting scheme RT-PCR program

x µl RNA (1 µg)
2 µl 10x buffer
2 µl dNTP mix (5 mM/dNTP) synthesis: 37◦C, 1 h
2 µl oligo dT Primer (10 µM) inhibition: 70◦C, 15 min
1 µl RNAse inhibitor (10 U/µl) storage: -20◦C
1 µl Omniscript
adjust to 20 µl with H2O

were added to each sample. The reaction

was carried out at 42◦C for 50 min. It

was stopped by heating the samples to

70◦C for 15 min. The pipetting scheme

is depicted in Table 2.23. After RT-PCR

samples were stored at -20◦C.

2.2.5.4 Polymerase chain reaction

After RNA isolation and cDNA synthesis expression of different genes in various cell types

was studied by the polymerase chain reaction (PCR). Different gene-specific oligomers

were designed with ApE and the genescript.com homepage, checked by BLAST NCBI

(Altschul et al., 1990) and purchased from Eurofins MWG Operon. Primers are listed

in Table 2.10. PCR was done using the Taq PCR core kit, according to the pipetting

scheme and PCR program in Table 2.24. After PCR amplification the reaction mixture

was diluted with sample buffer. DNA fragments were separated by gel electrophoresis on

a 2 % agarose gel containing 0.02 % ethidium bromide (80 Volt for 1 h in 1 % tris-borate-

EDTA (TBE)-buffer).

Table 2.24: Pipetting scheme and PCR program

Pipetting scheme

template (diluted 1:20 in sdH2O) 2 µl
buffer (10x) 2.5 µl
dNTP mix (5 mM each dNTP) 0.5 µl
forward primer (1:10) 2.5 µl
reverse primer (1:10) 2.5 µl
Taq polymerase (10 U/µl) 0.125 µl
sdH2O 14.875 µl

PCR program

94◦C 2 min 1 cycle

94◦C 30 s
35 cycles60◦C 30 s

72◦C 30 s

72◦C 10 min 1 cycles

4◦C until being used or storage at -20◦C

For size determination of DNA fragments a 1 kilobase (kb) marker was used. Due to

the intercalation of ethidium bromide into DNA double helices electrophoretically sepa-

rated fragments can be visualised and monitored by ultra violet (UV) light. Images were

obtained with a digital camera and colours were inverted by Adobe Photoshop CS5.
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2.2.5.5 Cloning of podoplanin into pEGFP-N1 vector

Podoplanin was cloned into pEGFP-N1 vector with type II restriction enzymes. The

construct was used to transfect SaOS-2 cells (Section 2.2.2.5). The gene was amplified

by PCR from HDMEC using the primers podoplaninEcoRI and podoplaninBamHI. It

was run on agarose gel electrophoresis and extracted from the gel using Qiaquick Gel

Extraction Kit according to protocol to clean it from buffer salts. For optimisation of

the site-directed integration of the podoplanin gene into the expression vector a sub-

cloning process was applied. The gene was cloned into pJET1.2/blunt sub-cloning vector

(Table 2.25) by ligation and transformation into chemically competent E. coli XL1-Blue.

Table 2.25: Blunt-end subcloning

20 µl preparation
element volume

10x blunting buffer 2 µl
50 ng PCR product up to 7 µl
blunting enzyme 1 µl
sdH2O up to 18 µl
T4 DNA ligase 1 µl
pJET1.2/blunt vector [50 ng/µl] 1 µl

Ligation was done for 30 min at room tempera-

ture according to Table 2.27. The ratio of purified

PCR product to pJET1.2/blunt vector was 1:4 to

ensure an optimal transformation result. For heat

shock transformation, 50 µl of chemically compe-

tent E. coli XL1-Blue were incubated with 25 fmol

of the construct for 20 min on ice. After 45 s of

heat shock at 42◦C, the samples were resuspended in 200 µl lysogeny broth (LB)-medium

and incubated for 90 min at 37◦C with shaking.

Table 2.26: Restriction

20 µl preparation Thermal cycle conditions
element volume [µl] process temperature [◦C] time [min]

10x FastDigest buffer 2 Incubation 37 5 - 60
DNA [1 µg] 1 - 5 Inactivation 80 2
sdH2O 15 - 11 Cooling 4 ∞
FastDigest EcoRI 1
FastDigest BamHI 1

The selection of successfully transformed bacteria was ensured by an ampicillin re-

sistance gene on the pJET1.2/blunt vector. Samples were put on LB-agar petri dishes

containing ampicillin and incubated at 37◦C for 16 h. Only clones which carried the vector

with integrate in the multiple cloning site (MCS) were able to grow. A double selection

was performed by a gene that encodes for β-lactamase on the pJET1.2/blunt vector. It

allowed selection of clones which were positively transformed. A lethal gene flanking the

MCS permitted differentiation between clones which carried an integrate and those that
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did not. The clones were screened by PCR. Positive clones were cultivated and plasmids

were purified by Qiagen Plasmid Mini Kit. Podoplanin-carrying pJET1.2 plasmids and

pEGFP-N1 vector were then restricted by EcoRI and BamHI (Table 2.26).

The enzymatically digested samples were cleaned, using MinElute Reaction Cleanup

Kit. Ligation was done by incubation for 30 min at room temperature according to Table

2.27. Chemically competent E. coli XL1-Blue were transformed by heat shock transfor-

mation with the construct. 50 µl of competent E. coli XL1-Blue were incubated with

25 fmol of the construct for 20 min on ice. After 45 s of heat shock at 42◦C, the samples

were resuspended in 200 µl LB-medium and incubated for 90 min at 37◦C with shaking.

Table 2.27: Ligation

20 µl preparation
element volume [µl]

2x reaction buffer 10
podoplanin 2
sdH2O 6
pEGFP-N1 vector [50 ng] 1
T4 DNA Ligase [5 U·l−1] 1

Selection of successfully transformed bacteria was en-

sured by a kanamycin resistance gene on the pEGFP-

N1 vector. The samples were put on a LB-agar petri

dish containing kanamycin and incubated at 37◦C for

16 h. Positive transformation was tested by colony

PCR. The plasmids of positive clones were purified

using the Qiagen Plasmid Mini Kit, sequenced by the

Sanger sequencing method and used for transfection of SaOS-2 cells (Section 2.2.2.5).

2.2.5.6 Cell characterisation by PCR

Cells were characterised using PCR. They were grown to confluence, washed with PBS

and detached by the addition of RLT buffer (RNeasy Mini Kit from Qiagen) with 10 %

β-ME. RNA was isolated and transcribed to cDNA. Cell and gene specific primers were

used for the characterisation of cells by PCR.

2.2.5.7 Quantitative real-time polymerase chain reaction

The quantitative real-time polymerase chain reaction (qPCR) method was done using

SYBR Green DNA-binding fluorescent dye. For one reaction 3.75 ng cDNA were used.

12.5 pmol of each 3´ and 5´ primers were mixed with cDNA and the volume was adjusted

to 12.5 µl with sdH2O. 12.5 µl SYBR Green mastermix were added, resulting in a total

volume of 25 µl. qPCR was performed in triplicate for each cDNA sample.
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PCR amplification was carried out in an Applied Biosystems 7300 Real-Time PCR

System. The reaction conditions were 10 min at 95◦C, followed by 40 amplification cycles

(15 s at 95◦C and 1 min at 60◦C). At the end, DNA dissociation was performed by

slow elevation of the temperature from 60◦C to 95◦C. After each PCR cycle the amount

of SYBR Green that intercalated into the double helix of the DNA was measured and

plotted. As endogeneous standard, different unregulated genes were used dependent on

experimental setup. Data were analysed with SDS software to obtain cycle threshold (Ct)

values.

Relative gene expression was determined with the ∆∆Ct method using 18s RNA as

endogenous control. Briefly the Ct value of the endogenous control was subtracted from

the Ct value of the gene studied to obtain the ∆Ct value. ∆Ct of the control sample was

subtracted from ∆Ct of the experimental sample to obtain the ∆∆Ct value. Relative

expression was calculated with the formula 2−∆∆Ct. Data are presented as means of

relative expression, error bars indicate 95 % confidence interval. For statistical analysis

one-way analysis of variance (ANOVA) for independent samples was performed on ∆∆Ct

values (Yuan et al., 2006). To take into account possible differences in PCR efficiencies

data were additionally analysed with the REST method (Pfaffl, 2004) using LinRegPCR

Software (Ramakers et al., 2003) to determine efficiencies of single PCR reactions.

2.2.6 Statistical analysis

All experiments were repeated at least three times. Results are presented as means with

standard deviation (SD). Statistical analysis was carried out with Microsoft Excel and

GraphPad Prism software. Where possible, results were normalised to the amount of

DNA or cells. If possible, the student t-test was applied to test hypotheses.
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Results

3.1 Characterisation of human osteoblasts

Prior to co-culture experiments, the cell phenotypes had to be characterised. This was

important to ensure that only well characterised cell types were used, to identify any con-

taminating cells and to enable reliable conclusions to be drawn from the experiments. For

cell characterisation experiments, cells were counted after isolation and used after conflu-

ency was reached. Important features used to characterise human osteoblasts were cell

morphology, protein expression and potential to induce the formation of micro-capillary

structures in co-culture systems.

3.1.1 Human primary osteoblasts

For the characterisation of pOB from cancellous bone fragments the aforementioned pa-

rameters were analysed. In addition, osteogenic differentiation and matrix mineralisation

were assessed, as these are also important characteristics of pOB. The osteoblastic mark-

ers, ALP, collagen and calcium, are parameters for osteogenic differentiation as well as

matrix mineralisation, thus these markers were used for cell characterisation of pOB.

3.1.1.1 pOB growth and morphology

The morphology of pOB in in vitro culture was largely similar between different bone

Figure 3.5: DNA quantification in pOB cultures
DNA quantification in monocultures of pOB from oral bone, knee
and pelvic bone after 1, 7, 14, 21 and 28 days in DMEM.

fragment donors and growth

conditions. However, varia-

tion was seen in growth rates,

dependent on the donor, ori-

gin of the bone fragments and

growth conditions. In turn,

these parameters were depen-

dent on the age, health condi-

tion and disease history of the

donor as well as variations

in cell culture handling. Be-

fore reaching confluence, the
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typical morphology of pOB was cuboidal with a large central nucleus. A confluent mono-

layer of pOB showed a slightly different morphology with cells having a more polygonal

appearance (data not shown).

pOB from different donors demonstrated different growth rates. Growth rates in mono-

cultures of pOB from different donors were measured by DNA quantification over time.

Each sample in the experiment began with the same number of confluent cells. The results

showed that cell samples from some donors grow fastest between day 14 and day 21 (oral

bone donor 1) whereas others grow fastest between day 7 and day 14 (oral bone donor

2 and knee donor 2) (Figure 3.5). Whilst the amount of DNA remained stable after 28

days in cultures from most of the pOB donors, it decreased in oral bone donor 1 and 2.

3.1.1.2 Osteogenic differentiation and matrix mineralisation

pOB from different donors and origins of bone fragments varied in the expression of

osteogenic differentiation markers and matrix mineralisation. This is examined by com-

paring cells with respect to the activity of ALP and the amount of collagen and calcium

produced at different time points (1, 7, 14, 21 and 28 days) in DMEM medium (Figure

3.6). Mineralisation of the cell monolayer was analysed at the same time points. All data

were normalised to the amount of DNA in the cell cultures.

The results showed a lower ALP activity in pOB from pelvic bone than in pOB from

knee and oral bone. One pOB donor from oral bone showed considerably less ALP activity

than the other donors. In pOB from oral bone the peak ALP activity was between day 14

and 21 while knee pOB had increased activity at day 28 of the cell culture. The amount

of collagen in oral bone pOB culture increased at day 21. In contrast, the amount of

collagen increased in pelvic bone pOB culture at day 28. Knee pOB produced the lowest

levels of collagen except for donor 2, which showed a peak in the amount of collagen at

day 28, similar to pelvic bone pOB. The amount of calcium produced by the cells also

illustrated differences between the different sources and donors. The two donors of oral

bone pOB produced higher levels of calcium than the third donor, that showed a lower

amount of calcium similar to pelvic bone pOB. The cells from knee bone had an increased

calcium level at day 28 of cell culture. The highest calcium level of oral bone pOB appeared
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between day 14 and 21 and it subsequently dropped at day 28. The mineralisation levels of

the cell layers were similar in pOB from knee and pelvic bone in all donors. In contrast, the

oral bone pOB showed strong differences in mineralisation between the donors. Donor 1

had peak mineralisation at day 21 while donor 2 reached saturation at day 14. Oral bone

pOB from donor 3 showed the highest level of mineralisation at day 28.

Figure 3.6: Quantification of osteogenic differentiation markers in pOB cultures
Quantification of osteogenic differentiation markers (A ALP activity, B collagen, C calcium) and D
matrix mineralisation in monocultures of pOB from oral bone, knee and pelvic bone after 1, 7, 14, 21
and 28 days in DMEM. All data were normalised to the amount of DNA.

In summary, the pOB from different origin of bone fragments and donors differed with

respect to growth rates and osteogenic differentiation markers. The results revealed no

predictable tendencies between the cells and culture durations.

3.1.2 Human osteosarcoma cell lines

The osteosarcoma cell lines, MG-63, Cal-72 and SaOS-2, have osteoblast-like cell morphol-

ogy. In monolayer culture they have a similar morphology to spindle-shaped fibroblasts

and exhibited multilayer growth when confluence is exceeded. After several passages,
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the morphology changed to a flat cell body with radial branches (data not shown). Un-

healthy or dying cells detached and appeared spheroidal.

MG-63, Cal-72 and SaOS-2 were obtained from different biological resource centres.

Before being used in studies, the confluent cells were passaged once and cultured for a

further 3 to 4 days. In a prior study (Günther, 2009), each cell line was transfected with

GFP, and cloned. This allows tracking and identification in cultures with mixed cell types.

For the characterisation of osteosarcoma cell lines, the same parameters were analysed as

for the pOB. In addition to osteogenic differentiation and matrix mineralisation markers,

various growth factors were also examined.

3.1.2.1 MG-63

The MG-63 cell line is derived from an osteogenic sarcoma of a 14-year-old male child

(Heremans et al., 1978). Cells of the MG-63 line have a typical osteoblast-like morphology,

that changes with confluence of the monolayer from a spindle-like cell profile to a flat cell

body with radial branches. The GFP-transfected cell line exibited a similar morphology

(data not shown). Results for ALP activity, collagen and calcium production and matrix

mineralisation of the cell monolayer are described in Section 3.1.3 (Figure 3.7). In the

standard cell culture medium (DMEM) MG-63 cells exhibited an increasing ALP activity

over time, reaching a peak at day 21. The collagen and calcium production as well as

matrix mineralisation also increased over time with the highest levels reached on day 28.

3.1.2.2 Cal-72

The Cal-72 cell line was isolated from an osteosarcoma of the knee obtained from a 10-year-

old boy (Rochet et al., 1999). Cal-72 cells showed a typical osteoblast-like cell morphology

that changed with confluence of the monolayer from a spindle-like cell profile to a flat cell

body. The cell morphology was similar in the GFP-transfected cells (data not shown).

Results for ALP activity, collagen and calcium production and matrix mineralisation of

the cell monolayer are described in Section 3.1.3 (Figure 3.7). Cal-72 cells showed a very

low ALP activity in DMEM over time. Maximum collagen production was reached on

day 14, and decreased from day 21 to 28. Cal-72 produced calcium from day 14, reaching
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a peak at day 21. The matrix mineralisation of Cal-72 increased until day 14 and remained

at this level until day 28.

3.1.2.3 SaOS-2

Similar to the other osteosarcoma cell lines mentioned above, SaOS-2 cells also exhib-

ited the typical osteoblast-like morphology. The appearance of SaOS-2 cells also changed

with confluence of the monolayer from a spindle-like cell profile to a flat cell body. The

GFP-transfected SaOS-2 exhibited a similar cell morphology to the SaOS-2 cells (data

not shown). Results for ALP activity, collagen and calcium production and matrix min-

eralisation of the cell monolayer are described in Section 3.1.3 (Figure 3.7). In DMEM,

SaOS-2 cells demonstrated an increasing level of ALP activity over time. Maximum col-

lagen production was reached on day 21. SaOS-2 cells produced calcium from day 14,

reaching a peak at day 21. Matrix mineralisation of the cell layer increased from day 7 to

day 28.

3.1.3 Effects of media on osteoblast growth and differentiation

Standard cell culture of osteoblasts differs from cell culture of endothelial cells with re-

spect to the medium used. Osteoblasts are cultured in DMEM, while endothelial cells

need ECGM for cell proliferation and viability. Since ECGM is used for co-cultures of

endothelial cells and osteoblasts, the osteogenic differentiation markers and matrix min-

eralisation were compared in both media with the osteosarcoma cell lines and pOB. All

data were normalised to the quantification of DNA in the cell cultures.

In osteosarcoma cell lines the activity of ALP and the production of collagen, calcium

and matrix mineralisation was measured at different time points (1, 7, 14, 21 and 28

days) in DMEM and ECGM (Figure 3.7). The ALP activity showed significant differences

(p < 0.05) between both media in all cell lines. For Cal-72 and MG-63 cells the differences

were detected after 21 and 28 days of cell culture, respectively. In SaOS-2 cell culture,

the media made a significant difference to ALP activity after 28 days. The ALP activity

was higher in ECGM than in DMEM for Cal-72 and MG-63 cells. SaOS-2 cells showed

significantly higher (p < 0.001) ALP activity in DMEM.
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Figure 3.7: Quantification of osteogenic differentiation markers in osteosarcoma cell lines
Quantification of osteogenic differentiation markers (A ALP activity, B collagen, C calcium) and D
matrix mineralisation in monocultures of osteosarcoma cell lines after 1, 7, 14, 21 and 28 days in
DMEM and ECGM. All data were normalised to the amount of DNA and analysed by two-way
ANOVA (*: p value < 0.05, **: p value < 0.01, ***: p value < 0.001).

The amount of collagen produced was significantly different for DMEM and ECGM

in all osteosarcoma cell lines. In Cal-72 cell culture, the collagen expression was signifi-

cantly higher (p < 0.01) in DMEM than in ECGM at day 7 and day 14 time points. On

day 21 and 28 of the cell cultures, the amount of collagen increased in ECGM compared to

DMEM.

MG-63 cells showed significant differences between both media after 21 and 28 days.

After 21 days, the amount of collagen was higher in ECGM while it was higher in DMEM

after 28 days of cell culture. For SaOS-2 cells, significant differences could be seen at all

time points. The cells had a tendency to produce more collagen in DMEM than ECGM

until day 21. After 28 days, the collagen production in ECGM was higher. The amount

of calcium produced by the cells in both media showed highly significant differences at

all time points. All cell lines had increased calcium production in DMEM compared to
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very small amounts produced in ECGM. This may have been due to different medium

composition. The matrix mineralisation of the osteosarcoma cell lines was significantly

different between the media. In all cell lines, mineralisation was higher in DMEM than

ECGM at the majority of the measured time points.

Figure 3.8: ALP activity and collagen quantification in pOB cultures
Quantification of A ALP activity and B collagen in monocultures of of pOB after 1, 7, 14, 21 and 28
days in DMEM and ECGM. All data were normalised to the amount of DNA.

In pOB the activity of ALP and the production of collagen, calcium and matrix miner-

alisation was also measured at different time points (1, 7, 14, 21 and 28 days) in DMEM

and ECGM (Figures 3.8 and 3.9). The activity of ALP in both media differed, dependent

on the donor and source of osteoblasts. In DMEM, oral bone donors 1 and 2 as well as

both knee donors had a higher ALP activity after 21 and 28 days of culture than the

other pOB. In ECGM, only oral bone donor 2 and knee donor 1 had detectable ALP

activity. The levels of ALP activity differed between media from 2 to 7 mol/l in DMEM

and 5 to 15 mol/l in ECGM. The amount of collagen produced differed in knee pOB.
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Donor 1 showed a low level of collagen production at all time points in DMEM while

donor 2 expressed an increased collagen level at day 28 in DMEM and at day 14 and 28 in

ECGM. The levels of collagen production differed between the media from 1 to 8 µg/ml

in DMEM and 1 to 14 µg/ml in ECGM.

Figure 3.9: Calcium and matrix mineralisation quantification in pOB cultures
Quantification of A calcium and B matrix mineralisation in monocultures of pOB after 1, 7, 14, 21
and 28 days in DMEM and ECGM. All data were normalised to the amount of DNA.

In contrast to ALP activity and collagen production, the amount of calcium in DMEM

was higher than in ECGM. Concentrations of calcium differed from 1 to 17 µg/ml in

DMEM and 1 to 6 µg/ml in ECGM. The highest calcium levels were reached by oral

bone and knee donors 1 and 2 in DMEM. These cells showed less calcium production in

ECGM. In contrast, in oral bone donor 3 cell culture an increasing amount of calcium

was measured in ECGM over time while these cells showed nearly no calcium production

in DMEM. The mineralisation of pOB cell layers was almost homogeneous in both media.

Only knee donor 1 mineralised more in ECGM after 14 and 28 days than in DMEM.
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In summary, the results showed significant differences in osteosarcoma cell lines cultured

in ECGM or DMEM. With respect to ALP activity Cal-72 and MG-63 showed higher

levels in ECGM than in DMEM whereas SaOS-2 cells showed higher ALP activity in

DMEM. All cell lines produced more calcium and mineralised matrix in DMEM compared

to ECGM. For pOB from different origin of bone fragments and donors, the results for

osteogenic differentiation markers in both media differed with no predictable tendencies

between the cells and cell cultures durations.

3.1.4 Comparison of osteosarcoma cell lines expressing GFP

In addition to morphological comparison, GFP-expressing and parental osteosarcoma cell

lines were compared with respect to viability, proliferation, growth factor release and

ALP activity. This was carried out before GFP-expressing osteosarcoma cell lines were

used for co-culture experiments to determine whether both cell lines exhibited similar

characteristics.

Figure 3.10: WST-1 assay on osteosarcoma cell line cultures
WST-1 assay on GFP-expressing and normal osteosarcoma cell line cultures at 4 and 24 hours. The
experiment was set up using A 10000 cells and B 20000 cells. Student’s t-test analysis showed no
significant differences (n.s., p < 0.05) between GFP-expressing and normal cell lines.

WST-1 assay was used as a tool to study cell viability and proliferation. The experiment

was set up using 10000 cells and 20000 cells for each cell line and subsequently analysed at

4 and 24 hours. The results demonstrated no significant difference in terms of cell viability

and proliferation (p < 0.05) between GFP-expressing and normal cell lines (Figure 3.10).

However, a comparison of different cell lines showed SaOS-2 cells had lower proliferation

rates than MG-63 and Cal-72 cells.
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In order to compare GFP-expressing and parental osteosarcoma cell lines, osteogenic

differentiation markers and matrix mineralisation were quantified. The activity of ALP

and the production of collagen, calcium and matrix mineralisation were measured at dif-

ferent time points (1, 7, 14, 21 and 28 days) in GFP-expressing and parental osteosarcoma

cell line cultures (Figure 3.11). All data were normalised to the amount of DNA in the

cell cultures and analysed using Student’s t-test.

Figure 3.11: Quantification of osteogenic differentiation markers in GFP-expressing and nor-
mal osteosarcoma cell lines
Quantification of osteogenic differentiation markers (A ALP activity, B collagen, C calcium) and D
matrix mineralisation in monocultures of GFP-expressing and normal osteosarcoma cell lines after
1, 7, 14, 21 and 28 days in DMEM. All data were normalised to the amount of DNA. Significant
differences (p < 0.05) are marked with (*), not significant results are labeled (n.s.).

No significant differences were found between GFP-expressing and parental osteosar-

coma cell lines for ALP activity. Comparing the different cell lines with each other, SaOS-2

cells showed greater ALP activity compared to Cal-72 and MG-63, and MG-63 had greater

activity than Cal-72. With respect to collagen production, GFP-expressing Cal-72 cells

showed a significant decrease in production compared to normal Cal-72 cells. MG-63

and SaOS-2 cells showed no significant differences in their GFP-expressing counterparts.
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Calcium production in Cal-72 and MG-63 was not significantly different when comparing

GFP-expressing and normal cell lines. In contrast, GFP-expressing SaOS-2 cells produced

significantly more calcium than normal SaOS-2 cells. No significant difference was found

in matrix mineralisation between GFP-expressing and parental osteosarcoma cell lines.

As bFGF and VEGF are known to be involved in the formation of new blood vessels

(Cross and Claesson-Welsh, 2001; Leung et al., 1989), both factors were quantified by

ELISA in GFP-expressing and parental osteosarcoma cell lines (Figure 3.12). All data

were normalised to the amount of DNA in the cell cultures.

Figure 3.12: Quantification of growth factors, ALP and DNA in GFP-expressing and normal
osteosarcoma cell lines
Quantification of A bFGF, B VEGF, C ALP activity and D DNA by ELISA in GFP-expressing
and normal osteosarcoma cell line cultures after 14 days in DMEM. All data were normalised to the
amount of DNA showing significant (*: p < 0.05) and not significant results (n.s.).

A significant difference in the release of bFGF and VEGF was found between GFP-

expressing and parental MG-63 cells. GFP-expressing MG-63 produced more bFGF

and VEGF than normal MG-63. The other two cell lines showed no significant change
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in the release of the growth factors. Comparing the cell lines, SaOS-2 cells were found

to secrete considerably less bFGF and VEGF than MG-63 and Cal-72 cell lines. Signifi-

cant alterations in ALP activity between GFP-expressing and normal cells were found in

MG-63 and Cal-72 cell lines. The GFP-expressing MG-63 cell line had more active ALP

than normal MG-63, while GFP-expressing Cal-72 cell line showed lower amounts of ac-

tive ALP than parental Cal-72 cells.

In summary, GFP-expressing and normal osteosarcoma cell lines showed no significant

differences with respect to cell viability and proliferation, ALP activity and matrix miner-

alisation. In terms of collagen production, GFP-expressing Cal-72 cells showed decreased

amounts compared to normal Cal-72 cells, while MG-63 and SaOS-2 cells showed no dif-

ferences compared to their GFP-expressing counterparts. GFP-expressing SaOS-2 cells

produced significantly more calcium than normal SaOS-2 cells, while Cal-72 and MG-63

showed no differences when comparing GFP-expressing and normal cell lines. Results

from growth factor quantification revealed that GFP-expressing MG-63 produced more

bFGF and VEGF than normal MG-63, while the other two cell lines showed no change

in the release of the growth factors.

3.2 Characterisation of endothelial cells

For a better understanding of co-culture systems, it was necessary to characterise endothe-

lial cells, as they are also part of co-culture experiments for the study of angiogenesis.

For cell characterisation experiments all cells were used in passage 2 once confluence was

reached. Important features used to characterise human endothelial cells were cell mor-

phology, expression of endothelial cell specific markers and micro-capillary formation in

co-culture systems.

3.2.1 HDMEC

HDMEC are commonly used in in vitro studies and are thus very well characterised in

the literature (Unger et al., 2002; Richard et al., 1998). The cells form a density-inhibited
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monolayer with cobblestone-like morphology and exhibit a number of unique cell-specific

characteristics, such as the expression of von Willebrand factor (vWF), CD31 and CD34.

The cells have been previously described and characterised as cells with typical endothelial

characteristics (Unger et al., 2002). For verification, after isolation the cells were analysed

by control staining with CD31 (data not shown). The isolated HDMEC formed a density-

inhibited monolayer with clear cell-cell contacts.

3.2.2 HUVEC

HUVEC are well characterised in the literature (Unger et al., 2002) and commonly used

in in vitro studies. Similar to HDMEC, HUVEC form a density-inhibited monolayer with

cobblestone-like morphology and express a number of endothelial-specific markers, such

as vWF, CD31 and CD34 (Unger et al., 2002). After isolation the cells were verified by

control staining with CD31 and analysed for the formation of the typical density-inhibited

monolayer with clear cell-cell contacts (data not shown).

3.2.3 Umbilical artery endothelial cells

Umbilical artery endothelial cells are rarely described in the literature as isolation of

HUVEC is more efficient and alternative arterial endothelial cells can be readily purchased

(HCAEC) (Wei et al., 2013). As endothelial cells they have similar characteristics as

HDMEC and HUVEC. Umbilical artery endothelial cells also form a density-inhibited

monolayer with cobblestone-like morphology and exhibit a number of endothelial cell

specific characteristics, such as the expression of vWF, CD31 and CD34. Once isolated a

control stain with CD31 antibody was performed to verify the identity of the cells (data not

shown). Microscopic analysis demonstrated that the isolated umbilical artery endothelial

cells formed the typical density-inhibited monolayer with clear cell-cell contacts.

3.2.4 Lymphatic and vascular populations of endothelial cells

Depending on the source, endothelial cells may show two types of morphology within one

population (Figure 3.13). In monolayer culture lymphatic endothelial cells form clusters
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within vascular endothelial cells. The lymphatic endothelial cells exhibit the lymphatic

cell marker D2-40 in addition to the endothelial cell marker CD31. Therefore they can

Figure 3.13: HDMEC monolayer
HDMEC monolayer (A,B) with different cell morphologies within
one population, stained with CD31 after 21 days. Cell clusters are
marked (↙). Cells were visualised by fluorescence microscopy.

be detected and distin-

guished from vascular en-

dothelial cells by D2-40 im-

munofluorescent staining.

The ratio between D2-40

positive and D2-40 negative

cells was revealed by FACS

analysis and showed differ-

ences between endothelial

cells from different sources

(Figure 3.14). In HUVEC

no D2-40 positive cells were detected, while all other endothelial cell types expressed dif-

fering levels of the lymphatic marker. Oral mucosa endothelial cells had the lowest ratio

of lymphatic to vascular endothelial cells. HDMEC and HCMEC showed similar D2-40

positive fractions. Cultures of HPMEC had an average of approximately 30 % lymphatic

cells, but there was high deviation between donors. The highest ratio between lymphatic

and vascular endothelial cells was found in ST1 and OEC.

Figure 3.14: Endothelial cell types and ratio of D2-40 positive to D2-40 negative cells
A D2-40 positive cells in per cent. Cell origins are described in Table 2.12. B Histrogram plot of
HDMEC; the complete list of histograms can be found in the appendix (Section A.1)
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3.3 Angiogenesis-inducing potential of osteoblasts in

co-culture with EC

One of the main functions of endothelial cells is the formation of new blood vessels. This

process is important physiologically, for wound healing, and pathologically, it plays a

central role in tumour growth. To analyse how osteoblasts can affect this specific func-

tion of endothelial cells, osteoblasts and endothelial cells were used in different co-culture

systems. The co-culture systems varied in terms of cell combination, surface or scaf-

fold. Furthermore, variable co-culture duration and medium composition were used in

co-culture systems. The effects of media, growth factors and cell types on the formation

of micro-capillary structures were assessed as a measure of angiogenesis. Immunofluores-

cent staining and microscopic analysis were used to detect the formation of angiogenic

structures in co-cultures. Changes in gene and protein expression of the co-cultured cells

were detected by qPCR and ELISA methods.

3.3.1 Angiogenesis in 2-dimensional co-cultures

The formation of micro-capillary structures by endothelial cells can be stimulated by

the addition of pOB or osteosarcoma cell lines to endothelial cell cultures. Different

osteoblast-like cells (pOB from oral bone, osteosarcoma cell lines) were compared regard-

ing their angiogenesis-inducing potential. In 2-D co-cultures not all of the osteoblast-

like cells showed the same angiogenesis-inducing potential. In this study, co-cultures of

HDMEC with primary osteoblasts or osteosarcoma cell lines (Cal-72, MG-63 and SaOS-2)

were performed over 21 and 28 days. The cultures were analysed by immunofluorescent

staining with CD31 antibody and microscopic analysis.

Cal-72 and MG-63 demonstrated the strongest potential to stimulate endothelial cells to

form micro-capillary structures (Figure 3.15A,B). The endothelial cells in these co-cultures

showed elongated morphology, connecting each other by the formation of branches. Pri-

mary osteoblasts from most donors also had a strong tendency to induce angiogen-

esis, but formed shorter structures than Cal-72 and MG-63 (Figure 3.15D). In con-

trast, the co-cultures with SaOS-2 cells showed no formation of micro-capillary structures
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in 2-D co-cultures with HDMEC (Figure 3.15C). As a negative control for these exper-

iments, HDMEC were cultured in monoculture, without other cell types. The control

showed no formation of micro-capillary structures.

Figure 3.15: 2-D co-culture of HDMEC and osteoblasts
2-D co-culture of HDMEC and osteoblasts (A Cal-72, B MG-63, C SaOS-2, D pOB) and E HDMEC
monoculture after 21 days forming structures (↙). Cells were immunostained (CD31 antibody (green),
DAPI (blue)) and monitored by laser scanning confocal microscopy.

GFP-expressing osteosarcoma cell lines showed similar results (Figure 3.16). GFP-

expressing SaOS-2 cells showed no formation of micro-capillary structures in 2-D co-

cultures with HDMEC (Figure 3.16C). Cal-72 and MG-63 demonstrated the strongest po-

tential to stimulate endothelial cells to form micro-capillary structures (Figure 3.16A,B).
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Figure 3.16: 2-D co-culture of HDMEC and GFP-expressing osteosarcoma cell lines
2-D co-culture of HDMEC and GFP-expressing osteosarcoma cell lines (A Cal-72 GFP, B MG-63
GFP, C SaOS-2 GFP) after 21 and 28 days forming structures (↙). Cells were immunostained (CD31
antibody (red), DAPI (blue)) and monitored by laser scanning confocal microscopy.

2-D co-cultures of osteosarcoma cell lines with HUVEC and umbilical artery endo-

thelial cells showed similar results as with HDMEC (Figure 3.17). Cal-72 and MG-63

cells demonstrated the strongest potential to induce the formation of micro-capillary

structures compared to other osteoblast-like cells (Figure 3.17A,B). HUVEC have an

elongated morphology, connecting each other by the formation of branches. The immuno-

stained co-cultures showed that SaOS-2 cells did not induce angiogenesis in

HUVEC or in umbilical artery endothelial cell co-cultures (Figure 3.17C).

In HUVEC, the formation of micro-capillary structures reached a point of plateau

after 21 days. However, the co-cultures with umbilical artery endothelial cells showed

enhanced formation of micro-capillary structures between 21 and 28 days.
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Figure 3.17: 2-D co-culture of umbilical endothelial cells with osteosarcoma cell lines
2-D co-culture of HUVEC/umbilical artery endothelial cells and osteosarcoma cell lines (A Cal-72, B
MG-63, C SaOS-2) and D monoculture controls after 21 and 28 days forming structures (↙). Cells
were immunostained (CD31 antibody (green), DAPI (blue)) and monitored by confocal microscopy.

3.3.2 3-D co-cultures of endothelial cells and osteoblasts

Cells in 3-D co-cultures of endothelial cells with pOB or osteosarcoma cell lines may have

different effects on the formation of micro-capillary structures compared to those in 2-D

co-cultures. To determine whether the same occurs in 3-D co-cultures, pOB, osteosarcoma

cell lines and endothelial cells were examined in a collagen gel and analysed in terms of

the formation of micro-capillary structures. In 3-D co-cultures, not all osteoblast-like cells

71



Results

showed the same angiogenesis-inducing potential. 3-D co-cultures of HDMEC with pOB

or osteosarcoma cell lines (Cal-72, MG-63 and SaOS-2) were performed over 24 and 48

hours. The cultures were analysed by Calcein-AM staining and microscopy.

Figure 3.18: Co-cultures of HDMEC and osteoblasts in collagen gel
3-D co-culture of HDMEC and osteoblasts (A Cal-72, B MG-63, C SaOS-2, D pOB) and E HDMEC
monoculture control in collagen gel after 24 hours (h) forming structures (↙). Cells were stained with
Calcein-AM and visualised by fluorescence microscopy.

Cal-72 and MG-63 showed potential to form micro-capillary structures in 3-D co-

cultures (Figure 3.18A,B). The cells in these co-cultures showed elongated morphology,

connecting each other over distances. pOB from most donors also exhibited a strong

angiogenesis-inducing potential (Figure 3.18D). As shown in the 2-D model, co-cultures

with SaOS-2 cells did not show micro-capillary structure formation in 3-D cultures, similar

to the negative control (Figure 3.18C,E).

3.3.3 Angiogenic effects of osteoblast cell culture medium

supernatants

The difference observed between Cal-72 and MG-63 compared to SaOS-2 to induce an-

giogenesis may be due either to secretion of factors into the cell culture medium or direct

cell-cell communication between the cells in co-cultures. In order to determine if one type

of cell produces soluble factors that induce the formation of micro-capillary structures in
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2-D and 3-D co-culture systems, endothelial cells were cultivated with cell culture medium

supernatants of osteosarcoma cell lines. The supernatants were taken from monocultures

4 days after medium change and used for 2-D and 3-D cell culture experiments.

Figure 3.19: HDMEC and SaOS-2 GFP co-cultures with medium supernatants
Co-cultures of HDMEC and GFP-expressing SaOS-2 cells with cell culture medium supernatants
from monocultures of A Cal-72 GFP, B MG-63 GFP and co-cultures of C HDMEC-Cal-72 GFP,
D HDMEC-MG-63 GFP after 28 days forming structures (↙). Co-cultures of HDMEC and E Cal-
72 GFP, F MG-63 GFP are positive and G HDMEC-SaOS-2 GFP negative controls. Cells were
immunostained (CD31 antibody (red) and DAPI (blue)) and visualised by confocal microscopy.

In 2-D co-culture of HDMEC with GFP-expressing SaOS-2 cells no formation of micro-

vessel structures was detected (Figure 3.19G). The addition of osteoblast cell culture

medium supernatants from Cal-72 GFP and MG-63 GFP monocultures to HDMEC
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and SaOS-2 GFP co-cultures resulted in no formation of micro-vessel structures (Fig-

ure 3.19A,B). In contrast, cell culture medium supernatants from co-cultures of HDMEC

with GFP-expressing Cal-72 and MG-63 induced formation of micro-capillary structures

(Figure 3.19C,D). The positive controls (co-cultures of HDMEC with GFP-expressing

Cal-72 and MG-63) both resulted in clear formation of micro-vessel structures (Figure

3.19E,F).

Figure 3.20: HDMEC and SaOS-2 co-cultures with cell culture supernatants
Co-cultures of HDMEC and SaOS-2 cells with medium supernatants from monocultures of A Cal-72,
B MG-63 and co-cultures of C HDMEC-Cal-72, D HDMEC-MG-63 after 28 days forming structures
(↙). Co-cultures of HDMEC and E Cal-72, F MG-63 are positive controls, co-culture of G HDMEC
and SaOS-2 GFP is the negative control. Cells were immunostained (CD31 antibody (green) and
DAPI (blue)) and visualised by laser scanning confocal microscopy.
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In 2-D co-culture of HDMEC with parental SaOS-2 cells, the results were similar

to HDMEC with GFP-expressing SaOS-2 cells. The addition of osteoblast cell culture

medium supernatants from Cal-72 and MG-63 monocultures to a co-culture of HDMEC

and SaOS-2 cells resulted in the formation of micro-capillary structures (Figure 3.20A,B).

In addition, the cell culture medium supernatants from co-cultures of HDMEC with Cal-72

and MG-63 induced angiogenesis in HDMEC-SaOS-2 co-cultures (Figure 3.20C,D). All

supernatant experiments resulted in similar elongation of endothelial cells and more or

less cell-cell connections and branching endothelial cells in the co-cultures with SaOS-2

cells. The positive controls, HDMEC in co-culture with Cal-72 or MG-63, resulted in

angiogenic structures (Figure 3.20E,F). The negative control, HDMEC in co-culture with

SaOS-2 cells showed no formation of micro-capillary structures after 28 days (Figure

3.20G). Thus, factors in supernatants from Cal-72 and MG-63 can induce angiogenesis in

co-culture of HDMEC with SaOS-2 cells.

Figure 3.21: HUVEC and SaOS-2 GFP co-cultures with medium supernatants
Co-cultures of HUVEC and GFP-expressing SaOS-2 cells with medium supernatants from monocul-
tures of A Cal-72 GFP, BMG-63 GFP and co-cultures of C HUVEC-Cal-72 GFP, D HUVEC-MG-63
GFP after 28 days forming structures (↙). Co-cultures of HUVEC and E Cal-72 GFP, F MG-63 GFP
are positive controls. Cells were immunostained (CD31 antibody (red) and DAPI (blue)) and visualised
by laser scanning confocal microscopy.
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In 2-D co-culture of HUVEC with GFP-expressing SaOS-2 cells no formation of micro-

capillary structures could be observed. The addition of osteoblast cell culture medium

supernatants from Cal-72 GFP and MG-63 GFP monocultures to co-cultures of HUVEC

and SaOS-2 GFP did not induce formation of micro-capillary structures (Figure 3.21A,B).

In addition, cell culture medium supernatants from HUVEC in co-culture with Cal-72

GFP and MG-63 GFP did not lead to angiogenesis (Figure 3.21C,D). Only in the positive

controls of HUVEC in co-culture with Cal-72 GFP and MG-63 GFP were micro-capillary

structures detected (Figure 3.21E,F).

Figure 3.22: HDMEC in collagen gel with medium supernatants
3-D cultures of HDMEC in collagen gel with medium supernatants from A Cal-72, B MG-63, C
SaOS-2, D and E pOB donors and F HDMEC monoculture control after 24 h. The cultures were
stained with Calcein-AM and monitored by fluorescence microscope.
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The 3-D experiments were performed with HDMEC monocultures for 24 hours in col-

lagen gels and the addition of cell culture medium supernatants from osteoblasts after

4 days. The formation of micro-capillary structures in the cultures was observed. The

results indicated that similar to the 2-D setups, cell-free supernatants from Cal-72 and

MG-63 cells as well as two pOB donors were capable of inducing angiogenesis in HDMEC

in collagen gels (Figure 3.22A,B,D,E). HDMEC exhibited micro-capillary structure mor-

phology with some cell-cell connections in these cultures. SaOS-2 cells showed no forma-

tion of micro-capillary structures, similar to the negative control (Figure 3.22C,F).

Figure 3.23: HUVEC in collagen gel with medium supernatants
3-D cultures of HUVEC in collagen gel with medium supernatants from A Cal-72, B MG-63, C SaOS-
2, D and E pOB donors and F HUVEC monoculture control after 24 h. The cultures were stained
with Calcein-AM and monitored by fluorescence microscope.

The 3-D experiments with HUVEC monocultures exhibited similar micro-capillary

structure formation to HDMEC. Cal-72 and MG-63 cell culture medium supernatants

had the potential to induce angiogenesis in HUVEC (Figure 3.23A,B). HUVEC cultures

showed micro-capillary morphology with many cell-cell connections and branches. Fur-

thermore, both pOB donors induced angiogenesis in these experiments (Figure 3.23D,E).

Cell culture supernatants from SaOS-2 cells showed no potential to induce formation of

micro-capillary structures, similar to the negative control (Figure 3.23C,F).

The results from medium supernatant experiments showed that SaOS-2 cells appear to
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lack secretion of factors that lead to formation of micro-capillary structures. In contrast,

medium supernatants from Cal-72 and MG-63 cultures resulted in formation of micro-

capillary structures in both 2-D and 3-D cell culture experiments.

3.3.4 Transcriptional analysis of angiogenesis-related factors in

osteosarcoma cell lines

In order to compare osteosarcoma cell lines with respect to angiogenesis-related gene

transcription, qPCR was performed on Cal-72, MG-63 and SaOS-2 RNA. The results

were compared and analysed for significant differences between Cal-72 and SaOS-2 as

well as MG-63 and SaOS-2 (Figure 3.24) and Cal-72 and MG-63.

Figure 3.24: Comparative results of qPCR on osteosarcoma cell lines
Comparative results of qPCR on osteosarcoma cell lines (Cal-72, MG-63, SaOS-2). Abscissa: Log2 of
fold difference (FD) between osteosarcoma cell lines. Ordinate: p value. Margins: horizontal mark for
p value = 0.05 (–), vertical dashed line (- - - ) for two fold change in transcription and vertical dotted
line (· · ·) for equilibrium in transcription. P values were estimated according to (Rudolf and Kuhlisch,
2008). Log2FD were estimated according to (Biosystems, 2010). Housekeeping genes were determined
with high expression stability and low ∆∆Ct variation (Radonic et al., 2004; Vandesompele et al.,
2002). Vulcano plots were generated according to (Tusher et al., 2001; Storey and Tibshirani, 2003).
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Significant differences between qPCR results (p < 0.05) are summarised in Table 3.28.

An intersection can be estimated by grouping the gene expression profiles in Cal-72 versus

SaOS-2, and MG-63 versus SaOS-2. It can be seen that leptin (LEP), interleukin-6 (IL6),

TNF, interleukin-8 (IL8), jagged 1 (JAG1) and cadherin 5 (CDH5) are upregulated in

SaOS-2 cells, while VEGFA, TGF-α and TIMP-2 are significantly downregulated com-

pared to MG-63 and Cal-72.

Table 3.28: Significant P-value results of qPCR on osteosarcoma cell lines
A complete list of p-values can be found in Appendix A.4.

MG-63 vs. SaOS-2 CAL-72 vs. SaOS-2 MG-63 vs. CAL-72
Gene Log2FD p Value Gene Log2FD p Value Gene Log2FD p Value

ANGPTL3 -3.60 0.024 ANGPTL3 -7.09 0.017 CXCL10 5.28 0.03
CDH5 -3.89 0.042 CDH5 -2.90 0.046 EREG 1.88 0.05
CXCL6 -3.12 0.002 COL18A1 -5.94 0.045 HPSE 4.40 0.043
IL6 -2.47 0.014 HPSE -6.45 0.029 TGF-α 3.15 0.035
JAG1 -2.65 0.018 IL6 -2.75 0.033
LEP -6.46 0.036 JAG1 -4.12 0.013
MDK -3.37 0.038 LEP -5.87 0.038
TGF-α 5.97 0.025 MDK -3.78 0.038
TIMP-2 2.13 0.04 TEK -4.41 0.018
TNF -4.39 0.044 TGF-α 2.82 0.039
VEGFA 1.81 0.028 THBS1 4.55 0.012

TIMP-2 2.12 0.036
VEGFA 1.61 0.029

In silico pathway interaction analysis was performed using GNCpro. A pathway and

Figure 3.25: Regulation network model in SaOS-2
Pathway and regulation network model generated using
GNCpro, based on significant (circles) and less significant
(circles) key findings of qPCR. Upregulation (→) and un-
specified regulation (—) are covered by literature (numbers
in brackets correlating to Table 3.29), while upregulation
(+) and downregulation (-) are covered by the results.

regulation network model based on

the documented gene intersection in

Cal-72 and MG-63 with respect to

SaOS-2 cells is visualised in Figure

3.25.

The model is enlarged by TNF

and IL8 because of strong evidence

for a coupled regulation. TNF and

IL8 lack one measured value, thus

calculation of a p-value was not

possible. For angiopoietin-like 3

(ANGPTL3), midkine (MDK) and

TIMP-2 it was not possible to de-

termine a direct regulation net-

work model. However, the result

for VEGFA regulation is distinct.

79



Results

Upregulation of VEGFA could occur in two ways: LEP → TNF → IL8 → VEGFA as

well as LEP → IL6 → VEGFA (Table 3.29). But VEGFA expression was found to be

reduced while CDH5 was up-regulated. For a better understanding of this inharmonious

finding it may be important to recall the incapability of SaOS-2 cells to induce angio-

genesis in an environment of decreased levels of VEGFA (Figure 3.12 and Sections 3.3.1

and 3.3.2).

Table 3.29: Pathway and regulation network references

Number Connection References
1 LEP – IL6 (Mattioli et al., 2005)
2 LEP – TNF (Zarkesh-Esfahani et al., 2004; Mattioli et al., 2005)
3 TNF – IL6 (Ammit et al., 2002; Heyninck et al., 1999; Faggioli et al., 2004)

(Alsalameh et al., 2003; Zhang et al., 2002; Morohoshi et al., 1996)
4 IL6 – VEGFA (Huang et al., 2004; Wei et al., 2003; Borg et al., 2005)
5 TNF – IL8 (Luecke and Yamamoto, 2005; Lahav et al., 2002; Facchini et al., 2005)

(Son et al., 2005; Lockwood et al., 2006; Boldrini et al., 2006)
(Zhang et al., 2002; Nissen and Yamamoto, 2000; Becker et al., 1994)
(Kazachkov et al., 2002; Fredriksson et al., 2003; Brunius et al., 2005)
(Hirano et al., 2007; Xie and Gu, 2008)

6 IL8 – VEGFA (Hellmuth et al., 2002; Li et al., 2008)
7 IL6 – IL8 (Theodoropoulos et al., 2006; Chen et al., 2005; Huang et al., 2006)

(Landi et al., 2003)
8 IL6 – TNF (Nieters et al., 2001; Pawlik et al., 2005; Theodoropoulos et al., 2006)

(Zalewska et al., 2006; Kobayashi et al., 2005; Scapoli et al., 2007)
(Guimaraes et al., 2007; Andersson et al., 2008; Landi et al., 2003)
(de Sa et al., 2007; Chen et al., 2005; Tambur et al., 2006; Ross et al., 2004)

9 IL6 – VEGFA (Yao et al., 2006; Borg et al., 2005; Ulbrich et al., 2008)
10 TNF – IL8 (Lu et al., 2005; Theodoropoulos et al., 2006; Chen et al., 2005)

(Matheson et al., 2006; Landi et al., 2003; Williams et al., 2005)
(Henriksen et al., 2004; Smit et al., 2003; Oltmanns et al., 2005)
(Marcet et al., 2007; Zalewska et al., 2006; Baraldo et al., 2003)

11 IL8 – VEGFA (Ulbrich et al., 2008)
12 IL6 – TGF-α (Thiele et al., 2003)
13 IL6 – JAG1 (Sansone et al., 2007)
14 VEGFA – CDH5 (Ha et al., 2008; Gavard and Gutkind, 2006)

3.3.5 Effects of bFGF on angiogenesis

The results shown in Section 3.3.3 demonstrate a correlation between the composition of

the medium supernatants from osteosarcoma cell line cultures and the formation of micro-

capillary structures. Because bFGF is one component of standard supplemented endo-

thelial cell culture medium ECGM and absent in osteoblast growth medium DMEM, stud-

ies were undertaken to analyse the effects when added to medium supernatants. There-

fore, 20 ng/µl bFGF were added to the cell culture medium of osteosarcoma cell lines. In

3-D cultures with and without additional bFGF being added to HDMEC, micro-capillary

structure formation was analysed by Calcein-AM staining and microscopic analysis.

The results showed that micro-capillary structures were formed in HDMEC with both

cell culture media supernatants from Cal-72 and MG-63 irrespective of the presence
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of bFGF (Figure 3.26A,B). In contrast, HDMEC cultured in DMEM supernatants from

SaOS-2 cells with and without bFGF resembled the control showing no formation of

micro-capillary structures (Figure 3.26C,D). HDMEC cultured in ECGM alone, showed

strong formation of angiogenic structures, when supplemented with additional bFGF.

Figure 3.26: 3-D culture of HDMEC with medium supernatants and bFGF
3-D collagen gel cultures of HDMEC with medium supernatants from A Cal-72, B MG-63, C SaOS-2
and the negative control D HDMEC supplemented with 20 ng/µl bFGF. Cultures were set up with
ECGM and DMEM for 24 hours, stained with Calcein-AM and visualised by fluorescence microscope.

3-D monocultures of HUVEC in ECGM and DMEM showed no differences caused by

the bFGF addition (Figure 3.27). With ECGM, HUVEC showed stronger formation of

micro-capillary structures than with DMEM. The results showed that micro-capillary

structures were formed in HUVEC with both cell culture media supernatants from Cal-

72 and MG-63 (Figure 3.27A,B). In contrast, HUVEC cultured in supernatants from

SaOS-2 cells with and without bFGF resembled the control showing no formation of

micro-capillary structures (Figure 3.27C,D).

The 3-D monoculture of umbilical artery endothelial cells showed a slightly stronger
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tendency to form micro-capillary structures with the addition of bFGF in both media

of Cal-72 cell culture supernatants (data can be found in the Appendix A.3). All other

samples showed weak to no formation of micro-capillary structures similar to the negative

controls.

Figure 3.27: 3-D culture of HUVEC with medium supernatants and bFGF
3-D collagen gel cultures of HUVEC with medium supernatants from A Cal-72, B MG-63, C SaOS-2
and the negative control D HUVEC supplemented with 20 ng/µl bFGF. Cultures were set up with
ECGM and DMEM for 24 hours, stained with Calcein-AM and visualised by fluorescence microscope.

3.3.6 Release of HGF and VEGF in osteosarcoma cell lines

Cal-72 and MG-63 cells appear to secrete factors into their medium that are able to induce

angiogenesis in endothelial cell monocultures as well as in endothelial cell co-cultures with

SaOS-2 cells. Both VEGF and bFGF are known to be involved in angiogenesis (Cross

and Claesson-Welsh, 2001; Leung et al., 1989). In Section 3.1.4, it was shown that Cal-72

and MG-63 cells secrete higher amounts of VEGF and bFGF than SaOS-2. However, the

previously described experiments have shown that bFGF alone is not capable of inducing
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micro-capillary structure formation. Therefore, VEGF production by osteosarcoma cell

lines was examined. In addition, HGF production was also examined, as it has previously

been reported to have a central role in angiogenesis (Porta et al., 2013). Both, HGF

and VEGF from medium supernatants in 2-D and 3-D collagen gel monocultures, were

quantified by ELISA at different time points. All data were analysed for significance

(p < 0.05) and compared to the results of SaOS-2.

Figure 3.28: Quantification of HGF and VEGF in medium supernatants
ELISA quantification of A HGF and B VEGF in medium supernatants of 2-D and 3-D osteosarcoma
cell line cultures at different time points. All data were normalised to the amount of DNA. One-way
ANOVA (*: p < 0.05, **: p < 0.01, ***: p < 0.001) and Dunnett’s test were applied and correlated
with SaOS-2 cells.

In 2-D and 3-D cell cultures, HGF secretion by Cal-72 and MG-63 was significantly

higher compared to SaOS-2 which secreted no HGF, similar to the HDMEC negative

control (Figure 3.28). Significant VEGF release in Cal-72 and MG-63 2-D cell cultures

was observed. No significant amount of VEGF was observed in SaOS-2 or HDMEC 2-D

cell cultures. For 3-D cell cultures suprisingly, SaOS-2 cells exhibited VEGF at levels

similar to MG-63 cells but significantly lower than Cal-72 cells. In contrast, HDMEC

secreted a lower amount of VEGF compared to SaOS-2.
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3.3.7 Correlation between HGF and endostatin

Endostatin is a known inhibitor of angiogenesis and is thus of interest to the pharmaceu-

tical industry as a therapeutic inhibitor of endothelial cells (Fiedler et al., 2001). Since

a higher quantity of HGF was found in Cal-72 and MG-63 compared to SaOS-2 cul-

tures, endostatin was also quantified and correlated with the HGF results (Figure 3.29).

Figure 3.29: Quantification of HGF and endostatin in
medium supernatants
Quantification of HGF and endostatin in medium super-
natants of 7 day 2-D osteosarcoma cell line cultures by ELISA.
All data were normalised to the amount of DNA. One-way
ANOVA (***: p < 0.001) was applied.

Both targets were quantified by

ELISA in medium supernatants

from 2-D monocultures after 7

days. All data were analysed for

significance (p < 0.05) and com-

pared to the results of SaOS-2

cells. Again, HGF secretion

by Cal-72 and MG-63 was sig-

nificantly increased compared to

SaOS-2 cells. In contrast, for

endostatin, a significantly higher

level was observed in SaOS-2

than in MG-63 and Cal-72 cells.

3.3.8 Effects of podoplanin on angiogenic potential of osteoblasts

The previously described populations of mixed lymphatic and vascular endothelial cells in

the cell cultures (Section 3.2.4) may have had an effect on the formation of micro-capillary

structures in these cell cultures. Therefore, the lymphatic and vascular endothelial cells

were separated and re-combined and both used for angiogenesis experiments.

Separation and combination experiments of lymphatic and vascular fractions of en-

dothelial cells (lymphatic endothelial cells alone, vascular endothelial cells alone, lym-

phatic and vascular endothelial cells combined) indicated a correlation between both

fractions and the ability to form micro-capillary structures (Figure 3.30). It can be seen

that lymphatic HDMEC form no micro-capillary structures in 2-D co-culture with pOB,

while vascular HDMEC showed the formation of micro-capillary structures. The strongest
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effects on the formation of micro-capillary structures was found in the combination of

lymphatic and vascular HDMEC-fractions in co-culture with pOB. The results suggest

that lymphatic endothelial cells increase the formation of micro-capillary structures in

HDMEC. However, these cells have been shown not to be directly involved in angiogen-

esis. One possible factor causing initiation of micro-capillary structure formation may be

podoplanin, the protein to which D2-40 antibody binds to.

Figure 3.30: 2D co-cultures of HDMEC fractions with pOB
Separated (A lymphatic, B vascular) and C combined (1:1) populations of HDMEC in 2D co-culture
with pOB. Cells were stained with CD31 antibody and visualised by fluorescence microscope.

3.3.8.1 Cloning and transfection of SaOS-2 cells with podoplanin

In order to evaluate the role of podoplanin in the formation of micro-capillary structures,

its coding DNA sequence (CDS) was transfected into SaOS-2 cells. SaOS-2 were previously

shown to have no effect on angiogenesis in co-culture systems (Section 3.3). For better

cloning efficiency, the blunt end PCR product was first cloned into pJET1.2/blunt sub-

cloning vector before being transferred into pEGFP-N1. The final construct contained a

stop-codon behind the podoplanin gene and was verified by colony PCR (Figure 3.31). The

absence of substitutions or mutations was confirmed by DNA sequencing (data not shown).

Podoplanin was cloned into a pEGFP-N1 vector before SaOS-2 cells were transfected

with the construct. Successfully transfected cells were selected on a single cell basis

and transfection was verified by immunofluorescent staining with D2-40 antibody and

microscopic analysis.
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Figure 3.31: Cloning of podoplanin into pEGFP-N1
Cloning strategy and transfection of SaOS-2 cells with restriction sites (blue) and cleaved sticky end
restriction sites (red). 1 Fusion of blunt end podoplanin PCR product and pJET1.2 sub-cloning
vector. 2, 3 Restriction of pJET-PDPN and pEGFP-N1. 4 Fusion of sticky end podoplanin gene with
pEGFP-N1 vector. 5 Final construct pEGFP-PDPN. 6 Colony-PCR of positively transfected colony
with negative control. 7 Podoplanin positive SaOS-2 cells stained with D2-40 antibody, visualised by
fluorescence microscopy.
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3.3.8.2 Podoplanin expressing SaOS-2 cells

As VEGF is known to be involved in the formation of new blood vessels (Cross and

Claesson-Welsh, 2001; Leung et al., 1989), podoplanin-expressing and normal SaOS-2

cells were compared to pOB, Cal-72 and MG-63 for the production of VEGF.

Figure 3.32: VEGF quantification in osteoblasts and SaOS-
2_PDPN
VEGF quantification in pOB, SaOS-2, Cal-72, MG-63 and
transfected SaOS-2_PDPN cell cultures after 2 and 4 days by
ELISA. All data were normalised to the amount of DNA and
analysed by two-way ANOVA (***: p < 0.001).

All data were normalised to

the amount of DNA in the

cell cultures and statistically

analysed to identify signifi-

cant differences (p < 0.05).

Compared to untransfected

SaOS-2 cells, transfected

SaOS-2_PDPN showed a sig-

nificant increase in VEGF pro-

duction at both measured time

points (Figure 3.32). Com-

pared with pOB, Cal-72 and

MG-63, the VEGF level was

also significantly higher.

Figure 3.33: 2-D co-culture of HDMEC and SaOS-2_PDPN
2-D co-culture of HDMEC and A Cal-72, B MG-63, C SaOS-2, and D SaOS-2_PDPN after 21 and 28
days with formation of vessel-like structures (↙). Cells were immunostained (CD31 antibody (green),
DAPI (blue)) and monitored by laser scanning confocal microscopy.
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As previously shown (Sections 3.3.1 and 3.3.2), the formation of micro-capillary struc-

tures in vitro can be stimulated by co-cultivation of endothelial cells with osteosarcoma

cell lines. Because SaOS-2_PDPN showed upregulated VEGF levels, it was then deter-

mined whether these cells could stimulate angiogenesis. For comparison of transfected

and untransfected SaOS-2 cells, 2-D and 3-D co-cultures with three HDMEC donors were

performed for 48 hours, 21 and 28 days.

The results showed differences between transfected SaOS-2_PDPN and untransfected

SaOS-2 in terms of the stimulation of angiogenesis (Figure 3.33). In 2-D co-culture, un-

transfected SaOS-2 cells showed no angiogenesis-stimulating potential while podoplanin

positive SaOS-2_PDPN cells induced some micro-capillary structures after 28 days. As

previously demonstrated, Cal-72 and MG-63 showed formation of micro-capillary struc-

tures in these experiments (Section 3.3).

In 3-D collagen gel co-culture of HDMEC with transfected SaOS-2_PDPN cells, micro-

capillary structures formed after 48 hours (Figure 3.34). Untransfected SaOS-2 cells

showed no angiogenesis-inducing potential. Cal-72 and MG-63 induced micro-capillary

structure formation. HDMEC in 3-D monoculture was the negative control, showing no

formation of micro-capillary structures.

Figure 3.34: 3-D co-culture of HDMEC and SaOS-2_PDPN
3-D co-culture of HDMEC andA Cal-72, BMG-63, C SaOS-2, andD SaOS-2_PDPN, and E HDMEC
monoculture control in collagen gel after 48 hours. Cells were stained with Calcein-AM and monitored
by fluorescence microscope.
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3.4 Mass spectroscopy on used media supernatants

In order to detect differences in secreted protein expression between the osteosarcoma cell

lines (Cal-72, MG-63, SaOS-2), medium supernatants were analysed by mass spectroscopy.

3.4.1 Gel-electrophoretic separation of cell culture supernatants

SDS-PAGE for separation of medium supernatants appears to have some disadvantages.

One difficulty is that the potentially secreted signal peptides are highly diluted by the

growth medium and therefore may be below the limits of detection. Thus, media super-

Number Sample

1 Precision plus dual color
2 Cal-72 GFP ECGM
3 Cal-72 GFP DMEM
4 MG-63 GFP ECGM
5 MG-63 GFP DMEM
6 SaOS-2 GFP ECGM
7 SaOS-2 GFP DMEM

Number Sample

1 Rotimark MW standard
2 Cal-72 GFP DMEM
3 Cal-72 GFP ECGM
4 MG-63 GFP DMEM
5 MG-63 GFP ECGM
6 SaOS-2 GFP DMEM
7 SaOS-2 GFP ECGM
8 Fermentas broad range

Figure 3.35: SDS-PAGE of cell culture supernatants
SDS-PAGE of medium supernatants (DMEM and ECGM) from
Cal-72 GFP, MG-63 GFP and SaOS-2 GFP cultured 5 days. Cell
culture medium supernatants were A TCA-precipitated and B
albumin-depleted, 10 µl were loaded on 10% polyacrylamide gel.

natants were concentrated by

TCA precipitation before be-

ing separated by SDS-PAGE

(Figure 3.35A).

However, the cell culture

media contain serum albu-

min which is essential for cell

proliferation and survival in

vitro. Albumin is known to

be a ’sticky’ molecule capable

of agglomerating other pro-

teins (He and Carter, 1992;

Kwok et al., 2007). With

SDS-PAGE, albumin over-

lays all other signals. Therefore, a procedure was implemented to extract albumin from

the media supernatants using an albumin depletion kit (Figure 3.35B). However, albumin

remained the dominating signal in SDS-PAGE. It is well documented in the literature

that albumin depletion is problematic (Andaç et al., 2012; Granger et al., 2005; Holewin-

ski et al., 2013). There are some alternative methods that could be used, but as yet none

of these promises complete albumin extraction. In addition, all approaches have disad-

vantages for mass spectroscopic analysis, either being too expensive, or by removing the

agglomerated proteins leading to sample concentrations below the limits of detection.
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3.4.2 Mass spectroscopy

The albumin-depleted samples from SDS-PAGE were used for mass spectroscopic analysis.

In preparation for mass spectroscopy, the lanes were segmented and tryptically digested.

Number c and dev [µg/µl]

1 6.521±0.0377
2 12.804±0.2673
3 13.150±0.2015
4 5.073±0.1134
5 5.413±0.1316
6 6.755±0.0252

Figure 3.36: Quantification of the BSA standard sample
The amount of protein was quantified for each sample before
mass spectroscopic analysis was performed. The table shows an
example of the measured segments after tryptical digestion.

For MALDI-TOF mass spec-

troscopic analysis, the amount

of protein was quantified for

each sample (Figure 3.36).

MALDI-TOF is widely used for

peptide analysis (Tanaka et al.,

1988) and was accessible in the

Ophthalmology Clinic, Mainz.

The difficulties that emerged

during SDS-PAGE with albu-

min overlapping all other signals continued to be an issue in MALDI-TOF spectra as well

(Figure 3.37). Besides peaks that could be correlated to albumin, no other significant

signals could be detected. The analysis was validated by a positive control sample.

Figure 3.37: Representative MALDI-TOF spectra
Peptides in the region of interest below 50 kDa were seperated by SDS-PAGE, segmented into seven
samples (A-G), digested tryptically and analysed by mass spectroscopy. One representative example
of MALDI-TOF spectra is given above. Peptides above 50 kDa were also analysed (data not shown).
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Discussion

4.1 Characterisation of co-culture components

The successful integration of bone tissue engineering constructs in patients requires neo-

vascularisation by the host blood vessels via angiogenesis. In vitro prevascularisation of

scaffolds is a promising approach for bone tissue engineering and regenerative medicine.

Human pOB from different tissues and osteosarcoma cell lines are commonly used alone

or in combination with endothelial cells (Meyer and Wiesmann, 2006) to evaluate cell

compatibility and their effects on the angiogenic potential of endothelial cells when cul-

tured on biomaterials in vitro. Relevant parameters to assess biocompatibility of scaffolds

for use in bone tissue replacement are adhesion of cells, replication, spread and survival

of osteoblasts as well as the expression of osteoblastic markers such as ALP, osteocal-

cin, collagen, calcium and matrix mineralisation. It is hoped that the results from these

studies will help to predict the outcome of the materials once implanted.

Human pOB from different tissues and different osteosarcoma cell lines vary in their

potential to stimulate angiogenesis. In order to gain further insights into the ability of

pOB from different tissues and osteosarcoma cell lines to induce angiogenesis in endothelial

cells from different tissues, the cells were assessed in co-culture experiments with HDMEC

and HUVEC. Since the co-culture conditions determine osteogenic and angiogenic out-

come parameters (Ma et al., 2011), the determination of optimal co-culture conditions,

such as culture medium and cell ratio is crucial (Grellier et al., 2009). The angiogenic

effects of co-cultures in this study indicated differences between donors of pOB, osteosar-

coma cell lines and types of endothelial cells, which will be discussed in the following

sections.

For identification of factors that might be responsible for the aforementioned differ-

ences, the cellular co-culture components (primary osteoblasts from different tissues and

three different osteosarcoma cell lines) were characterised in the first part of the study

and examined for their ability to induce angiogenesis in HDMEC and HUVEC. Addi-

tionally, gene expression patterns of monocultures of primary osteoblasts from different

tissues and the three osteosarcoma cell lines, Cal-72, MG-63 and SaOS-2, were assessed
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and compared. The results showed significant differences between the cells in terms of

production of angiogenesis-inducing and inhibiting factors, which will be discussed in the

following sections.

4.1.1 Human primary osteoblast characterisation

Human pOB can be harvested from a variety of tissues and donors. The isolation methods

are well established and range from enzymatic digestion with collagenase type II (Robey,

1995), to mechanical isolation, selectively collecting migrating osteoblasts (Jahn et al.,

2010). Isolated pOB from cancellous bone display an osteoblastic phenotype (Beresford

et al., 1984) with high levels of ALP activity, osteocalcin and calcium expression (Beres-

ford et al., 1986) and matrix mineralisation (Jonsson et al., 1999). However, the origin

of the bone tissue as well as the health, age and sex of the donor affect the osteoblastic

phenotype of pOB in vitro by variations in the expression of osteogenic differentiation

markers (Sutherland et al., 1995) and cytokines (Kamer et al., 2006). Also, donor depen-

dent variations in cell proliferation (Malviya et al., 2009) and epigenetic imprints (Koch

and Wagner, 2011) of pOB have been reported.

pOB are widely described with respect to osteogenic or angiogenic differentiation (Ma

et al., 2011) in mono- and co-culture systems (Unger et al., 2011). The focus is mainly on

the cell culture media, adhesion of cells, ALP activity or matrix mineralisation (Morike

et al., 1995; Liu et al., 1997). The production of collagen and mineralised matrix is the

major phenotypic characteristic of osteoblastic cells (Rodan et al., 1987). In addition,

biological mineralisation is associated with elevated levels of ALP activity (Parfitt, 1976).

The osteoblast phenotype is defined by the secretion of osteocalcin, collagen and calcium

as well as the expression of ALP and matrix mineralisation (Metzger et al., 2013). These

features indicate enhanced osteogenic differentiation (Villars et al., 2002; Kaigler et al.,

2005; Villars et al., 2000).

In this study, pOB from multiple sources (bones and donors) were compared and anal-

ysed for variations in growth rates, osteogenic differentiation markers and the effects
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of cell culture media on their characteristics. Additionally, the cells were used in co-

cultures with endothelial cells for analysis of their potential to induce angiogenesis.

pOB were isolated from different donors of oral, knee and pelvic bones, established in

cell culture and analysed at different time points. The growth of pOB was monitored

by DNA quantification between day 1 and day 28 of cell culture. The results showed

that pOB from pelvic bones in both donors come close to saturation density after 7 days

of culture. pOB cultures from oral bone donor 3 were nearly at the saturation density

after 14 days of culture, while the other donors had large quantities of DNA at day 21

and then decreased at day 28. pOB from knee donor 1 also showed an increasing DNA

amount from time point to time point, while in the other donor culture the DNA quantity

increased until day 14, it decreased at day 21, and then increased again until day 28.

The osteogenic differentiation markers, ALP, collagen, calcium and mineralised matrix

were measured and compared between the pOB cell cultures from day 1 to day 28. Similar

to the growth rates, the results show that pOB from pelvic bones in both donors produced

comparable amounts of all osteogenic differentiation markers across the measured time

points. Again, pOB from oral bone donor 3 differed from the other oral bone donors in

that it showed increasing amounts of all markers over the culture time, while in the other

donor cultures levels of all markers decreased after 14 or 21 days of culture. Analogous to

the DNA amounts, knee donor 1 showed increasing amounts of osteogenic differentiation

markers, while in the other donor cultures marker expression decreased after 14 days of

culture, not increasing again until day 28.

These heterologous findings between the pOB source bones and donors may have been

due to the differences in health, age and sex of the donors as described in previous stud-

ies (Sutherland et al., 1995; Malviya et al., 2009) and could be a source of difficulties

encountered when trying to use pOB for biocompatibility studies of engineered scaffolds.

Therefore, it is necessary to use one donor for each comparative experiment in biocom-

patibility studies and screen the scaffolds with multiple donors of pOB.

In this study it has also been demonstrated that the expression of osteogenic dif-

ferentiation markers in pOB depends on the composition of the cell culture medium.
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The cells demonstrated similar ALP activity in DMEM and ECGM, except for knee

donor 1 which expressed higher amounts of ALP in ECGM. Collagen production was

similar for cultures in both media, again except for knee donor 1 which expressed more

collagen in ECGM than in DMEM. Calcium secretion in all pOB cultures was higher

in DMEM than in ECGM. For matrix mineralisation the results have shown only slight

differences between cultures in the two media, but knee donor 1 was found to produce

more mineralised matrix in ECGM. In general, it has been shown that different media do

not change the osteogenic differentiation of pOB significantly, depending on the source of

bone and donor of the isolate.

The pOB were used for co-culture experiments in order to evaluate angiogenic effects

on endothelial cells (HDMEC and HUVEC). pOB were used mainly as positive controls

as they have a known positive influence on angiogenesis in co-cultures with endothelial

cells (HDMEC and HUVEC). Negative effects of single pOB donors on angiogenesis could

not be distiguished from variations between donors of primary endothelial cells.

4.1.2 Osteosarcoma cell line characterisation

The osteosarcoma cell lines Cal-72, MG-63 and SaOS-2 are widely described in the

literature (Vohra et al., 2008) and commonly used in osteoblast function studies (Clover

and Gowen, 1994; Bilbe et al., 1996; Rochet et al., 1999; Liu et al., 1997; Diaz-Rodriguez

et al., 2009).

The osteosarcoma cell line, Cal-72, is derived from a tumor sample, extracted from the

knee of a 10-year-old boy. It lacks the Y chromosome and exhibits morphological, immuno-

histochemical and molecular characteristics of osteoblasts. The phenotype appears to be

closer to primary osteoblasts than other osteosarcoma cell lines (Rochet et al., 1999).

Cal-72 cells have already been succesfully tested in bone bioengineering studies, for

example on vertically aligned multi-walled carbon nanotubes where they changed their

morphology depending on the nanopattern (Giannona et al., 2007).

Another osteosarcoma cell line, MG-63, is derived from an osteogenic sarcoma of
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a 14-year-old male child and shows an abnormal karyotype with marker chromosomes

similar to Cal-72 (Heremans et al., 1978). MG-63 cells express a similar integrin subunit

profile to human pOB (Clover and Gowen, 1994). MG-63 have low level ALP activity

(Rodan et al., 1987) and have previously been used for biomaterial studies on a 3-D

scaffold of alginate gel combined with β-tricalcium phosphate (Florczyk et al., 2012).

The third human osteosarcoma cell line used in this study was SaOS-2 derived from a

tumour sample from an 11-year-old girl (Fogh et al., 1977). The cells have a high level

of osteoblastic differentiation (as highlighted by high levels of ALP activity) but very

low angiogenesis-inducing potential compared to MG-63, which have low ALP expression

levels (Clover and Gowen, 1994). SaOS-2 cells form a mineralised matrix which is one

of the main phenotypic characteristics of osteoblasts (Rodan et al., 1987). SaOS-2 cells

have previously been used in comparative biomaterial studies, showing a high degree of

osteoblastic differentiation (Meikle et al., 2013). In terms of phenotypic stability, passage

history should be considered as it has been shown to affect some phenotypic properties of

SaOS-2 cells (Hausser and Brenner, 2005).

In previous studies, differences between SaOS-2 cells and the other osteosarcoma cell

lines have been described. For example, the detachment of adherent cells from the ex-

tracellular matrix results in apoptosis (a process known as ’anoikis’) (Frisch and Francis,

1994). SaOS-2 cells underwent significant apoptosis when adherence was prevented, while

human osteosarcoma MG-63 cells were distinctly resistant to anoikis (Lin et al., 2008).

Furthermore, SaOS-2 cells have been shown to produce no osteocalcin in vitro (Rodan

et al., 1987) while pOB (Morike et al., 1995), Cal-72 and MG-63 (Rochet et al., 1999)

cells do.

In this study, the osteosarcoma cell lines Cal-72, MG-63 and SaOS-2 were charac-

terised and compared with respect to their osteoblastic differentiation and angiogenesis-

inducing potential. Although these are cell lines which are expected to have similar

phenotypes and effects in co-culture with endothelial cells, all three cell lines have shown

significant differences in osteoblast differentiation markers and their potential to induce
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angiogenesis in endothelial cells. A schematic overview of the characterisation results for

Cal-72, MG-63 and SaOS-2 as found in this study is given in Figure 4.38.

The results for ALP activity differed significantly between the osteosarcoma cell lines.

Figure 4.38: Schematic overview of osteoblastic differentia-
tion markers in human osteosarcoma cell lines
Scaled characterisation results from Cal-72, MG-63 and SaOS-2
cell cultures at day 14. ALP, collagen, calcium and matrix miner-
alisation (MM) are related between the cell lines, the largest value
is set 100 percent. Circle diameter and color are correlated to the
relative percentage. Due to significant differences whithin pOB
they were not included in this figure.

SaOS-2 cells showed strong

expression of all osteoblastic

differentiation markers, ALP,

collagen, calcium and matrix

mineralisation, thus indicat-

ing a high level of differentia-

tion. In terms of ALP activ-

ity Cal-72 and MG-63 showed

less osteoblastic differentia-

tion than SaOS-2 cells, which

is also documented in a pre-

vious study (Rodan et al.,

1987). In addition, in terms

of matrix mineralisation, the

results here indicated a lower

biological mineralisation by MG-63 than the other osteosarcoma cell lines. With respect to

collagen and calcium production, all cell lines were comparable. All markers have the po-

tential to influence cell adhesion, cell-cell communication in co-culture systems as well as

the expression of other factors that might be relevant for the formation of micro-capillary

structures in co-culture with endothelial cells.

A comparative quantification of osteogenic differentiation markers in DMEM and ECGM

was performed for the osteosarcoma cell line cultures between day 1 and day 28. The re-

sults for ALP indicate that Cal-72 have a higher ALP activity in ECGM than in DMEM

while MG-63 and SaOS-2 show higher ALP activities in DMEM. Collagen production

differed in both media for all cell lines depending on cell culture duration. All three os-

teosarcoma cell lines lacked calcium production in ECGM whereas in DMEM there were
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high levels of calcium production. Matrix mineralisation, another osteoblastic property

evaluated here, was higher in DMEM than in ECGM for all cell lines. To summarise, re-

sults indicated higher osteoblastic differentiation of Cal-72 cells in ECGM than in DMEM,

followed by MG-63 and SaOS-2 cells. The lack of important compounds for osteoblast

differentiation, such as calcium, in ECGM may be an explanation.

From the literature it is known that growth factors have variable effects on osteoblasts

(Dodds et al., 1994; Mundy et al., 1995; Tsai et al., 2000). The growth factors, TGF-β

and FGF, increase cell adhesion and proliferation of osteoblasts (Reyes-Botella et al.,

2002). HGF, secreted by osteoblasts, also stimulates proliferation via the PI3K, Akt and

AP-1 signaling pathways (Chen et al., 2012). It is a key player in angiogenesis, acting

via stimulation of endothelial cells (Yamada et al., 2013). Cal-72 have been reported

to express HGF and its receptor c-MET. This autokrine loop might contribute to the

invasiveness of the tumor from which Cal-72 originated (Rochet et al., 1999). In addition,

VEGF and bFGF are well known inducers of angiogenesis (Folkman, 1995).

VEGF is released by a number of different cell types, including osteoblasts, and acts as

a signalling protein for capillary sprouting (Diegelmann and Evans, 2004). It stimulates

cellular responses by binding to VEGFR-2, a tyrosine kinase receptor. VEGF is regulated

by TGF-β, a major cytokine released from bone tissue (Chim et al., 2013). In addition,

TGF-β initiates bFGF production in osteoblasts (Beck and D’Amore, 1997). bFGF acts as

autocrine and paracrine factor that stimulates cell proliferation and angiogenesis-related

growth factor expression in endothelial cells (Seghezzi et al., 1998). Cell proliferation and

migration in endothelial cells is inhibited by endostatin (Rehn et al., 2001). It regulates

many signalling pathways such as TNFα and AP-1, and is suggested to interfere with

bFGF and VEGF (Abdollahi et al., 2004).

Since tumors induce blood vessel formation by the secretion of growth factors (Wang

et al., 2010; Ricci-Vitiani et al., 2010), the osteosarcoma cell lines were characterised

regarding their release of the growth factors VEGF, bFGF, HGF and the endothelial cell

inhibitor endostatin. A schematic overview of the results from Cal-72, MG-63 and SaOS-2
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Figure 4.39: Schematic overview of growth factors in human
osteosarcoma cell lines
Scaled characterisation results from Cal-72, MG-63 and SaOS-2
cell cultures at day 14. VEGF, bFGF, HGF and endostatin are
related between the cell lines, the largest value is set 100 percent.
Circle diameter and color are correlated to the relative percentage.
Due to significant differences whithin pOB they were not included
in this figure.

cultures in this study is given

in Figure 4.39.

The osteosarcoma cell line

cultures were analysed at

different time points (be-

tween day 1 and day 28).

The results of the growth

factor quantification exper-

iments are highly relevant

when considering the effect

of osteosarcoma cell lines

on endothelial cells in co-

culture systems and therefore

biocompatibility of scaffolds.

The results have shown that SaOS-2 cells secrete significantly less angiogenesis-inducing

growth factors (VEGF, bFGF and HGF) than Cal-72 and MG-63 cells. VEGF is also

known to retard the differentiation of osteoblasts in bone regeneration (Song et al., 2011),

which might be an explanation for the decreased amounts of the osteoblast differentia-

tion marker ALP in Cal-72 and MG-63 as mentioned above. Additionally, endostatin,

which inhibits proliferation and migration in endothelial cells, is significantly increased in

SaOS-2 cells compared to Cal-72 and MG-63 cells. These are very important findings for

biocompatibility studies and scaffold vascularisation, as SaOS-2 cells have different effects

than Cal-72 and MG-63.

Additionally, VEGF and HGF were analysed in 3-D cultures to assess permeability of

the molecules through the collagen gel matrix. Analogous to the 2-D results, Cal-72 and

MG-63 produced significantly higher amounts of HGF than SaOS-2 cells. VEGF levels

also increased in Cal-72 and MG-63 compared to SaOS-2.

Bearing in mind results from growth factor quantification experiments, Cal-72 and

MG-63 cells were expected to induce the formation of micro-capillary structures in co-
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culture with endothelial cells in vitro, since VEGF, HGF and bFGF are known to have

angiogenesis-inducing effects (Folkman, 1995; Yamada et al., 2013). In contrast, the

angiogenesis-inducing potential of SaOS-2 cells in co-culture with endothelial cells was

expected to be rather low. The results from co-culture experiments supported these

assumptions, showing angiogenesis induction in co-cultures of Cal-72 and MG-63 with en-

dothelial cells from different tissue sources and no angiogenesis in co-cultures of SaOS-2

with the same endothelial cells. These results are discussed further in Section 4.2.

To summarise, osteoblast differentiation markers indicated a lower osteoblastic differ-

entiation level for Cal-72 and MG-63 than SaOS-2 cells. The results for pOB differed

depending on the location of the bone from which osteoblasts were isolated, as well as

on the donor, thus pointing to potential problems when using pOB for biocompatibil-

ity studies on engineered scaffolds. The medium composition also has strong effects on

osteoblastic differentiation by providing important ions. Growth factor secretion by os-

teoblasts is essential for angiogenic activation of endothelial cells in co-culture systems.

The osteosarcoma cell lines Cal-72 and MG-63 secrete higher amounts of angiogenic fac-

tors (VEGF, bFGF and HGF) than SaOS-2 cells and lower amounts of the angiogenic

inhibitor, endostatin, in both 2-D and 3-D cultures.

4.1.3 Comparison of osteoblast cell lines expressing GFP

In this study, the osteosarcoma cell lines were also used in the GFP-transfected form

(Günther, 2009) for co-culture experiments. The advantage of using GFP-expressing

cells is that cells can be identified and tracked in vitro without additional

staining. The GFP gene has been well documented to reliably produce fluorescent pro-

tein in heterologous cell systems without inducing cellular toxicity (Chalfie et al., 1994).

To assure the comparability of the results to the parental osteosarcoma cell lines with

GFP-expressing osteosarcoma cell lines, cells were also characterised regarding their mor-

phology, cell viability and proliferation, as well as their osteoblast-like characteristics
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Figure 4.40: Changes in key markers between GFP-
expressing and parental osteosarcoma cell lines
Increased expression rates (black), decreased rates (gray). Os-
teosarcoma cell lines were transfected by Günther (2009). Mean
values from 14 day cell culture samples were used for comparison.

and compared with the un-

transfected cell lines. An

overview of the differences is

given in Figure 4.40.

The morphology of GFP-

expressing osteosarcoma cell

lines was observed by fluo-

rescence microscopy and was

found to resemble those of

the normal osteosarcoma cell

lines (Cal-72, MG-63 and

SaOS-2). For SaOS-2 cells

these results are also sup-

ported by previous literature

(Morelli et al., 2007).

In terms of cell viability and proliferation, GFP-expressing and normal non-GFP-

expressing osteosarcoma cell lines showed no significant differences. However, SaOS-2

cells with and without GFP were found to have reduced cell viability and proliferation

than the other osteosarcoma cell lines, indicating a slower cell growth and proliferation in

vitro. With respect to ALP, the GFP-expressing MG-63 cell line showed a nearly 80 %

increase in ALP activity compared to non GFP-expressing MG-63, and changes of up

to 35 % for Cal-72 and SaOS-2 cells. The results for GFP-expressing MG-63 revealed a

significant increase in matrix mineralisation compared to normal MG-63. In terms of colla-

gen production, the GFP-expressing Cal-72 cell line produced 87 % less collagen than the

untransfected Cal-72 counterpart. Collagen production in GFP-expressing SaOS-2 cells

was increased by 51 % compared to non-GFP-expressing SaOS-2 cells. The results for cal-

cium quantification revealed significantly increased levels in the GFP-expressing SaOS-2

cells compared to the normal SaOS-2 cells. The observed differences in ALP activity,
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collagen, calcium and matrix mineralisation between the cells might indicate different

levels of osteoblastic differentiation. Further comparison of GFP-expressing and normal

osteosarcoma cell lines was performed by the analysis of growth factors and co-cultures

of those cell lines with endothelial cells.

The results showed that production of the angiogenesis-stimulating growth factors

bFGF and VEGF was increased in GFP-expressing MG-63, while almost no changes

were detected among the other cell lines. However, co-culture experiments of these cell

lines with endothelial cells revealed no differences between GFP-expressing and normal

cells. These findings indicate that the GFP transfection does not influence the angiogenic

behaviour of the cells in the co-culture systems. Furthermore, SaOS-2 cells, which show

no angiogenic behaviour of the cells in co-cultures, have been demonstrated to have a

lower proliferation rate than Cal-72 and MG-63. This could be due to more factors then

just bFGF and VEGF for stimulating angiogenesis in endothelial cells in vitro (Takahashi

et al., 2005; Carmeliet, 2000b).

The GFP-transfected osteosarcoma cell lines showed stable GFP expression and similar

cell viability and proliferation rates to the original Cal-72, MG-63 and SaOS-2 cell lines.

The differences in expression of osteoblastic differentiation markers and growth factors

may have been a result of the randomised integration site of the GFP gene into the host cell

genome. The vector pEGFP-N1 used for transfection (Günther, 2009) is cut by restriction

enzymes within the cell and randomly integrated into the genome (Yamaguchi et al.,

2011; Stuchbury and Munch, 2010). Osteoblastic marker genes may have been affected

by insertional mutagenesis as reported in previous literature (Cereseto and Giacca, 2004).

Since the GFP-expressing osteosarcoma cell lines behave similarly to their parental cell

line in co-culture systems, they are useful for visualisation of the GFP-labelled cells in in

vitro studies.
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4.1.4 Primary human endothelial cells

Primary human endothelial cells from different sources are one of the key elements of

co-culture systems for the study of angiogenesis and vascularisation (Bishop et al., 1999;

Donovan et al., 2001). In bone tissue engineering, a goal is to use endothelial cells for

biomaterial colonisation to accelerate the healing response in patients. In previous studies

it has been shown that vascularisation with the host vasculature occurs when co-cultures of

endothelial cells and fibroblasts or osteoblasts are cultured on 3-D scaffolds and implanted

after prevascularisation has occurred (Unger et al., 2010; Tremblay et al., 2005; Rouwkema

et al., 2006; Dohle et al., 2011; Haq et al., 1992).

For the formation of micro-capillary structures, stability and differentiation of endothe-

lial cells, extracellular matrix and growth factors are important (Donovan et al., 2001).

In addition, the source of the endothelial cells may have effects on angiogenesis. Since

the cells have been well characterised in the literature according to expression of specific

markers, like vWF (Jaffe et al., 1973), PECAM (Albelda and Buck, 1990) and the VEGF-

receptors, Flt-1 and KDR (Hewett and Murray, 1996), the isolated cells in this study were

verified regarding these markers by immunofluorescent staining. All human endothelial

cells used in this study express the endothelial cell specific marker PECAM, which was

detected by CD31 staining in mono- and co-cultures. Endothelial cells were derived from

juvenile foreskin (HDMEC), umbilical vein (HUVEC), umbilical artery, lung (HPMEC)

and blood buffy coats (OEC).

In the present study, endothelial cells from all mentioned sources were analysed and

compared in terms of their morphology and also to assess lymphatic subpopulations by

immunofluorescent staining and FACS analysis using D2-40 antibody (Kahn and Marks,

2002). Depending on the origin of the tissue, vascular and lymphatic endothelial cells

co-exist (Tammela et al., 2005) and indeed appeared together in the cell cultures of this

study. The ratio of lymphatic and vascular endothelial cells in the cultures varied greatly.

While the endothelial cell line ST-1 and OEC contained 75 to 80 % D2-40 positive cells,

the ratio in HPMEC differed among the donors from 10 to 60 % D2-40 positive cells.
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HDMEC and human cardiac microvascular endothelial cells (HCMEC) showed similar

populations of lymphatic endothelial cells in the range of 15 to 35 %. The lowest ratio of

lymphatic to vascular endothelial cells was found in oral mucosa endothelial cells. Only

HUVEC were found to have no lymphatic population within cell cultures.

The mixed populations may have been due to the isolation methods employed, as this

could have been a source of contaminating lymphatic endothelial cells. Only HUVEC

were shown to consist solely of vascular endothelial cells. A probable explanation for this

is that during the isolation of umbilical vein endothelial cells contact of the isolated cells

with the lymphatic system is very unlikely. In contrast, in the isolation of HDMEC or

HPMEC, for example, the co-isolation of lymphatic endothelial cells from the tissue is

highly likely. The same applies to HCMEC, OEC and oral mucosa endothelial cells. Since

the HPMEC derived cell line, ST-1 is pesumably a clone from a single cell, the lymphatic

population might also derive from unstable immortalization or vascular endothelial cells

changing their phenotype during in vitro cell culture.

4.2 Angiogenesis in co-culture systems

Vascularisation of bone tissue engineering constructs with the host vasculature is driven

by angiogenesis. As described previously, in vitro prevascularisation of scaffolds is a

promising approach for successful bone tissue engineering and regenerative medicine. Un-

derstanding the angiogenic processes in co-cultures is essential for optimisation of scaffold

prevascularisation. Human pOB from different tissues and osteosarcoma cell lines are

commonly used with endothelial cells in co-culture systems (Meyer and Wiesmann, 2006)

in order to investigate cell compatibility and the effects on angiogenic potential in vitro.

In the present study, endothelial cells and osteoblasts were co-cultivated in 2-D and

3-D experiments to assess biomaterial colonisation and factors effecting angiogenesis.

In designing co-culture experiments one must consider the question being asked and

attempt to replicate, as far as possible, the physiological conditions (Takezawa, 2003).
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Since it had been shown that pOB and the osteosarcoma cell lines, Cal-72, MG-63 and

SaOS-2, differed in terms of osteoblastic differentiation level and growth factor expression,

the cells were compared regarding their potential to induce angiogenesis in endothelial

cells. The results of co-culture studies were verified by testing the cell culture medium

supernatants for angiogenesis-inducing potential of the pOB and osteosarcoma cell lines.

4.2.1 Comparison of angiogenic effects in co-culture systems

In 2-D and 3-D co-cultures, angiogenesis was stimulated by the addition of primary os-

teoblasts or osteosarcoma cell lines to endothelial cell cultures. In 2-D co-culture systems,

HDMEC and HUVEC from several donors were used to verify the results. For 3-D co-

culture experiments only HDMEC were used, as these cells had previously been shown to

have better stability in a collagen matrix than HUVEC.

In 2-D co-cultures, pOB appeared to have angiogenesis-inducing potential on HDMEC

and HUVEC. However, the angiogenic effects were different between several donors,

indicating in a similar manner to the results from pOB characterisation that the cell donor

can affect culture characteristics. The donors differed in their osteogenic differentiation

level, which may have determined the angiogenesis-inducing potential of the cells in 2-D

co-cultures with HDMEC and HUVEC.

For the osteosarcoma cell lines, the results from 2-D co-culture experiments with

HDMEC and HUVEC revealed angiogenic effects of Cal-72 and MG-63 but no detectable

angiogenesis in SaOS-2 cell cultures. The results were the same for the GFP-expressing

osteosarcoma cell lines. To correlate this with the characterisation results, the tendency

of SaOS-2 cells to produce more osteogenic differentiation factors than Cal-72 and MG-63

and less angiogenesis-inducing growth factors resulted in the formation of fewer micro-

capillary structures in 2-D co-cultures with HDMEC and HUVEC.

In 3-D co-cultures, pOB appeared to have similar angiogenesis-inducing potential in

HDMEC and HUVEC as in 2-D co-culture experiments. The effects correlated with
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characterisation results in that more micro-capillary structures were formed by less differ-

entiated osteoblasts and fewer micro-capillary structures were formed by cells with greater

osteogenic differentiation.

For the osteosarcoma cell lines, the results from 3-D co-culture experiments with

HDMEC and HUVEC were analogous to those from 2-D co-culture experiments. Cal-72

and MG-63 induced the formation of micro-capillary stuctures in endothelial cells while

SaOS-2 cells had no detectable angiogenic effects. Again the correlation of the co-

culture results with those from cell characterisation revealed the tendency of SaOS-2

cells to produce more osteogenic differentiation markers than Cal-72 and MG-63 and

less angiogenesis-inducing growth factors, thus resulting in formation of fewer micro-

capillary structures in HDMEC and HUVEC.

It is known from the literature that VEGF retards differentiation of osteoblasts (Song

et al., 2011). The high osteogenic differentiation level of SaOS-2 cells might result from

the low level of VEGF in those cells, which may be a signal of cell aging or quiescence and

lead to less angiogenic stimulation of endothelial cells. In addition, SaOS-2 cells produced

high amounts of the endothelial cell inhibitor endostatin, which might also have been a

contributory factor to the lack of angiogenesis in co-cultures.

4.2.2 Angiogenic potential of osteoblast cell culture supernatants

Besides secreted factors, cell-cell contacts between the cells may also contribute to in-

duction of angiogenesis in endothelial cells (Kiran et al., 2011). Experiments with cell

culture medium supernatants of osteoblasts on HDMEC and HUVEC were performed

to exclude this possible explanation. The results verified that the angiogenesis-inducing

factors are secreted and in this case no cell-cell contacts between osteoblasts and endothe-

lial cells are necessarily involved in the process. Furthermore, the results have shown

that collagen or other matrix components also have no effect on the formation of micro-

capillary structures. These experiments were only carried out on osteosarcoma cell lines
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due to their reliability compared to pOB, which showed strong variations between different

donors.

In experiments with cell culture medium supernatants from osteosarcoma cell line

monocultures, Cal-72 and MG-63 resulted in the formation of micro-capillary structures

of HDMEC and weak angiogenic effects in HUVEC. In contrast, SaOS-2 cell culture

medium supernatants did not induce angiogenesis in endothelial cells. Furthermore, these

results were verified in 2-D co-cultures of endothelial cells with SaOS-2 cells. Alone, these

co-cultures showed no formation of micro-capillary structures. However, when cell cul-

ture medium supernatants from Cal-72 or MG-63 are added to HDMEC and SaOS-2 co-

cultures angiogenesis was initiated after 28 days of culture. From the literature it is known

that endothelial cells stimulate osteoblasts to upregulate angiogenesis-inducing factors in

co-cultures (Kirkpatrick et al., 2011). Therefore, the experiments were adjusted with

regard to co-culture medium supernatants. Cell culture medium supernatants from co-

cultures of endothelial cells with Cal-72 and MG-63 stimulated angiogenesis in co-cultures

of HDMEC and SaOS-2 cells. However, the formation of micro-capillary structures was

not as good as when HDMEC and Cal-72 or HDMEC and MG-63 were cultured together.

This might be due to the dilution of used cell culture medium supernatants with fresh

medium to provide enough nutrients for the cells.

However, the identity of the factors responsible for angiogenesis stimulation in co-

cultures containing Cal-72 or MG-63, are not completely known. Therefore, the cell

culture medium supernatants were studied for differences between the osteosarcoma cell

lines, Cal-72, MG-63 and SaOS-2 using several analytical techniques. The results of these

studies is discussed in Section 4.3.

4.2.3 Angiogenic effects of lymphatic and vascular populations

The previously described populations of lymphatic and vascular endothelial cells in cul-

tures of primary endothelial cells were analysed for their angiogenic potential in co-culture

with pOB. In this study, both populations have been shown to have different effects on the
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formation of micro-capillary structures in co-cultures. Separation and combination exper-

iments of lymphatic and vascular fractions of endothelial cells indicated that lymphatic

endothelial cells may not be directly involved in angiogenesis. However, these cells are

thought to strengthen the formation of micro-capillary structures in HDMEC co-cultures.

The vascular endothelial cell fraction showed formation of micro-capillary structures in

co-culture with pOB, whereas the lymphatic fraction did not result in angiogenesis in

these studies.

The lymphatic endothelial cell marker and target for the D2-40 antibody, podoplanin,

is different in the subpopulations of endothelial cells and was suggested as a possible

factor involved in angiogenesis. It was proposed that podoplanin might be one mech-

anism of the angiogenesis-enhancing effects of lymphatic endothelial cells. Therefore,

SaOS-2 cells, which alone had no angiogenic effect in co-cultures, were transfected with

podoplanin.

Although the expression strength of the constitutive cytomegalovirus (CMV)-promoter

can vary from cell type to cell type (Qin et al., 2010), positive transfection was detected by

immunofluorescent staining. The event of gene silencing was unlikely, since strong expres-

sion was evident in microscopic evaluation of staining. In this study, the transfected cells

(SaOS-2_PDPN) were analysed for the expression of the pro-angiogenic growth factor

VEGF (Cross and Claesson-Welsh, 2001; Leung et al., 1989) and their ability to induce

the formation of vessel-like structures. The results were compared with untransfected

SaOS-2 cells as well as pOB, Cal-72 and MG-63.

It was demonstrated that transfected SaOS-2_PDPN secreted significantly higher

amounts of VEGF than untransfected SaOS-2 cells as well as pOB, Cal-72 and MG-63.

In addition, results from co-culture experiments with transfected SaOS-2_PDPN cells

supported the suggestion that podoplanin might be involved in angiogenesis. However,

the signalling cascade in which podoplanin might be involved or details of how it affects

angiogenesis-related pathways are not yet known. Additionally, these first findings need

to be verified in further experiments.
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4.3 Screening for angiogenesis-inducing factors

In co-cultures, cells are in close apposition, thus allowing for intensive cell-cell communi-

cation (Santos et al., 2009; Pap et al., 2009). In the present study, cell-cell communication

was investigated on translational and transcriptional levels with regard to angiogenesis-

inducing factors. The osteosarcoma cell lines were compared in terms of gene expression

and secretion of factors into the cell culture medium.

In the literature, the osteosarcoma cell lines, SaOS-2, Cal-72 and MG-63, have been

widely used for different cancer and biomaterial studies. However these cells were not yet

described and compared in terms of osteogenic differentiation, or expression of pro- or

anti-angiogenic factors. It is known that SaOS-2 quickly reach a high level of osteogenic

differentiation (Lamour et al., 2007), and this has been supported by the present study.

These processes are regulated by Runt domain transcription factor (Schroeder et al.,

2004). Additionally, the expression of pro-angiogenic VEGF in SaOS-2 can be stimulated

in many ways by other growth factors (Goad et al., 1996).

It has previously been shown that some osteosarcoma cell culture medium supernatants,

especially U2OS cells, are capable of inducing angiogenesis (Pignochino et al., 2009).

These cells express functional tumour suppressor genes like p53 and pRb, while in more

aggressive osteosarcoma cell lines, like SaOS-2 cells, these genes are mutated (Niforou

et al., 2008). U2OS cells are also reported to have the lowest number of chromosomal

variations and only 2 % of the cells have multipolar mitoses, probably due to the presence

of functional p53 and pRb (Isfort et al., 1995). Besides U2OS, SaOS-2 cells are also com-

monly used and well established in our laboratory and were therefore used in the present

study. Based on preliminary studies we suggested that there were significant differences

between the osteosarcoma cell lines, Cal-72, MG63 and SaOS-2, on both translational and

transcriptional level.
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4.3.1 Translational analysis

Comparative translational analysis of angiogenesis-related markers was performed in this

study to gain insights into the angiogenesis-inducing potential in the various osteosarcoma

cell lines. For identification of potential peptide-based pro- and anti-angiogenic factors,

cell culture supernatants from osteosarcoma cell line monocultures were analysed. Initially

ELISA and protein arrays were used to quantify osteoblast differentiation markers (ALP,

collagen, calcium), growth factors relevant for angiogenesis (VEGF, bFGF, HGF) and

potential angiogenesis inhibitors (endostatin) in order to determine significant differences

between Cal-72, MG-63 and SaOS-2 human osteosarcoma cell lines. ELISA and anti-

body arrays were chosen instead of western-blot analysis as they offer better cost-/time-

effectiveness, and microplates allow for higher sample throughput.

As discussed previously and illustrated in Figure 4.39, the results revealed less angio-

genesis-inducing growth factors VEGF, bFGF and HGF are produced in SaOS-2 cell cul-

ture medium supernatants than for Cal-72 and MG-63. In agreement with this, SaOS-2

cells did not induce the formation of micro-capillary structures in co-cultures. It is known

that the combination of VEGF, bFGF and HGF has enhancing effects on the down-

stream signalling pathways AKT and ERK and induces proliferation and chemotaxis in

endothelial cells (Sulpice et al., 2009; Cross and Claesson-Welsh, 2001). Therefore, fur-

ther investigations into downregulation and other co-regulations of these growth factors

in SaOS-2 cells are needed, some of which are described in Section 4.3.2.

Following these experiments, the effects of VEGF, bFGF and HGF were analysed by

the exogenous application of these factors in the form of recombinant growth factors to

the co-culture medium of SaOS-2 cells with endothelial cells. The recombinant proteins

did not induce the formation of micro-vessel structures either in 2-D, or in 3-D experi-

ments. Potential explanations for this could be that posttranslational modifications of the

recombinant proteins, such as glycosylation, phosphorylation, hydroxylation, acetylation,

methylation or ubiquitylation play an important role (Walsh, 2006) or that other factors,

matrix proteins or as yet unknown factors are involved.
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For identification of unknown angiogenic factors cell culture medium supernatants of

Cal-72, MG-63 and SaOS-2 were compared using mass spectroscopic analysis. Critical

hurdles were the removal of all cells from the supernatants as well as albumin, as albumin

overlays all signals in SDS-PAGE being the most prominent protein in cell culture medium

supernatant samples. Although the samples were carefully centrifuged and filtered with

albumin-depletion columns, it was not possible to evaluate the results due to residual

albumin. Besides peaks that could be correlated to albumin, no other significant signals

could be detected. The analysis was validated by a positive control sample. As albumin-

related problems arose during mass spectrometry, large-scale microarray analysis could be

considered for further studies. However, issues may still arise as albumin is fairly ’sticky’

thus cross-reaction and non-specific reactions are anticipated.

4.3.2 Transcriptional analysis

Following initial findings of differences between the osteosarcoma cell lines using transla-

tional analysis, a transcriptional analysis was performed in order to gain deeper insights

into potential regulation of growth factors at the RNA level. These results were compared

to current knowledge of interaction pathways.

The results from transcriptional analysis of the osteosarcoma cell lines revealed signifi-

cant differences between when comparing Cal-72 and MG-63 with SaOS-2 cells.

TGF-α and TIMP-2 genes appeared to be significantly downregulated in SaOS-2

cells compared to Cal-72 and MG-63 cells. In the literature, it is reported that

TGF-α is upregulated in some cancers and responsible for the development of tubular

structures (Greten et al., 2001). It is co-regulated with TIMP-2 (Siqueira et al., 2010)

and involved in VEGF regulation through MEK and PI3K pathways (Chim et al., 2013;

Wang et al., 2008).

Furthermore, the results showed up-regulation of JAG1 and CDH5, as well as IL6

in SaOS-2 cells compared to Cal-72 and MG-63 cells. This finding is contrary to cur-

rent reports of IL6, IL8 and VEGF, which could point to disruptions in some growth
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factor-regulating pathways in SaOS-2 cells. It is known that the pro-angiogenic and in-

flammatory chemokines, IL6 and IL8, are positively correlated with VEGF and tumour

vasculature (Huang et al., 2004; Wei et al., 2003; Borg et al., 2005; Martin et al., 2009) and

vice versa, with VEGF up-regulating IL6 and IL8 in endothelial cells (Hao et al., 2009).

However, VEGF regulation is still not fully understood. Potential pathways which could

be involved include PI3K, MAPK, STAT3 (Wei et al., 2003), AKT or ERK (Siqueira

et al., 2010).

One factor that promotes VEGF-, bFGF- and HGF- mediated angiogenesis through

enhancing VEGF-, bFGF- and HGF- induced growth of vascular endothelial cells is

interleukin-17 (IL17) (Takahashi et al., 2005), which might be affected in SaOS-2

cells. This hypothesis needs further examination. Other as yet unknown regulation of

angiogenesis-inducing growth factors might also be possible.

In conclusion, in future experiments further investigations into the downregulation

and other regulation pathways of VEGF, bFGF and HGF in SaOS-2 cells are required.

Further study of IL17 in osteoblasts and signalling cascades affected by podoplanin are

also advisable. Furthermore, the possible role which matrix proteins and exosomes may

play in the stimulation of micro-capillary structure formation in co-cultures of osteoblasts

and endothelial cells is another interesting point for future experiments.
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Summary

For the successful integration of bone tissue engineering constructs into patients, an

adequate supply with oxygen and nutrients is critical. Therefore, prevascularisation

of bone tissue engineering constructs is desirable for bone formation, remodelling and

regeneration. Co-culture systems, consisting of human endothelial cells and primary

osteoblasts (pOB) as well as osteosarcoma cell lines, represent a promising method for

studying the mechanisms involved in the vascularisation of constructs in bone tissue en-

gineering and could provide new insights into the molecular and cellular mechanisms that

control essential processes during angiogenesis. The present study demonstrated the im-

portant components of co-culture systems with a focus on bone tissue replacement and

the angiogenic effects of pOB and osteosarcoma cell lines on human endothelial cells.

Furthermore, the studies emphasised an overall approach for analysis of signal molecules

that are involved in the angiogenic activation of human endothelial cells by the regulation

of VEGF-related pathways at the transcriptional and translational levels.

The osteosarcoma cell lines Cal-72, MG-63 and SaOS-2, as well as pOB from several

donors, differed in their angiogenesis-inducing potential in 2-D and 3-D co-culture systems.

SaOS-2 cells appeared to have a high osteogenic differentiation level with no detectable

angiogenesis-inducing potential in co-culture with human endothelial cells. The angiogenic

potential of the osteoblast-like cells is mainly correlated with the upregulation of essential

angiogenic growth factors, such as VEGF, bFGF and HGF and the downregulation of

the angiogenesis inhibitor, endostatin. However, other factors involved in angiogenic

regulation were found to differ between SaOS-2 cells, compared to Cal-72 and MG-63. The

present study focuses on VEGF pathway-effecting genes as key players in the regulation

of angiogenesis. The levels of VEGF and VEGF-effecting genes, such as TGF-α and

TIMP-2 are down-regulated in SaOS-2 cells. In contrast, direct regulators of VEGF, such

as IL6, IL8 and TNF are strongly upregulated, which indicates disruptions in growth factor

regulating pathways in SaOS-2 cells. Potential pathways, which could be involved include

MEK, PI3K, MAPK, STAT3, AKT or ERK. Additional treatment of co-cultures with

single growth factors did not accelerate or improve the angiogenesis-inducing potential of

SaOS-2 cells. Knowledge of the detailed molecular mechanisms involved in angiogenesis

control will hopefully allow improved approaches to be developed for prevascularisation

of bone tissue engineering constructs.
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Zusammenfassung

Für die erfolgreiche Integration von Knochenersatzmaterialien, ist die Versorgung mit

Sauerstoff und Nährstoffen essentiell. Die Vaskularisierung dieser Materialien vor der Im-

plantation in Patienten gilt als vorteilhaft für einen schnellen Anschluß des Implantats

an das Gefäßsystem des peri-implantären Gewebes in vivo. Co-Kultur-Modelle aus hu-

manen Endothelzellen und primären Osteoblasten (pOB), bzw. Osteosarcoma Zelllinien

eignen sich für Vaskularisierungsstudien an Implantaten, können somit zur Verbesserung

der Knochenregeneration beitragen und geben neue Einblicke in molekulare und zelluläre

Mechanismen der Angiogenese.

In dieser Arbeit konnte gezeigt werden, dass die Charakteristika von Co-Kultur Kom-

ponenten einen entscheidenden Einfluss auf die Ausbildung von angiogenen Strukturen

in vitro haben. So wurde sowohl auf Transkriptions- als auch auf Translations-Ebene

nach Signal-Peptiden gesucht, die in Endothelzellen Angiogenese stimulieren und Ein-

fluss auf die Regulation von Signalwegen haben könnten. Sowohl die Osteosarcoma Zell-

Linien Cal-72, MG-63 und SaOS-2, als auch pOB von verschiedenen Spendern zeigten

unterschiedlich ausgeprägte angiogene Wirkungen in 2-D und 3-D Co-Kultur Modellen.

SaOS-2 Zellen, die sich am deutlichsten osteoblastär differenziert zeigten, konnte keine

Angiogenese-induzierende Wirkung auf Endothelzellen nachgewiesen werden.

Das Angiogenese-induzierende Potential von osteoblastären Zellen ist abhängig von

der Konzentration angiogener Faktoren, wie VEGF, bFGF und HGF sowie der Absenz

von Angiogenese Inhibitoren, wie Endostatin. In dieser Arbeit wurden SaOS-2, Cal-72

und MG-63 Zellen bezüglich angiogener Faktoren untersucht und verglichen. So konnte

nachgewiesen werden, dass die VEGF Menge in SaOS-2 erniedrigt ist und Gene, welche

in die Regulation von VEGF-Signalwegen involviert sind, wie TGF-α und TIMP-2, in

SaOS-2 herabreguliert sind. Ausserdem wurden direkte VEGF-Regulatoren, wie IL6, IL8

und TNF erhöht vorgefunden, was auf Störungen in Wachstumsfaktor-regulierenden Sig-

nalwegen in SaOS-2 deuten könnte. Potentiell involvierte Signalwege sind MEK, PI3K,

MAPK, STAT3, AKT oder ERK. Zusätzlich konnte gezeigt werden, dass die monovariante

Behandlung von Co-Kulturen mit Wachstumsfaktoren keinen Einfluss auf die fehlende an-

giogene Wirkung von SaOS-2 Zellen auf Endothelzellen hat. Ein besseres Verständnis der

molekularen Kontrolle von Angiogenese könnte künftig zur verbesserten Vaskularisierung

von Knochenersatzmaterialien führen.
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A.1 FACS analysis

Figure A.41: FACS analysis of CD31 in different HDMEC donors
Histogram plots of confluent HDMEC monolayer cultures from different donors marked with CD31
antibody.

Figure A.42: FACS analysis of CD31 and D2-40 in different HDMEC donors
Histogram plots of confluent HDMEC monolayer cultures from different donors marked with CD31
and D2-40 antibody.

Figure A.43: FACS analysis of D2-40 in different HUVEC donors
Histogram plots of confluent HUVEC monolayer cultures from different donors marked with D2-40
antibody.
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Figure A.44: FACS analysis of CD31 and D2-40 in ST1 cultures
Histogram plots of confluent ST1 monolayer cultures marked with CD31 and D2-40 antibody.

Figure A.45: FACS analysis of CD31 and D2-40 in HCMEC cultures
Histogram plots of different confluent HCMEC monolayer cultures marked with CD31 and D2-40
antibody.

Figure A.46: FACS analysis of CD31 and D2-40 in HPMEC cultures
Histogram plots of different confluent HPMEC monolayer cultures marked with CD31 and D2-40
antibody.
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Figure A.47: FACS analysis of D2-40 in oral mucosa endothelial cell cultures
Histogram plots of different confluent oral mucosa endothelial cell monolayer cultures marked with
D2-40 antibody.

Figure A.48: FACS analysis of D2-40 in OEC donors
Histogram plots of confluent OEC monolayer cultures from different donors marked with D2-40 anti-
body.
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A.2 Effects of osteoblast cell culture medium

supernatants on angiogenesis

Figure A.49: HDMEC and SaOS-2 GFP co-cultures with cell culture supernatants
Co-cultures of HDMEC and GFP-expressing SaOS-2 with cell culture medium supernatants from A
Cal-72 GFP and B MG-63 GFP monocultures, and from C HDMEC-Cal-72 GFP and D HDMEC-
MG-63 GFP co-cultures after 28 days. Positive controls are co-cultures of HDMEC with E Cal-72
GFP and F MG-63 GFP. Cells were immunostained with CD31 antibody (red) and DAPI (blue) and
visualised by laser scanning confocal microscopy.
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Figure A.50: HDMEC and SaOS-2 co-cultures with cell culture supernatants
Co-cultures of HDMEC and SaOS-2 with medium supernatants fromA Cal-72 and BMG-63 monocul-
tures, and from C HDMEC-Cal-72 and D HDMEC-MG-63 co-cultures after 28 days. Positive controls
are co-cultures of HDMEC with E Cal-72 and F MG-63. The negative control G is a co-culture of
HDMEC with SaOS-2. Cells were immunostained with CD31 antibody (green) and visualised by laser
scanning confocal microscopy.
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Figure A.51: HDMEC and SaOS-2 co-cultures with cell culture supernatants
Co-cultures of HDMEC and SaOS-2 with medium supernatants fromA Cal-72 and BMG-63 monocul-
tures, and from C HDMEC-Cal-72 and D HDMEC-MG-63 co-cultures after 28 days. Positive controls
are co-cultures of HDMEC with E Cal-72 and F MG-63. The negative control G is a co-culture of
HDMEC with SaOS-2. Cells were immunostained with CD31 antibody (green) and DAPI (blue) and
visualised by laser scanning confocal microscopy.
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Figure A.52: HDMEC and SaOS-2 co-cultures with cell culture supernatants
Co-cultures of HDMEC and SaOS-2 with medium supernatants fromA Cal-72 and BMG-63 monocul-
tures, and from C HDMEC-Cal-72 and D HDMEC-MG-63 co-cultures after 28 days. Positive controls
are co-cultures of HDMEC with E Cal-72 and F MG-63. The negative control G is a co-culture of
HDMEC with SaOS-2. Cells were immunostained with CD31 antibody (green) and DAPI (blue) and
visualised by laser scanning confocal microscopy.

VIII



Appendix

Figure A.53: HUVEC and SaOS-2 GFP co-cultures with cell culture supernatants
Co-cultures of HUVEC and gfp-transfected SaOS-2 with medium supernatants from A Cal-72 GFP
and B MG-63 GFP monocultures, and from C HUVEC-Cal-72 GFP and D HUVEC-MG-63 GFP
co-cultures after 28 days. Positive controls are co-cultures of HUVEC with E Cal-72 GFP and F
MG-63 GFP. Cells were immunostained with CD31 antibody (red) and visualised by laser scanning
confocal microscopy.

IX



Appendix

A.3 Effects of medium supernatants with bFGF on

angiogenesis

Figure A.54: 3-D culture of umbilical artery endothelial cells with medium supernatants and
bFGF
3-D collagen gel cultures of umbilical artery endothelial cells with medium supernatants fromA Cal-72,
B MG-63, C SaOS-2 and the negative control D umbilical artery endothelial cells supplemented with
20 ng/µl bFGF. Cultures were set up with ECGM and DMEM for 24 hours, stained with Calcein-AM
and visualised by fluorescence microscopy.
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A.4 Transcriptional analysis of angiogenesis-related

factors

Table A.30: P value results of qPCR on osteosarcoma cell lines
MG-63 vs. SaOS-2 CAL-72 vs. SaOS-2 MG-63 vs. CAL-72

Gene Log2FD p Value Log2FD p Value Log2FD p Value

Akt1 -1.12 – -0.99 – -0.14 –
ANGPT1 0.08 0.88 -5.11 0.19 5.19 0.23
ANGPT2 0.04 – -0.86 – 0.91 –
ANGPTL3 -3.6 0.024 -7.09 0.017 3.48 0.11
ANGPTL4 -0.95 0.23 -2.72 0.083 1.77 0.085
ANPEP -3.06 0.13 -3.88 0.095 0.82 0.36
BAI1 -0.95 – -4.54 – 3.59 –
CCL11 -0.17 0.96 2.16 0.076 -2.33 0.078
CCL2 -0.7 – -1.66 – 0.96 0.39
CDH5 -3.89 0.042 -2.9 0.046 -0.99 0.68
COL18A1 -3 0.14 -5.94 0.045 2.94 0.29
COL4A3 -4.35 – -4.5 – 0.15 0.82
CXCL1 -1.12 0.5 – – – –
CXCL10 0.04 0.95 -5.25 0.072 5.28 0.03
CXCL3 -2.61 0.18 -1.26 – -1.34 –
CXCL5 -3.18 0.13 -2.2 0.21 -0.98 0.37
CXCL6 -3.12 0.002 -0.97 0.13 -2.15 0.13
CXCL9 -1.21 0.63 -2.85 0.27 1.64 0.45
ECGF1 -2.1 0.12 -2.98 0.11 0.88 0.75
EDG1 -4.07 0.16 -2.04 0.2 -2.03 0.21
EFNA1 -3.19 0.081 -5.18 – 1.99 –
EFNA3 -3.49 – -3.42 – -0.06 0.57
EFNB2 -4.18 0.052 -4.89 0.053 0.72 0.99
EGF -0.14 0.96 -5.15 0.083 5.01 0.12
ENG1 4.99 – – – 4.99 0.17
EPHB4 -0.26 0.7 -4.19 0.081 3.93 0.27
EREG -3.25 0.21 -5.14 0.19 1.88 0.05
FGF1 0.38 0.67 -1.45 0.31 1.83 0.27
FGF2 -0.46 – 2.36 – -2.81 0.28
FGFR3 -3.53 0.092 -3.38 0.1 -0.15 0.67
FIGF -4.67 0.16 -5.98 – 1.32 –
FLT1 -4.31 – -4.68 – 0.37 0.93
HAND2 -2.11 0.28 -3.9 0.14 1.79 0.25
HGF -0.97 0.47 -3.8 0.12 2.83 0.19
HIF1A -2.02 0.2 -2.39 0.27 0.37 0.76
HPSE -2.05 0.069 -6.45 0.029 4.4 0.043
ID1 – – – – – –
ID3 1.74 0.36 -0.09 – 1.83 –
IFNA1 0.03 0.93 -2.6 0.24 2.64 0.2
IFNB1 0.48 0.6 -1.07 0.58 1.55 0.31
IFNG -2.44 0.12 -2.25 0.086 -0.19 0.68
IGF1 -4.15 – -3.38 – -0.77 0.45
IL1B -3.03 0.11 -2.43 – -0.59 –
IL6 -2.47 0.014 -2.75 0.033 0.28 0.92
IL8 -1.88 0.18 -3.3 0.092 1.42 0.18
ITGAV -1.01 0.3 0.47 0.61 -1.48 0.36
ITGB3 – – – – -0.85 –
JAG1 -2.65 0.018 -4.12 0.013 1.47 0.46
KDR – – – – – –
LamA5 4.13 0.26 -2.44 0.086 6.57 0.25
LECT1 -2.59 – -6.45 – 3.86 0.28
LEP -6.46 0.036 -5.87 0.038 -0.59 0.44
MDK -3.37 0.038 -3.78 0.038 0.4 0.93
MMP2 0.39 0.98 -0.1 0.62 0.5 0.48
MMP9 -3.62 0.2 -2.16 – -1.47 –
Notch4 -2.4 0.11 -3.83 0.088 1.44 0.27

Continued on the following page
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Table A.30 – Continued from the previous page

MG-63 vs. SaOS-2 CAL-72 vs. SaOS-2 MG-63 vs. CAL-72
Gene Log2FD p Value Log2FD p Value Log2FD p Value

NRP1 2.64 – 1.94 – 0.71 0.36
NRP2 -2.04 0.13 -1.19 0.18 -0.85 0.33
PDGFA – – – 2.12 0.28
PECAM1 – – – – – –
PF4 3.68 – – – – –
PGF – – – – 0.82 0.41
PLAU -0.28 0.75 0.83 0.21 -1.11 0.2
PLG -3.55 0.18 -5.52 0.14 1.96 0.21
PLXDC1 -2.44 0.055 -2.63 – 0.19 –
PROK2 3.21 0.13 -1.49 0.17 4.7 0.1
PTGS1 -2.75 0.12 -1.94 0.17 -0.81 0.64
SERPINF1 4.15 – 0.97 – 3.18 0.13
SPHK1 -3.76 0.065 -3.19 0.099 -0.57 0.43
STAB1 -2.02 0.21 -4.99 0.13 2.97 0.16
TEK -0.79 0.8 -4.41 0.018 3.62 0.23
TGFA 5.97 0.025 2.82 0.039 3.15 0.035
TGFB1 1.52 0.15 -5.91 – 7.43 –
TGFB2 2.23 0.19 -0.67 0.19 2.91 0.17
TGFBR1 -2.06 0.085 -2.68 0.077 0.62 0.69
THBS1 2.89 0.25 4.55 0.012 -1.65 0.2
THBS2 -3.98 0.1 -8.04 0.091 4.06 0.054
TIMP1 2.71 0.062 -0.06 0.88 2.77 0.061
TIMP2 2.13 0.04 2.12 0.036 0.01 1
TIMP3 -1.3 0.47 -3.78 0.2 2.49 0.33
TNF -4.39 0.044 -3.62 – -0.78 –
TNFAIP2 1 0.68 -0.95 0.34 1.96 0.12
VEGFA 1.81 0.028 1.61 0.029 0.2 0.56
VEGFC 5.94 0.093 -0.04 0.8 5.97 0.094
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A.5 Mass spectroscopic analysis

Figure A.55: Mass spectroscopic analysis of cell culture supernatants
Example plots of mass spectroscopic analysis.
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