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Abstract 

Osteoarthritis (OA) is a slowly progressing disease, resulting in the degradation of 

cartilage and the loss of joint functionality. The cartilage extracellular matrix (ECM) is 

degraded and undergoes remodelling in OA progression. Chondrocytes start to express 

degrading proteases but are also reactivated and synthesise ECM proteins. The 

spectrum of these newly synthesised proteins and their involvement in OA specific 

processes and cartilage repair is hardly investigated.  

Human articular cartilage obtained from OA patients undergoing knee replacement 

surgery was evaluated according to the OARSI histopathology grading system. Healthy, 

non-OA cartilage samples were used as controls. The expression and distribution of 

thrombospondin-4 (TSP-4) and the closely related COMP were analysed on the gene 

level by PCR and on the protein level by immunohistology and immunoblot assays. The 

potential of TSP-4 as a diagnostic marker was evaluated by immunoblot assays, using 

serum samples from OA patients and healthy individuals. The functional role of both 

proteins was further investigated in in vitro studies using chondrocytes isolated from 

femoral condyles of healthy pigs. The effect of COMP and TSP-4 on chondrocyte 

migration and attachment was investigated via transwell and attachment assays, 

respectively. Moreover, the potential of COMP and TSP-4 to modulate the chondrocyte 

phenotype by inducing gene expression, ECM protein synthesis and matrix formation 

was investigated by immunofluorescence staining and qPCR. The activation of cartilage 

relevant signalling pathways was investigated by immunoblot assays. 

These results showed for the first time the presence of TSP-4 in articular cartilage. 

Its amount dramatically increased in OA compared to healthy cartilage and correlated 

positively with OA severity. In healthy cartilage TSP-4 was primarily found in the 

superficial zone while it was wider distributed in the middle and deeper zones of OA 

cartilage. The amount of specific TSP-4 fragments was increased in sera of OA patients 

compared to healthy controls, indicating a potential to serve as an OA biomarker. COMP 

was ubiquitously expressed in healthy cartilage but degraded in early as well as re-

expressed in late-stage OA. The overall protein levels between OA severity grades were 

comparable. Contrary to TSP-4, COMP was localised primarily in the upper zone of OA 

cartilage, in particular in areas with severe damage. COMP could attract chondrocytes 
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and facilitated their attachment, while TSP-4 did not affect these processes. COMP and 

TSP-4 were generally weak inducers of gene expression, although both could induce 

COL2A1 and TSP-4 additionally COL12A1 and ACAN after 6 h. Correlating data were 

obtained on the protein level: COMP and TSP-4 promoted the synthesis and matrix 

formation of collagen II, collagen IX, collagen XII and proteoglycans. In parallel, both 

proteins suppressed chondrocyte hypertrophy and dedifferentiation by reducing 

collagen X and collagen I. By analysing the effect of COMP and TSP-4 on intracellular 

signalling, both proteins induced Erk1/2 phosphorylation and TSP-4 could further 

promote Smad2/3 signalling induced by TGF-β1. None of the two proteins had a direct 

or modulatory effect on Smad1/5/9 dependent signalling.  

In summary, COMP and TSP-4 contribute to ECM maintenance and repair by 

inducing the expression of essential ECM proteins and suppressing chondrocyte 

dedifferentiation. These effects might be mediated by Erk1/2 phosphorylation. The 

presented data demonstrate an important functional role of COMP and TSP-4 in both 

healthy and OA cartilage and provide a basis for further studies on their potential in 

clinical applications for OA diagnosis and treatment. 
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Zusammenfassung 

Osteoarthrose (OA) ist eine langsam fortschreitende Krankheit, die zum Abbau des 

artikulären Knorpels und somit zum Verlust der Gelenkfunktionalität führt. Die 

extrazelluläre Matrix (ECM) des Knorpels wird abgebaut und im Verlauf der OA neu 

organisiert. Chondrozyten beginnen abbauende Proteasen zu exprimieren, werden aber 

auch reaktiviert und synthetisieren ECM-Proteine. Das Spektrum dieser neu 

synthetisierten Proteine und ihre Beteiligung an OA spezifischen Prozessen und an der 

Knorpelreparatur ist jedoch kaum untersucht.  

Humaner Gelenkknorpel von OA-Patienten, die sich einer 

Kniegelenkersatzoperation unterzogen haben, wurde gesammelt und nach dem 

histopathologischen Bewertungssystem der OARSI eingestuft. Gesunder Nicht-OA-

Knorpel wurde als Kontrolle verwendet. Die Expression und Verteilung von 

Thrombospondin-4 (TSP-4) und des eng verwandten Proteins COMP wurden auf 

Genebene mittels PCR und auf Proteinebene mittels immunhistologischer Färbungen 

und Immunoblots analysiert. Das Potenzial von TSP-4 als diagnostischer Marker wurde 

mittels Immunoblots unter Verwendung von Serumproben von OA-Patienten und 

gesunden Personen evaluiert. Die funktionelle Rolle beider Proteine wurde in in-vitro 

Studien mit Chondrozyten, welche aus den Femurkondylen gesunder Schweine 

isolierten wurden im Detail untersucht. Die Wirkung von COMP und TSP-4 auf die 

Migration und Adhäsion von Chondrozyten wurde mittels Transwell- bzw. Attachment-

Assays untersucht. Darüber hinaus wurde die Wirkung von COMP und TSP-4 auf den 

Phänotyp der Chondrozyten untersucht, indem die Induktion der Genexpression, die 

Synthese von ECM-Proteinen und die Matrixbildung mittels Immunfluoreszenzfärbung 

und qPCR analysiert wurden. Die Aktivierung knorpelrelevanter Signalwege wurde 

mittels Immunoblots untersucht. 

Diese Ergebnisse zeigen zum ersten Mal die Expression und Verteilung von TSP-4 im 

Gelenkknorpel. Im Vergleich zu gesundem Knorpel nahm die Menge an TSP-4 in OA 

dramatisch zu und korrelierte positiv mit dem OA-Schweregrad. TSP-4 wurde im 

gesunden Knorpel vor allem in der oberflächlichen Zone gefunden, während es bei OA 

überwiegend in den mittleren und tieferen Zonen des Knorpels lokalisiert war. Die 

Menge an spezifischen TSP-4 Fragmenten war in den Seren von OA-Patienten erhöht im 
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Vergleich zu gesunden Kontrollen, was auf ein Potenzial als OA Biomarker hinweist. 

COMP war im gesunden Knorpel ubiquitär exprimiert, wurde aber im Frühstadium der 

OA abgebaut und im Spätstadium neu synthetisiert. Der Gesamtproteingehalt zwischen 

den einzelnen OA-Schweregraden war allerdings vergleichbar. Im Gegensatz zu TSP-4 

wurde COMP vor allem in der oberen Zone des OA-Knorpels lokalisiert, insbesondere in 

schwer geschädigten Bereichen. COMP konnte Chondrozyten anlocken und ihre 

Adhäsion unterstützen, während TSP-4 diese Prozesse nicht beeinflusste. COMP und 

TSP-4 waren generell schwache Induktoren der Genexpression, trotzdem konnten beide 

nach 6 h COL2A1, und TSP-4 zusätzlich COL12A1 und ACAN induzieren. Des Weiteren 

verstärkten beide Proteine die Synthese und Matrixbildung von Kollagen II, Kollagen IX, 

Kollagen XII und Proteoglykanen. Gleichzeitig inhibierten beide Proteine die 

Hypertrophie und Chondrozyten Dedifferenzierung durch Reduktion von Kollagen X und 

Kollagen I. Die Analyse der intrazellulären Signalwege ergab, dass COMP und TSP-4 

direkt die Erk1/2 Phosphorylierung induzieren konnten und TSP-4 zusätzlich das durch 

TGF-β1 induzierte Smad2/3 Signal verstärkte. Keines der beiden Proteine hatte eine 

direkte oder modulierende Wirkung auf den Smad1/5/9 Signalweg.  

Zusammenfassend lässt sich feststellen, dass COMP und TSP-4 zur Erhaltung und 

Reparatur der ECM beitragen, indem sie die Expression essenzieller ECM-Proteine 

induzieren und die Chondrozyten Dedifferenzierung unterdrücken. Diese Effekte 

könnten durch Erk1/2 Phosphorylierung vermittelt werden. Die vorliegenden Daten 

zeigen eine wichtige funktionelle Rolle von COMP und TSP-4 sowohl in gesundem als 

auch in OA-Knorpel. Zudem liefern die Daten eine Grundlage für weitere Studien über 

das Potenzial von COMP und TSP-4 in der klinischen Anwendung, speziell im Bereich OA 

Diagnose und Therapie.  
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1. Introduction  

1.1. Knee joint  

Walking, standing or sitting are natural daily activities, depending on the 

functionality of joints. The human knee joint (Fig.1.1) is formed, by two long-bones: 

femur and tibia. The joint forming surfaces of these bones are covered, with articular 

cartilage, a connective tissue with specific biomechanical properties providing a smooth 

and lubricated surface. Two menisci are placed, between the tibia and femur acting as a 

shock absorber. The joint is surrounded by a capsule and the ligaments, supporting the 

stability and proper alignment. The joint capsule seals the joint and its inner surface is 

lined with the synovial membrane, which produces the synovial fluid, an oily substance, 

filling the joint cavity and acting as a lubricant as well as a nutrition source. The knee 

joint is a complex biological and mechanical system requiring a functional interplay of 

all components. Although, it is the integrity of articular cartilage, which provides the 

biomechanical properties, crucial for an unrestricted movement. (1, 2) 

 

Figure 1.1. Anatomy of the knee joint 

Schematic drawing of the knee joint. Tibia and femur are covered with articular cartilage and 

separated by the meniscus. A capsule, lined with the synovial membrane at its inner surface, is 

sealing the joint, which cavity is filled with the synovial fluid. Ligaments are connecting the bones 

and support the stability of the joint.  
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1.2. Articular cartilage  

Depending on the biochemical composition, three cartilage types can be 

distinguished: (I) elastic cartilage, containing high amounts of elastin and is present in 

tissues requiring high flexibility, as the outer ear. (II) fibrocartilage, such as in the 

meniscus and (III) articular cartilage in knee joints. All types are similar in their 

architecture and mainly differ in the composition of their extracellular matrix (ECM). 

Fibrocartilage is sometimes naturally formed as repair tissue, replacing damaged 

articular cartilage, but lacks its mechanical qualities and cannot properly fulfil its 

functions. (1)  

Healthy articular cartilage is a thin layer covering the ends of long-bones and 

absorbs the mechanical force during movement to allow a painless and frictionless 

motion. It consists of one cell type called chondrocyte which is surrounded by an 

extremely dense ECM. Chondrocytes represent only 1-5 % of the cartilage volume (3), 

meaning the other ~95 % are ECM. Four zones, hierarchically organised, form the 

complex cartilage tissue from the surface to the bone: the superficial zone, the 

transitional zone, the deep zone and the calcified zone (Fig.1.2.A, B). The deep and the 

calcified zone are separated by the tidemark, a faint line, dividing non-mineralised (deep 

zone) and mineralised (calcified zone) cartilage. The deep zone also serves as a barrier 

of vascularisation, separating cartilage from bone (4). The calcified zone is a transitional 

tissue of moderate stiffness, connecting the flexible cartilage with the stiff bone (5). 

Besides the cartilage zones, also the ECM can be subdivided, depending on the 

localisation around chondrocytes. The area directly surrounding the chondrocyte is 

called the pericellular matrix, which is directly surrounded by the territorial matrix. The 

area between the territorial matrices of chondrocytes is named the interterritorial 

matrix (Fig.1.2.C). (3, 5)  

Depending on the cartilage zone the chondrocyte shape as well as the orientation 

of collagen fibrils, one of the main components of the ECM, are changing (Fig.1.2.B). In 

the superficial zone, chondrocytes are flattened and collagens aligned in parallel to the 

cartilage surface, resisting the enormous pressure resulting from articulation to protect 

the underlying cartilage layers. Due to the parallel orientation of collagen fibrils the 

superficial zone is the stiffest (6). The chondrocyte shape becomes more spherical and 
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the orientation changes from obliquely in the intermediate zone to a column alignment, 

perpendicularly to the cartilage surface in the deep zone (5). The collagen fibrils in the 

underlying zones are randomly oriented in the intermediate zone and aligned 

perpendicularly to the cartilage surface in the deep zone to provide a less stiff matrix 

(6).  

Articular cartilage in a healthy state is not vascularised, has no neural or lymphatic 

tissue and chondrocytes depend on the nutrition diffusing from the synovial fluid (5). 

Due to these limitations, articular cartilage has a poor regeneration capacity and is made 

to last a life long compared to other self-repairing tissues, such as bone (7). 

 

Figure 1.2. Structure and organisation of articular cartilage 

A) Safranin-O staining of proteoglycans in bovine articular cartilage. Schematic drawing 

hierarchical zones (B) and the ECM areas around the chondrocytes (C) in articular cartilage, with 

indicated chondrocytes and collagens. (modified from (8, 9)). 

 

1.3. Chondrocytes 

Chondrocytes origin from mesenchymal stromal cells, which condensate, 

proliferate and differentiate during cartilage development, first to prechondrogenic cells 

and then into mature chondrocytes forming the articular cartilage ECM. (10)  

Chondrocytes are very specialised cells, varying in size and shape depending on the 

cartilage zone they are residing in (Fig.1.2.B). The superficial zone consists of a high 

density of flattened chondrocytes, while the number decreases in deeper zones. 

Chondrocytes in the calcified zone are distinguishable from the ones in the other 
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cartilage zones by its hypertrophic phenotype. These hypertrophic chondrocytes are low 

in number and produce specific ECM molecules to provide moderate stiffness and 

enable an anchorage of the cartilage to the subchondral bone (5). After articular 

cartilage formation, chondrocytes become quiescent and mediate ECM maintenance in 

a low turnover state (11) by modulating the balance between catabolic and anabolic 

processes. Intracellular signalling pathways can be induced by ECM components, by a 

so-called cell-matrix interaction. Growth factors are polypeptides, stored in the ECM and 

released under certain conditions to interact with the cell surface, regulating processes 

like cell proliferation, growth, differentiation and survival. (12, 13) 

An altered interaction with ECM components or the response to unusual 

mechanical forces can affect the chondrocyte phenotype, which becomes unstable (14). 

In this manner, chondrocytes might become dedifferentiated (15), implicating an 

elongated fibroblast-like shape (16) and the production of ECM proteins, characteristic 

for fibrocartilage. Chondrocytes can also differentiate to a hypertrophic phenotype (17), 

contributing to the extension of the calcified zone. The integrity of the ECM as well as 

its functionality is depending on the stability of the chondrocyte phenotype. Despite, 

the severe consequences of abnormal chondrocyte interactions, it is not known which 

ECM components can influence the phenotype stability.  

1.4. Extracellular matrix 

The ECM is a highly complex network composed of water (65-80 % of the wet 

weight), collagens (10-20 % of the wet weight), proteoglycans (10-20 % of the wet 

weight), hyaluronic acid and to a minor part of non-collagenous proteins (3) (Fig.1.3). 

The water is the source of several inorganic ions, is involved in the distribution of 

nutrients and lubrication while the solid components provide stiffness (collagens), 

elasticity (proteoglycan) and stability of the network (5). 
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Figure 1.3. The extracellular matrix of articular cartilage 

Schematic drawing, showing the composition and organisation of the extracellular matrix in the 

pericellular, territorial and interterritorial matrix. The figure was modified from (18). 

 

The collagen superfamily consists of 28 members (19) distributed in different tissues 

of the body. Collagen II, III, IV, VI, IX, X, XI, XII, XIV, XVI and XXII (20, 21) could be detected 

in healthy articular cartilage, whereas collagen II is with 90-95 % the most abundant 

collagen, essential for the physical properties of the collagen network. The collagen 

family can be subdivided into fibril forming collagens, like collagen II, III and XI as well as 

fibril-associated collagens with interrupted triple helices (FACIT), like collagen IX, XII, XIV, 

XVI and XXII (20, 22). The FACIT-collagens are located on the surface of fibrillar collagens, 

connecting collagens and other matrix components with each other. Furthermore, 

network forming collagen IV, VI and X can be distinguished (20). In the following 

paragraphs only collagens with relevance for this project are discussed in more detail. 

The characteristic collagen II fibril in articular cartilage is a heteropolymer, consisting of 

collagen XI, forming the core and collagen IX, covalently bound to the surface (22). These 

fibrils can further fuse to thicker and stronger collagen fibrils, located in the 

interterritorial region, although without collagen IX (23, 24). This structure makes 

collagens less flexible but provides tensile strength, to sustain the forces during 

articulation (3) and protection from degrading enzymes. Collagens in the articular 
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cartilage are stable proteins (25) with a half-life of more than 100 years (26, 27), 

indicating their enormous resilience. 

The expression and distribution of different collagen types in the ECM varies, 

depending on the cartilage zone and their function. The tightly packed collagen fibrils in 

articular cartilage mainly consist of collagen II and IX (6), especially in the territorial 

matrix (23). Collagen IX is covalently crosslinked with collagen II and resides on its 

surface. Studies on mice with inactivated Col9a1 gene developed joint diseases, with 

cartilage degradation in their life (28, 29), indicating a matrix stabilising role. A closer 

look on newborns revealed an abnormal growth plate morphology with shortened and 

broader long-bones, which could be attenuated in adult mice (30). The absence of 

collagen IX resulted in collagen II fibrils, larger in diameter and altered in composition 

(31, 32). Due to its presence in thin collagen fibrils and its binding capacity to other 

matrix proteins, like matrilin-3 (31), collagen IX has an important role in collagen fibril 

organisation and matrix stabilisation. In human articular cartilage, the amount of 

collagen IX reduces with age (33), which might be associated with age depending 

cartilage degradation.  

Structurally similar to collagen IX is collagen XII (34), which is non-covalently linked 

to fibrillar collagens (21). Collagen XII is predominantly expressed in the superficial layer 

of articular cartilage and associated with collagen II fibrils, indicating a zonal specific 

distribution (35). Collagen XII can interact with other ECM components, like 

fibromodulin, decorin (36), the cartilage oligomeric matrix protein (COMP) (37) and 

collagen I (38). Its function in articular cartilage is still not fully elucidated, although 

studies demonstrate a possible involvement in articular cartilage formation and suggest 

a contribution in matrix stabilisation and organisation (35, 39). 

Collagen X is involved in calcification processes, matrix stiffness and associated with 

vascular invasion (40-43). It is the characteristic marker of hypertrophic chondrocytes 

and is only expressed, in the calcified zone of the cartilage (44).  

Collagen I is usually not expressed in healthy articular cartilage but can be 

synthesised as an attempt of repair. The generated fibrocartilage has high amounts of 

collagen I but contains barely collagen II. In contrast to collagen II, collagen I is less 

glycosylated and has fewer hydroxylysyl residues, resulting in a weaker interaction with 

proteoglycans and altered biomechanical properties (45).  
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Proteoglycans are a family of glycoconjugates and all members have a similar 

structure, composed of a core protein with at least one glycosaminoglycan (GAG) side 

chain (46, 47). Two groups of proteoglycans can be distinguished: the large aggregating 

hyaluronic acid binding proteoglycans, like aggrecan and small proteoglycans with a core 

composed of leucine-rich repeats (48). The cartilage ECM contains both, with aggrecan 

as the most abundant proteoglycan, which is still synthesised in the mature ECM (49). 

The GAGs give the aggrecan its negative charge and the ability to bind water molecules, 

leading to hydration and swelling pressure to resist compressive forces (46). 

Proteoglycans can also interact with collagens and non-collagenous matrix proteins to 

crosslink and stabilise the ECM (50-52). The smaller proteoglycan decorin is interacting 

with collagen II and is assumed to be involved in fibril organisation (49). In that manner 

decorin is mainly found in the interterritorial matrix (53) associated with thicker fibrils 

lacking collagen IX (24), indicating a role in the regulation of the fibril thickness. 

Besides the two main components of the ECM, the cartilage contains plenty of non-

collagenous proteins with varying structure and function. They are supporting the matrix 

stabilisation, but most of them are hardly investigated and their functional role in 

articular cartilage is mainly unknown. The best-studied proteins belong to the matrilin 

and thrombospondin families. They have primarily an adaptor function to further 

crosslink matrix components and influence the maintenance of the ECM by providing 

stability (31, 54, 55). Adaptor proteins usually have a polymeric structure by forming 

either homo- or hetero-polymers, providing an increased potential to crosslink more 

than one protein with others. Matrilin-1 and -3 are predominantly expressed in 

cartilage, while matrilin-2 and -4 expressions are more widely spread (54). Matrilin-3 can 

interact with plenty of matrix components, including collagens or COMP (31, 56). The 

function of matrilin-3 depends on its localisation, while immobilised matrilin-3 has ECM 

protective properties by inducing ECM protein expression and inhibiting degrading 

proteases, soluble matrilin-3 leads to ECM degradation by activating proteases and 

inducing the expression of pro-inflammatory cytokines (57-59). The knock-out (KO) of 

matrilin-3 has only a minor effect on overall skeletal phenotype but shows the 

involvement of the protein in chondrocyte differentiation and matrix stabilisation (60, 

61). Besides, its adaptor function, the role of matrilin-3 (Matn-3) in mature articular 
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cartilage is not fully understood. A similar adaptor function is also known for members 

of the thrombospondin family. 

1.4.1. Thrombospondins 

The thrombospondin (TSP) family consists of five members, termed 1-5, with TSP-5, 

also known as COMP (55). All thrombospondins have low tissue specificity and are 

present in almost all parts of the body. TSP-1 and TSP-2 are the best-studied members 

of this family, especially in the context of their antiangiogenic characteristics (62-66). 

TSP-3 is mainly expressed in lung, cartilage and brain (67); and TSP-4 predominantly 

investigated in neural and vascular tissues (68) as well as COMP in cartilage (55), tendon 

and bone (69). The thrombospondin family consists of two subgroups, accordingly to 

their oligomerisation status and structural domains. Group A consists of the 

homotrimers TSP-1 and -2, while TSP-3, -4 and COMP are homopentamers, belonging to 

group B. They are structurally different to group A by lacking the procollagen and type I 

domains. Despite the differences, all thrombospondins have a highly conserved 

C-terminal domain. Figure 1.4 shows a schematic illustration of the domain organisation 

and the oligomeric structures of TSPs. (55, 70, 71)  

 

Figure 1.4. Structure of the thrombospondins 

Schematic illustration, showing the monomeric and polymeric structures of all thrombospondin 

family members.  

N-terminus coiled coil domain 

type III EGF-like domains type III calcium-binding domains

type I repeatsprocollagen domain

C-terminus

TSP-1 and TSP-2

COMP (TSP-5)

TSP-3 and TSP-4
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All five TSPs are present in human cartilage. TSP-1 is predominantly expressed in 

the transitional and upper deep zone of cartilage (72) and chondrocytes are not able to 

attach to the protein, in contrast to COMP (73). TSP-1 as well as TSP-2 are also present 

during cartilage formation and suggested to have an antiangiogenic effect, preventing 

ossification (62, 74, 75). TSP-3, which is present in the developing cartilage, is involved 

in endochondral ossification as well as bone maturation (74, 76) and is the target of 

fewer investigations. 

1.4.1.1. COMP 

The cartilage oligomeric matrix protein (COMP) is one of the most intensively 

studied non-collagenous proteins in the cartilage ECM. COMP is a large disulfide-

bounded pentameric and glycosylated matrix protein with a size of approximately 

524 kDa (77). COMP and TSP-4 are structurally very similar, but COMP lacks the 

N-terminal heparin-binding domain (67). The oligomerisation of the five COMP 

monomers occurs in the coiled-coil domain at the N-terminus (55, 78). It is synthesised 

during bone and joint development and its expression by chondrocytes continuous even 

in the mature, adult cartilage (79). There, it is ubiquitously expressed and located in the 

interterritorial, territorial as well as in the pericellular matrix (79). COMP stabilises the 

ECM by crosslinking plenty of molecules by binding to collagen I, II (80), IX (81, 82), XII, 

XIV (37), fibronectin (83), aggrecan (51) and matrilins (56), mainly via the C-terminal 

domain. Besides its adaptor function, COMP regulates intracellularly, the collagen 

secretion (84) as well as extracellularly, the fibril formation and organisation. The latter 

functions depend on COMP’s pentameric structure, most likely by bringing several 

proteins closer together for an enhanced assembly (85). The distribution of COMP in the 

pericellular matrix enables interactions with cell surface receptors, so-called integrins, 

and facilitates chondrocyte (73, 86) attachment. COMP also interacts with growth 

factors of the TGF-β superfamily (87, 88). TGF-β1 regulates plenty of processes within 

the articular cartilage, including chondrocyte differentiation as well as the induction of 

proliferation (89). It can further induce the synthesis of various matrix proteins, like 

collagen II, aggrecan (90) and COMP itself (91). Haudenschild et al. (87) could show that 

monomeric COMP has at least two binding sites for TGF-β1, which are simultaneously 

accessible, demonstrating that pentameric COMP can bind several TGF-β1 molecules. 
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Interestingly, COMP could not only interact with TGF-β1 but also enhance its 

transcriptional capacity, most likely by increasing its local concentration in proximity to 

cell surface receptors. COMP expression itself is also regulated by TGF-β1, suggesting 

that the interaction between these molecules, leads in a positive feedback loop, to an 

increased expression of COMP. All these data indicate a relevant role of COMP in the 

development and maintenance of the cartilage architecture and biomechanical 

properties. However, COMP-KO mice show no altered skeletal phenotype (92). Also, 

other thrombospondin family members were not increased in the absence of COMP, 

suggesting that none of them is compensating for the loss (92). In contrast to the 

unaffected phenotype of mice lacking COMP, mutations in the COMP gene have severe 

consequences for cartilage and bone development. 

Mutations in the COMP gene are associated with skeletal diseases named multiple 

epiphyseal dysplasia (MED) and pseudoachondroplasia (PSACH) (93-95). MED and 

PSACH can occur in a mild to severe form causing dwarfism, ligamentous laxity and early 

onset of degenerative joint disease (96). An altered protein folding causes retention of 

COMP in the rough endoplasmic reticulum (ER) (97) and induces an ER stress response, 

consequently resulting in chondrocyte cell death (98, 99). COMP retention leads to a co-

retention of other proteins and results in a reduction of collagen IX and Matn-3 in the 

ECM, causing a disorganised matrix and point to the importance of these three proteins 

in ECM assembly (100). Other COMP mutations do not interfere with COMP trafficking 

but still causing the PSACH phenotype, indicating that other mechanisms than COMP 

retention are involved in disease-onset (101). A less efficient chondrocyte attachment 

to mutated COMP could influence matrix-cell interactions (101) or alterations in the 

binding capacity to other matrix proteins or growth factors, affecting the ECM integrity. 

The impact of altered binding properties to chondrocytes or growth factors, such as 

TGF-β1 on ECM homeostasis is hardly investigated.  
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1.4.1.2. TSP-4 

Thrombospondin-4 (TSP-4) shows the highest structural similarities to TSP-3 and 

contains an N-terminus, a coiled coil domain for oligomerisation of five monomers by 

disulfide bridges, four EGF-like domains, seven type III calcium-binding domains and a 

C-terminus (102) (Fig.1.4). With a size of approximately 700 kDa, TSP-4 is larger than 

COMP (102). The N-terminus contributes to a certain degree to the ligand interaction 

(103) and consists of a heparin-binding domain, which might be involved in cell surface 

binding (104) and therefore, also in matrix-cell interactions. The C-terminal domain of 

TSP-4 is the main binding site for various extracellular matrix proteins, including collagen 

I, II, III, V, laminin-1, fibronectin and matrilin-2 (103), indicating an adaptor function of 

TSP-4 in the ECM. Often, TSPs are expressed in the same tissues. Nevertheless, they are 

supposed to have different functional roles. So far, the most obvious difference to other 

TSPs, is the proangiogenic character of TSP-4 (105, 106), compared to the antiangiogenic 

TSP-1 and TSP-2 (62). In the vascular system, TSP-4 promotes endothelial cell adhesion, 

proliferation and migration (106). Furthermore, TSP-4 supports myoblast adhesion (107) 

and a KO leads to an increased expression of ECM proteins and heart size (108). In 

tendon and skeletal muscle, TSP-4 distribution is abundantly and ablation in tendons 

reveal a modulating role in fibril assembly and maintenance of the ECM (109). Contrary 

to the heart, a TSP-4-KO decreases the production of ECM proteins in red muscles, 

indicating a tissue specific effect of TSP-4 (109). Hardly any data are reported about 

TSP-4 in articular cartilage. So far, its presence is only confirmed, on gene level and no 

information about its protein content or distribution are available. Although, the 

absence of TSP-4 results in a temporarily thinning of articular cartilage in a mouse 

model, suggesting a role in cartilage integrity (110). Furthermore, pig chondrocytes 

stimulated with human TSP-4 show no aberrant effects on cell metabolic activity, 

proliferation, apoptosis and gene expression (110). 

The effects of TSP-4 are very heterogeneous. However, a general and tissue 

independent association with tissue remodelling, especially in injury and diseases, like 

atherosclerosis (111), failing hearts (112-115), hypertrophic scar formation (116), 

muscle dystrophy (117), neuropathic pain (118, 119) and several types of cancer (120-

123), are reported. Antibodies against TSP-4 are detected in sera of osteoarthritic 
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patients, indicating an involvement in the disease (124). Another research group found 

increased gene expression levels in osteoarthritic bone marrow lesions (125) but did not 

investigate its disease-associated role. The results of these studies suggest an 

involvement of TSP-4, also in articular cartilage ECM remodelling in osteoarthritis. 

However, no data are provided to confirm this hypothesis. 

1.5. Chondrocyte signalling 

The maintenance of the cartilage ECM requires a delicate balance of catabolic and 

anabolic processes, which are regulated among others by growth factors. TGF-β1 has a 

pivotal role in this homeostasis by activating the necessary signalling cascades (Fig.1.5). 

One of the most relevant pathways to maintain cartilage homeostasis is the Smad (small 

mothers against decapentaplegic homologs) signalling. The counteracting Smad2/3 and 

Smad1/5/9 can be distinguished and activated by ligand-receptor binding on the 

chondrocyte surface (9, 126). The activin receptor-like kinase (ALK) 5 is the classical 

TGF-β1 receptor to directly phosphorylate Smad2/3, while in non-classical ways, TGF-β1 

can also induce the phosphorylation of Smad1/5/9 via ALK 1 (127). Activation of Smads 

depends on TGF-β1 concentration, favouring the activation of Smad2/3 at low 

concentrations and Smad1/5/9 at high concentrations (9). After Smad phosphorylation, 

Smad2/3 or Smad1/5/9 build a complex with the co-Smad4, which promotes nuclear 

entry and accumulation. Smad2/3 and Smad1/5/9 have different Smad-binding motifs 

in the DNA sequence, resulting in the downstream transcription of differential genes. 

TGF-β1 typically induce Smad2/3 signalling, promoting the matrix maintenance by 

inhibiting chondrocyte hypertrophy (128, 129) and inducing the expression of matrix 

proteins like aggrecan and collagen II (90). Smad1/5/9 phosphorylation results in the 

opposite, the expression of collagen X and MMP-13, causing chondrocyte hypertrophy 

and matrix degradation (127).  

TGF-β1 can also activate another pathway important in matrix maintenance, the 

extracellular signal-regulated kinase (Erk) 1/2 signalling. In chondrocytes, Erk1/2 

phosphorylation by TGF-β1 via ALK 5 induces the synthesis of aggrecan and collagen II 

as well as the suppression of hypertrophy (90, 130), comparable to Smad2/3 signalling. 

Erk1/2 can further facilitate the phosphorylation of Smad2/3 by an Erk1 dependent 

interaction (131, 132), indicating a synergistic effect of these pathways. A cross-talk 
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between Smad and Erk is necessary, regarding the finding that Smad2/3 can induce 

aggrecan expression relatively fast, while Erk1/2 is important for maintaining this high 

expression level (133). In ageing, the amount of ALK 5 decreases more dramatically than 

ALK 1, causing a shift to Smad1/5/9 signalling, making the cartilage more prone to 

degradation (127). The balance between Smad, as well as Erk signalling pathways, is a 

requirement for cartilage homeostasis and pointed out, by studies in KO-mice. 

Dysfunctional Smad3 causes severe joint diseases, characterised by ECM degradation, 

affecting proteoglycans and an increased number of hypertrophic chondrocytes, 

producing collagen X (134). Mice with a Smad1/5 ablation develop severe 

chondrodysplasia as a result of lacking hypertrophic chondrocytes (135). The ablation of 

Erk1/2 in hypertrophic chondrocytes, cause enchondroma-like lesions in the bone 

marrow (136) and the inhibition of Erk1/2 signalling in human chondrocytes lead to 

chondrocyte cell death, demonstrating the involvement of Erk1/2 not only in 

chondrocyte differentiation but also in survival (137). If ECM proteins contribute to 

cartilage homeostasis by inducing or modulating Smad and Erk signalling in 

chondrocytes is not investigated so far. 

 

Figure 1.5. Schematic overview of Smad and Erk signalling pathways 

TGF-β1 induces Smad2/3 and Erk1/2 signalling via ALK 5 and the phosphorylation of Smad1/5/9 

via ALK 1. Smad phosphorylation results in a complex formation with co-Smad4. Erk1/2 

phosphorylation occurs via Ras-Raf-MEK1/2 signalling, leading to the transcription of target 

genes. ALK = activin receptor-like kinase; Erk = extracellular signal-regulated kinase; 

Smad = small mothers against decapentaplegic homologs 
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1.6. Cartilage damage  

Cartilage damage was already described 1743 by William Hunter, who mentioned 

the problematic of cartilage ulceration and that once destroyed cartilage is not able to 

regenerate anymore. As a consequence, he concluded, that a more complex therapy, 

than that used for bone, will be needed. Centuries later, there are still open questions 

and no solution for a successful cure for cartilage degradation. (138) 

1.6.1. Osteoarthritis  

Several reasons are leading to cartilage damage, including age, trauma or 

degenerative joint diseases, like arthritis. The most common type of arthritis is 

osteoarthritis (OA), which affects predominantly, knee, hip, hand and spine but may 

generally affect any joint of the human body (139). Of all OA affected joints, the knee is 

with 85 % worldwide the most affected one and the leading cause of immobility (140).  

OA is a slowly progressing multifactorial disease, involving every compartment of 

the joint, including the articular cartilage, subchondral bone, synovium, meniscus and 

ligament (141). The hallmarks of this disease are articular cartilage degradation, 

remodelling of the subchondral bone and formation of osteophytes, as well as 

inflammation of synovial tissue and degradation of the menisci (142), leading to stiffness 

and pain. Figure 1.6 shows a schematic comparison of a healthy and OA knee joint. 

 

Figure 1.6. Knee joint in health and OA 

Comparison of a healthy and OA knee joint. OA dependent alterations are observable in every 

compartment of the joint. The figure was modified from (143). 
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Current data reveal that women are more prone to knee OA than men (144, 145) 

but the reasons, are not fully understood but anatomical and mechanical differences, as 

well as hormones, might be considered (146). Other risk factors are age, obesity, joint 

injury/trauma, genetic predisposition (e.g. a polymorphism in the GDF5 (147) or matrix 

Gla protein gene (148)) and mechanical alterations resulting from malalignments or 

abnormal joint shape (142, 149).  

The mechanisms, responsible for OA-onset are still not completely understood, but 

involve the failing regulation of metabolic processes by chondrocytes, leading to an 

imbalance of anabolic and catabolic reactions/processes. For yet unknown reasons 

chondrocyte favours Smad1/5/9 signalling, in OA, leading to an unstable chondrocyte 

phenotype (150). The level of activated TGF-β1 is increased in the synovial fluid of OA 

patients (151), suggesting an enhanced interaction with chondrocytes, leading to an 

ALK 1 binding due to the high TGF-β1 concentration. Reactivated chondrocytes 

accumulate in cell clusters, proliferate, become hypertrophic and intensively produce 

ECM proteins, but also ECM degrading enzymes (142). In the course of OA, collagen II 

but also collagen I is extensively synthesised in late stages (152), especially in areas 

where fibrocartilage is formed (153). Also, the adaptor protein Matn-3 is increased in 

OA cartilage and its expression correlates with severity grades (154). In late-stage OA, 

several ECM proteins, such as collagens, COMP, fibronectin and fibromodulin, are re-

expressed (79, 155-157). Hypertrophic chondrocytes produce collagen X, alkaline 

phosphatase, annexin II and annexin V, resulting in matrix mineralisation (158, 159) and 

extension of the calcified zone (160). ECM synthesis is accompanied by degradation 

caused by matrix degenerating enzymes (142), like matrix metalloproteinases (MMPs) 

and ADAMTSs (a disintegrin and metalloproteinase with thrombospondin-1 domains) 

(161). The expression of MMP-3, which performs matrix protein degradation in healthy 

cartilage, is also detectable in early but decreases in more severe OA stages (162). 

MMP-13 is highly expressed in late-stage OA, suggesting degradation of proteoglycans 

and non-collagenous matrix proteins in early and collagens at a later time point (162). 

ADAMTSs are the predominant degradation source for aggrecan in late-stage OA, 

although the degradation profile, including the combination of involved ADAMTSs and 

MMPs, is divergent between patients and no general statement can be made (163). With 

the loss of aggrecan, the collagens are accessible for degradation at a later stage, for 
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example by MMP-13, indicating a damaged state of no return (142, 164). During OA 

progression, also other ECM proteins, like COMP, fibronectin, fibromodulin (79, 155) and 

collagen IX, are degraded (165). Some degradation products, like from collagen II and 

fibronectin, have chondrolytic effects on chondrocytes, inducing the synthesis of MMPs 

and pro-inflammatory cytokines (166-168), leading to further matrix degradation. 

Inflammatory cytokines and degradation products can induce these matrix degrading 

effects by activating the Erk1/2 signalling pathway (169), indicating a shift from anabolic, 

induced by TGF-β1 to catabolic properties. The detection of COMP but also TSP-4 

antibodies in sera of OA patients proofs the involvement of the immune system, which 

induces the production of auto-antibodies in response to degradation products (124). 

The matrix composition is changing and becomes susceptible to physical forces. Initially, 

erosions and fissures occur in the superficial zone but expand during progression also to 

the deeper zones (140) until the subchondral bone becomes exposed. Beneath the 

calcified cartilage, the subchondral bone also undergoes structural and organisational 

changes (170). It is suggested that vascularisation is the initiating process of cartilage 

invasion and associated with osteophyte formation (170, 171). The precise mechanism 

leading to cartilage vascularisation is not known, although, the enhanced expression of 

the vascular endothelial growth factor (VEGF) in the OA matrix (172, 173) might be a 

promoter. Vascular invasion occurs in areas where collagens are already degraded (174) 

and hypertrophic chondrocytes undergo apoptosis to be replaced by bone (175). All 

these changes in the ECM lead to joint failure, resulting in pain and immobility. 

Currently, the mechanisms leading to an aberrant chondrocyte phenotype and 

dysregulated signalling cascades are still elusive. Also, to what extend newly synthesised 

ECM proteins contribute to ECM maintenance or cartilage repair processes are still 

poorly understood and need further investigations.  

1.6.2. Diagnosis and treatment  

The most common and cheapest way to diagnose OA is by radiographic images 

(176-178). Although, if OA is visible via x-ray, the cartilage damage progressed already 

to an irreparable stage. Therefore, diagnostic tools detecting OA already at a time point 

before severe damage occur are needed. For that reason, researchers tried to identify 

OA specific biomarkers, which are detectable in body fluids, like synovial fluid, serum or 
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urine. These proteins and fragments are soluble in the ECM, diffuse to the synovial fluid 

(179) and from there to the circulatory system, where detection in the serum via non-

invasive methods, is possible. Antibodies, detecting COMP (180), the C-terminal 

telopeptide of collagen II (181-183) as well as fragments of aggrecan (184-188) are 

available. Hunter D.J. et al. (189) showed that COMP but not collagen II or aggrecan 

levels correlate with OA associated cartilage loss. COMP also increases with age (180), 

motion (190, 191), systemic sclerosis (192), liver diseases (193, 194) and cancer (193, 

195-197) leading to a loss of credibility as OA-specific biomarker. Therefore, specific 

antibodies against COMP fragments (198, 199) detected in OA are developed; allowing 

a disease-specific diagnosis but also here further investigations will be necessary before 

a clinical application will be possible. Therefore, it is essential to identify additional ECM 

proteins or derived fragments, which are upregulated in OA and can be used as specific 

biomarkers to detect OA, especially in an early stage.  

The higher sensitivity of diagnostic tools will enable follow up studies on OA 

progression and further help to develop disease-modifying therapies. Total knee 

replacement improves the life quality of most of the patients by causing pain relief and 

enhanced mobility. However, studies reveal that more and more young people (187) 

suffer from OA and the shelf-life of knee prostheses is restricted, especially due to the 

increased activity of young patients, there is a need for alternative therapies.  

Autologous chondrocyte implantation (ACI) is a procedure carried out in two steps, 

starting with the isolation of chondrocytes from a healthy biopsy and an in vitro 

expansion for four to six weeks, following step two, the transplantation into the 

damaged area. In the next generation of this procedure, the matrix-associated 

autologous chondrocyte implantation (MACI), chondrocyte seeding and expansion on 

collagen scaffold are performed, before transplantation into the damaged area. Both 

techniques enable articular cartilage-like tissue development and show a graft survival 

of 78 % after 5 years and 51 % after 10 years. (200)  

Follow up studies of OA patients undergo MACI of the knee show production of 

articular-like cartilage but also fibrocartilage (201, 202), reducing the functional 

properties of the tissue. The in vitro chondrocyte expansion leads to a dedifferentiated 

phenotype and the production of collagen I, changing the biomechanical properties of 

the cartilage (203). Therefore, new techniques to overcome these limitations and 
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suppress chondrocyte dedifferentiation are needed for a successful resembling of 

articular cartilage and a prolonged graft survival.  

1.7. Aim of this project 

Osteoarthritis is a slowly progressing joint disease, leading to the degradation of the 

articular cartilage. At disease onset, the quiescent chondrocytes become reactivated 

and start to proliferate, form cell clusters and undergo differentiation. These changes 

lead to a dysregulation of anabolic and catabolic cell signalling pathways, especially of 

Smad and Erk. Thereby, ECM proteins are not only degraded but also re-expressed and 

newly synthesised, resulting in an ECM remodelling. The spectra of ECM molecules, 

involved in OA onset and disease specific processes are still poorly understood.  

Therefore, this project focuses on the investigation of ECM proteins, which are 

regulated in OA, to gain knowledge about the complex protein network and ongoing 

processes in cartilage remodelling. While COMP is ubiquitously expressed in healthy 

cartilage and degraded as well as re-expressed in OA, no data about the regulation of its 

family member, TSP-4 are available. TSP-4 is upregulated in several pathological 

conditions but its distribution in articular cartilage as well as its involvement in OA 

associated ECM remodelling was not investigated, so far.  

In the first part of this project, the expression and distribution of TSP-4 and other 

ECM proteins in healthy and OA cartilage are characterised. A quantitative investigation 

of these proteins will further confirm a regulation in OA and identify potential 

candidates, tested as OA biomarker.  

The second part focuses on the functional role of regulated ECM proteins in articular 

cartilage and their contribution to OA typical processes. Therefore, their effects on 

chondrocyte migration, proliferation, differentiation and ECM synthesis are determined. 

Involvement in cell signalling processes is investigated in more detail by analysing their 

potential to induce and modulate Smad and Erk signalling pathways.  

The obtained data will contribute to a better understanding of the complex ECM 

network and the ongoing processes in health and pathologic conditions. Furthermore, 

the data might help to improve and develop effective diagnostic tools and therapeutic 

applications. 
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2. Material and Methods 

All solutions, buffers and reactions were prepared with distilled water, except 

mentioned otherwise. All indicated pH values are referred to the ready to use solutions 

or buffers at room temperature (RT). Glass and plastic equipment was sterilised by 

autoclaving at 121 °C before usage.  

2.1. Materials  

All chemicals and reagents used in this project are listed in table 2.1. 

Table 2.1: Used chemicals and reagents 

Chemicals and reagents Company 

Acetic acid  Carl Roth 

Acetic alcohol ScyTec Laboratories 

Acrylamide-bis ready-to-use solution 40% (37.5:1) Merck 

Agarose  Carl Roth 

Albumin faction V (pH 7.0) (BSA) PanReac, AppliChem 

Ammonium persulfate (APS) Sigma-Aldrich 

β-mercaptoethanol Sigma-Aldrich 

Biacore running buffer Biacore AB 

Biotin Sigma-Aldrich 

Boric acid Sigma-Aldrich 

Bromophenol blue Serva 

Collagenase CLS II  Biochrom  

DAPI (4′,6-diamidino-2-phenylindole) Sigma-Aldrich 

DAPI fluoroshield mounting medium  Abcam 

Dimethyl sulofixe (DMSO) Sigma-Aldrich  

Disodium hydrogen phosphate (Na2HPO4) Sigma-Aldrich 

Dubecco's phosphate buffered saline (DPBS), sterile  ThermoFisher Scientific  

Dulbecco's modified eagle medium F12- (DMEM/F12) Gibco  

Endothelial cell basal media-2 (EBM-2) Lonza 

Endothelial cell growth media-2 (EGM-2) PromoCell 

Entellan Sigma-Aldrich 

Ethanol 96 % (EtOH) Carl Roth  

Ethanolamine solution (1 M), pH 8.5 Biacore AB 

Ethylenediamine tetraacetic acid (EDTA) VWR 

Fast-green Sigma-Aldrich 

Fetal bovine serum (FBS) Gibco 

FuGENE® 6 transfection reagent  Roche Diagnostics  

GelRed nucleic acid gel stain  Biotium Inc 

GeltrexTM reduced growth factor basement membrane 

matrix  
ThermoFisher Scientific 

GeneRulerTM 1 kb DNA ladder  ThermoFisher Scientific 

Glycerol Sigma-Aldrich 
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Chemicals and reagents Company 

Goat serum  Abcam 

Guanidine hydrochloride Sigma-Aldrich 

Hyaluronidase Sigma-Aldrich 

Hydrogen peroxide Sigma-Aldrich 

Isopropanol VWR 

Kaiser's glycerol gelatine Carl Roth 

L-ascorbic acid 2-phosphate (ascorbic acid) Sigma-Aldrich 

Luminol Sigma-Aldrich 

Methanol 99 % (MeOH) ThermoFisher Scientific  

N-ethylmaleimide (NEM) Sigma-Aldrich 

NHS (0.05 M)/EDC (0.2 M) solution Biacore AB 

Orange G Carl Roth 

PageBlueTM ThermoFisher Scientific 

Paraffin  ThermoFisher Scientific 

Paraformaldehyde Sigma-Aldrich 

p-Coumaric acid Sigma-Aldrich 

Penicillin/streptomycin (Pen/strep) Gibco 

Phenylmethylsulphonyl fluoride (PMSF) Sigma-Aldrich 

Phosphate buffered saline tablets (PBS) ThermoFisher Scientific 

PhosphoSafeTM  Merck 

Platelet-derived growth factor-BB (PDGF-BB)  Miltenyi Biotec 

Potassium chloride (KCl) Sigma-Aldrich 

Potassium dihydrogen phosphate (KH2PO4) Sigma-Aldrich 

Precision plus protein™ dual color standard  Bio-Rad 

Prestained protein ladder Abcam  

Pronase from streptomyces griseus Roche Diagnostics  

Proteinase K Qiagen 

Puromycin Gibco 

RNase-free H2O Macherey-Nagel 

Roti®Blue Carl Roth 

Safranin-O  Carl Roth 

Shandon™ zinc formal-fixx™  ThermoFisher Scientific  

Skim milk Carl Roth 

Sodium acetate Sigma-Aldrich 

Sodium chloride (NaCl) Merck  

Sodium dodecyl sulfate (SDS) VWR 

Tetramethylethylenediamine (TEMED) Sigma-Aldrich 

TGF-β1  R&D 

Tris base Sigma-Aldrich 

Tris hydrochloride (Tris-HCl) PanReac AppliChem 

Triton X-100  Merck  

Trypan blue (0.4 %) Bio-Rad 

Trypsin Biochrom  

Tween-20 Sigma-Aldrich 

Weigert’s iron haematoxylin Carl Roth 

Xylene Carl Roth 
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All kits used in this project are listed in table 2.2. 

Table 2.2: Used kits  

Kits  Company 

AEC-2-component kit  DCS 

EdU cell proliferation kit baseclick GmbH 

ImmPRESS® HRP horse anti-rabbit IgG polymer detection kit Vector Laboratories 

LDH cytotoxicity detection kit  TAKARA BIO INC 

PerfeCTa SYBR® green supermix  Quantabio 

qScript cDNA supermix  Quanta BioSciences 

Qubit protein assay kit  ThermoFisher Scientific  

Taq PCR master mix  Qiagen 

NucleoSpin®RNA/protein purification kit Macherey-Nagel 

 

A list of the used equipment and devices is provided in table 2.3. 

Table 2.3: Used equipment and devices 

Equipment and material Company 

Analog vortex mixer VWR 

Analog shaker, standard VWR 

Biacore 2000  Biacore AB 

Biological safety cabinet, safe 2020 ThermoFisher Scientific  

Cell culture inserts; ThinCertTM  Greiner Bio-One 

Cell scraper Corning 

Cell strainer (nylon, 70 µm) Corning 

Centrifuges: Mega Star 3.0 and Micro Star 17 (R)  VWR 

Chamber slides; NuncTM Lab-TekTM II, 4 well  ThermoFisher Scientific 

Chemi DocTM XRS+  Bio-Rad 

CO2-incubator; HERAcell vios 250  ThermoFisher Scientific  

CoolCell® cell freezing container Corning 

Excelsior AS tissue processor Thermo Scientific 

Freezer -80°C; HERAfreeze HFU T-series ThermoFisher Scientific  

HistoStar embedding workstation Thermo Scientific 

Horizontal electrophoresis system; Sub-Cell GT cell Bio-Rad 

Incubation shaker; Minitron Infors HAT 

Light and fluorescence microscope; Nikon Eclipse Ti Nikon 

Light microscope, CKX41 Olympus 

Magnetic stirrer IKA 

Microtome RM2235 Leica 

MilliQ water purification system Sartorius 

Mini Trans-blot® electrophoretic transfer cell  Bio-Rad 

Mini-PROTEAN® tetra-cell system  Bio-Rad 

NanoDrop OneC  ThermoFisher Scientific  

Neubauer improved counting chamber BRAND 

Nitrocellulose membrane (0.45 µm) GE Healthcare 

Object slides; superfrost plus object slides ThermoFisher Scientific  

pH calibrator Mettler Toledo 

Plate reader; Infinite® 200 pro  Tecan Group Ltd. 

Power supply Life Technologies 

PVDF membrane (0.45 µm) GE healthcare 
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Equipment and material Company 

Qubit 2.0 fluorometer  ThermoFisher Scientific  

qTOWER3G real-time PCR thermal cycler Analytik Jena 

Scale, BP221 S Sartorius 

Thermal shaker VWR 

Tube roller Fisher Scientific 

Vacuum pump, BVC professional Vacuubrand 

Water bath WNB 14 Memmert 

WET FRED device  IBA 

 

A list of the software used in this project is shown in table 2.4. 

Table 2.4: Used software 

Software Company or Source 

BIAevaluation software  Biacore AB 

cellSens Entry software  Olympus 

CorelDraw Corel Corporation 

ImageJ version 1.5 software  (http://imagej.nih.gov/ij) 

ImageLabTM software  Bio-Rad  

Microsoft Office Microsoft 

NIS Elements BR 4.40.00 software Nikon 

Photoshop Adobe 

SigmaPlot version 13.0 software  Systat Software, Inc 

 

The list of used standard buffers and their recipes is provided in table 2.5. 

Table 2.5: Composition of standard buffers 

Buffer  Ingredients 

Basic medium 0.1 % BSA 

 25 µg Ascorbic acid 

   in DMEM/F12 

   

Laemmli buffer (4x) 250 mM Tris-HCl, pH 6.8 

 40 % Glycerol 

 0.04 % Bromophenol blue  

 8 % SDS 

  in ddH2O 

   

PBS (1x) 140 mM NaCl 

  10 mM KCl 

  8 mM Na2HPO4 

  2 mM KH2PO4 

    pH 7.4, in ddH2O 

   

PBS-T (1x)  PBS (1x) 

 0.1 % Tween-20 
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TBE (10x) 1 M Tris base 

  1 M Boric acid 

  0.02 M EDTA 

    in ddH2O 

   

TBS (10x) 0.1 M Tris base 

  1.5 M NaCl 

    in ddH2O 

   

TBS-T (10x)  TBS (10x) 

  1 % Tween-20 

     
Trypsin-EDTA 50 mg/ml Trypsin 

 20 mg/ml  EDTA 

  in PBS 

 

All antibodies used in this project are listed in table 2.6 (primary antibodies, 

unconjugated), table 2.7 (labelled conjugate) and table 2.8 (secondary antibodies). 

Table 2.6: List of unconjugated primary antibodies 

Antigen Host Dilution Reference or supplier 

COMP rabbit  

1:100 (IF), 

1:500 (IHC), 

1:1000 (IB) 

(73) 

Collagen I rabbit  1:200 (IF) Abcam (ab34710) 

Collagen II  mouse 1:200 (IF) Merck (Ab-1) (II-4C11) 

Collagen IX  guinea pig  1:200 (IF) (31) 

Collagen X mouse 1:50 (IF) Mengjie Zhou 

Collagen XII rabbit 1:200 (IF) Manuel Koch 

Matrilin-3  rabbit 
1:100 (IF), 

1:500 (IHC) 
(204) 

TSP-4 rabbit 
1:100 (IF), 

1:500 (IHC) 
AG Zaucke and (205) 

TSP-4 guinea pig 1:100 (IF) (103, 206) 

VEGF mouse 1:50 (IF) Santa Cruz (sc-7269) 

Smad2 rabbit  1:1000 (IB) Cell Signalling (#5339) 

pSmad2 E8F3R rabbit  1:2000 (IB) Cell Signalling (#3108) 

Smad1/5/9 rabbit  1:500 (IB) Santa Cruz (sc-6031-R) 

pSmad1/5/9 rabbit  1:1000 (IB) Cell Signalling (#13820) 

Erk1/2 mouse 1:2500 (IB) Cell Signalling (#9107) 

pErk1/2 rabbit  1:2000 (IB) Cell Signalling (#4370) 

GAPDH mouse  1:2000 (IB) Thermo Fisher Scientific (#MA5-15738) 

 

Table 2.7: Labelled conjugate  

Target Conjugate Dilution Reference or producer Conjugated 

Strep-Tag II Strep-Tactin 1:100 000 IBA (2-1502-001) HRP 
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Table 2.8: List of secondary antibodies 

Antigen Host Dilution Reference or producer Conjugated 

Rabbit IgG goat 1:1000 (IB, IHC) Agilent (#P0448) HRP 

Guinea pig IgG rabbit 1:1000 (IB, IHC) Agilent (#P014102-2) HRP 

Mouse IgG goat 1:1000 (IB, IHC) Agilent (#P0447) HRP 

Rabbit IgG horse Ready to use Vector Lab.(#MP-7401) HRP 

Rabbit IgG goat 1:500 (IF) Invitrogen (#A-11037) AlexaFluor 594 

Guinea pig IgG goat 1:500 (IF) Invitrogen (#A-11073) AlexaFluor 488 

Mouse IgG goat 1:500 (IF) Invitrogen (#A-11029) AlexaFluor 488 

 

All primers used in this project, for PCR and qPCR analyses, were received from 

ThermoFisher Scientific. The gene name, the oligonucleotide sequences of forward (fw), 

reverse (rev) primer and the size of the expected amplicon are shown in table 2.9. 

Table 2.9: List of used primer pairs 

Human genes Primer Sequence (5’ → 3’) Product length 

COMP Fw AGGGAGATCGTGCAGACAA  

 Rev AGCTGGAGCTGTCCTGGTAG 154 bp 

THBS4 Fw ATGAAGGCTCTGAGTTGGTG  

 Rev CTTGGAAGTCCTCAGGGATG 153 bp 

GAPDH  Fw CTCCTGTTCGACAGTCAGCC  
  Rev TTCCCGTTCTCAGCCTTGAC 262 bp 

Pig genes Primer Sequence (5’ → 3’) Product length 

ACAN Fw ACCTAGTTTCGAGTGCCACG    
Rev TCTTCTTTCCGGGTCGTTGG 100 bp 

COMP Fw CGCGTTCTCTTGATCACCCT   

  Rev CGCGTTGGTCTCCTGTAGTT 111 bp 

COL1A1 Fw CCAAGAAGAAGACATCCCACC    
Rev ATCGCACAACACATTGCC 124 bp 

COL2A1 Fw GAGAGGGGACTGAAGGGACA   

 Rev TCTTTGCCTGAAGGACCGAC 149 bp 

COL9A1 Fw CCCCCACTGCAGGCAATAAA   

 Rev AACCCCCATGTGCTGTAAGG 127 bp 

COL10A1 Fw GTGCCAACCAGGGAGTAACA   

 Rev TCATAGTGCTGTTGCCCGTT 127 bp 

COL12A1 Fw TCCTCCTGGATACTGCGACT   

 Rev TTTGTTAGCCGGAACCTGGA 80 bp 

MATN3 Fw GACCCACTCGGATAAGCAGG   

 Rev GTGAAGGCTTTGTCCATCGC 111 bp 

MMP3 Fw CCCTTTTGACGGACCTGGAA   

  Rev TCATGGGCAGCAACAAGGAA 141 bp 

MMP13  Fw GCCTAACAACTGAGGAGTCAA   

  Rev GTGACCCTGACACAGCAAGT 89 bp 

THBS4 Fw ATGAGGGGCTGCAAAATGGA   

 Rev GATACACTGCGCGTTCACAC 75 bp 

VEGF Fw AGCGAGGCAAGAAAATCCCT   

  Rev CGAGTCTGTGTTTTTGCAGGA 103 bp 

GAPDH  Fw GAACATCATCCCTGCTTCTAC   

  Rev TCAGATCCACAACCGACAC 125 bp 
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2.2. Collection of samples  

2.2.1. Human samples  

Adult, human, anonymised cartilage samples were obtained from 21 patients 

undergoing endoprosthetic knee replacement surgery at the Orthopaedic University 

Hospital Friedrichsheim, Frankfurt/Main, Germany. The mean age of patients was 69 

years (min. = 45 years; max. = 87 years) and 6 males and 15 females were included. Two 

healthy, non-OA control cartilage samples for (immuno-) histological staining were a gift 

from Gerjo van Osch (Erasmus MC University Rotterdam, Rotterdam, Netherlands) and 

one cartilage sample was obtained from a trauma patient treated at the Orthopaedic 

University Hospital Friedrichsheim (Frankfurt/Main, Germany). The mean age of control 

samples was 39 years (min. = 17 years; max. = 52 years).  

Serum samples were used from a previous study (207). In total, 18 serum samples 

from healthy controls (n: 5; age: min. = 39 years; max. = 64 years; gender: 4 males and 

1 female) and knee OA patients (n: 13; age: min. = 54 years; max. = 65 years; gender: 8 

males and 5 females) were used for analysis. 

2.2.2. Animal samples  

Pig legs were obtained from the animal house at Goethe University Frankfurt, 

Frankfurt/Main, Germany from animals, sacrificed within the scope of other scientific 

projects. Legs from 13 female, healthy pigs (3 to 6 month) and from 1 female, old mini-

pig (9 years) were received immediately after sacrificing the animal. 

2.3. Grading of human cartilage samples 

First, all femoral cartilage condyles from OA patients were visually scored according 

to the following criteria based on the OARSI grading system (208): Intact cartilage areas 

with a smooth and shiny surface were scored as grade 1 (G1), cartilage areas with 

superficial fissures and a rough surface were scored as grade 2, and areas with deeper 

fissures and/or exposure of subchondral bone as grade 3 to 4 (G3/4). To confirm the 

severity grade histologically, paraffin-embedded cartilage sections were stained with 

Safranin-O and Fast-green (2.7.3. Histological staining of cartilage tissue sections) and 
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scored again based the OARSI grading system (208). Healthy, non-OA cartilage were 

always categorised as grade 0 (G0). 

2.4. Cell culture  

2.4.1. Isolation and culture of primary chondrocytes 

Articular cartilage of human knee femoral condyles was scraped off with a scalpel 

from areas with specific OA severity grades (G1, G2, and G3/4). Only patients showing 

all three severity grades were included. Cartilage of each severity grade was separately 

washed with PBS and cut into pieces (2–3 mm3) to isolate chondrocytes under sterile 

conditions, for further RNA isolation.  

Pig legs were processed to expose the knee and the knee joint opened to scrape off 

the articular cartilage from the femoral condyles under sterile conditions. The cartilage 

was washed with PBS and cut into small pieces (2–3 mm3) to isolate chondrocytes.  

The cartilage pieces of human and pig knee joints were weighted, transferred into 

a sterile tube and digested with 0.2 % pronase in DMEM/F12 medium (containing 5 % 

FBS and 5 % pen/strep) for 2 h at 37 °C with the agitation of 60 rpm. The volume was 

adjusted to the cartilage weight, 10 ml DMEM/F12 was used per g tissue. After 

incubation, cells and cartilage pieces were pelleted by centrifugation at 300 × g, 5 min 

at RT and the supernatant decanted. Cells and cartilage pieces were washed 3× with PBS 

and digested with 200 U/ml collagenase type II solution in DMEM/F12 medium 

(containing 5 % FBS and 5 % pen/strep) overnight at 37 °C with the agitation of 60 rpm. 

The chondrocyte suspension was filtered through a 70 µm nylon cell strainer and 

centrifuged at 300 x g for 5 min at RT. The pelleted cells were resuspended, counted 

with a Neubauer chamber (2.5. Cell counting) and seeded either in DMEM/F12 

containing 5 % FBS or resuspended in medium containing 0.1 % BSA for direct use in 

downstream procedures. All cells were cultured at 37 °C, 5 % CO2 and 20 % O2 in a CO2-

incubator.  

Pig chondrocytes were used in in vitro experiments to test the effect of COMP and 

TSP-4. Therefore, different cell densities, culture vessels and stimulation times were 

used (table 2.10). Chondrocytes used for immunoblot and gene expression studies were 



2  Material and Methods 

 

27 

seeded in 6-well plates in a density of 300 000 cells per well in 2 ml DMEM/F12 

containing 5 % FBS. 

To analyse the production of matrix proteins and matrix formation 40 000 cells in 

400 µl DMEM/F12 containing 5 % FBS were seeded in each chamber of a NuncTM Lab-

TekTM II 4 well chamber slide.  

The cells were allowed to attach to the bottom overnight. The following day, the 

cells were washed twice with PBS and starved in basic medium (table 2.5) for 24 h. Then, 

the cells were stimulated with recombinant proteins. Different concentrations of TGF-1 

were used, depending on the downstream assay. In all assays, 10 µg/ml COMP 

(homemade) and 10 µg/ml TSP-4 (homemade) were used. The chondrocytes were 

treated with TGF-1, COMP or TSP-4 alone and in the combination of TGF-1 with COMP 

or TSP-4 in basic medium. When cells were stimulated in the combination of TGF-1 

with COMP or TSP-4, the two components were mixed in a tube and pre-incubated for 

20 min at RT, before applying to the cells.  

For immunoblot analyses, chondrocytes were stimulated with 0.1 ng/ml, 

0.25 ng/ml, 0.5 ng/ml, 1 ng/ml and 10 ng/ml of TGF-1, 10 µg/ml COMP, 10 µg/ml TSP 4 

or a combination of all TGF-1 concentrations with COMP or TSP-4 for 30 min at 37 °C. 

In a pilot experiment, the effect of several concentrations of TGF-1 (0.01 ng/ml, 

0.1 ng/ml, 0.5 ng/ml, 1 ng/ml, 10 ng/ml, 30 ng/ml) on proteoglycan synthesis was 

investigated by Safranin-O staining and a concentration of 0.5 ng/ml considered as the 

most conclusive concentration to observe modifying effects of COMP and TSP-4. 

Chondrocytes used in gene expression analyses were stimulated with 0.5 ng/ml 

TGF-1, 10 µg/ml COMP, 10 µg/ml TSP-4 alone and in the combination of TGF-1 with 

COMP or TSP-4 for 6 h and 24 h at 37 °C. 

Chondrocytes seeded in chamber slides were stimulated with 0.5 ng/ml TGF-1, 

10 µg/ml COMP, 10 µg/ml TSP-4 and in the combination of TGF-1 with COMP or TSP-4 

for a period of 7 days. The chondrocytes were first stimulated with recombinant protein 

in the basic medium for 4 days. The medium was changed at day 4 and recombinant 

proteins applied in a basic medium containing 5 % FBS. At day 7, the medium was 

replaced by a basic medium containing only 5 % FBS and chondrocytes cultured until day 

10. The supernatants were collected after each medium change.  
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Table 2.10: Experimental cell culture set-up for downstream in vitro experiments 

Application Cell density Culture vessel Vol Stimulation time 

Immunoblot 300 000 cells/well 6-well plate 2 ml 30 min 

qPCR 300 000 cells/well 6-well plate 2 ml 6 h and 24 h 

IF staining 40 000 cells/chamber 4-chamber slide 400 µl 7 days 

IF = immunofluorescence; vol = amount of medium/well or chamber 
 

2.4.2. Culture of HEK-293 EBNA cells 

Human embryonic kidney (HEK) -293 EBNA cells (received from the University of 

Cologne) were used for the production of recombinant proteins. The cells were 

transfected with the pCEP-Pu V162 expression vector (generated by Prof. Manuel Koch, 

University of Cologne) carrying the sequence of full-length rat COMP and TSP-4 (Fig.2.1). 

The cells and the expression vector contain the Epstein-Barr virus nuclear antigen 

(EBNA-1), which binds directly to the oriP of the expression vector, supporting the 

replication of extrachromosomal DNA-constructs (209, 210). The contained BM40 signal 

peptide sequence is directing the recombinant protein to the ER and supports its 

secretion into the cell culture supernatant (211, 212). Utilizing the N-terminal Strep-Tag 

II, recombinant proteins can be easily purified from the supernatant by affinity 

chromatography. The expression vector also contains the pac gene, coding for the 

puromycin N-acetyltransferase, causing resistance to puromycin and allows a positive 

selection of transfected cells.  

 

Figure 2.1: pCEP-PU expression vector map 

Illustration of pCEP-PU expression vector with highlighted target gene, Strep-Tag II motif and 

BM40 signal peptide sequence. Modified from (213) 
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HEK-293 EBNA cells were cultured in DMEM/F12 medium containing 10 % FBS and 

1 % pen/strep. The medium was changed every two days and when confluency was 

reached, cells were split by using trypsin-EDTA (table 2.5). The volume of trypsin-EDTA 

was adjusted to the size of the culture vessel (6-well = 300 µl; 10 cm dish = 1 ml; 

T- 75 = 1 ml; T-175 = 3 ml) and the reaction stopped with medium by adding 3x the 

volume of trypsin-EDTA. The cells were cultured at 37 °C, 5 % CO2 and 20 % O2 in a CO2-

incubator. 

2.4.2.1. Cryopreservation and thawing  

For cryopreservation, HEK-293 EBNA cells were washed twice with PBS and 

detached by trypsin-EDTA (table 2.5). The cell suspension was centrifuged by 300 x g for 

5 min, the supernatant decanted, the pellet resuspended in cold cryo-media and filled 

in cryo-tubes. First, the cells were placed in the CoolCell® at -80 °C overnight and 

transferred to a liquid nitrogen tank for long term storage.  

To initiate cell culture from cryopreservation, the frozen cells were quickly thawed 

and mixed with pre-warmed DMEM/F12 containing 10 % FBS. After centrifugation at 

300 x g for 5 min the cell pellet was resuspended in fresh DMEM/F12 containing 10 % 

FBS. Then, the cells were transferred to the required vessels and cultured at 37 °C, 5 % 

CO2 and 20 % O2 in a CO2-incubator. 

Cryo-media 50 % DMEM/F12  

 40 % FBS 

 10 % DMSO 
 

2.4.2.2. Transfection and selection 

Cloning of full-length rat COMP and THBS4 into the pCEP-Pu V162 expression vector 

was already done before starting this project.  

The cells were transfected using the non-liposomal FuGENE® 6 transfection reagent. 

300 000 HEK-293 EBNA cells were seeded in each well of a 6-well plate and cultured in 

2 ml DMEM/F12 containing 10 % FBS per well. When a confluence of 75-85 % was 

reached, the medium was changed and the transfection mix prepared. 193 µl 

DMEM/F12 medium (without FBS) and 1 µg in 1 µl COMP or TSP-4 V162 vector were 

mixed and 6 µl FuGENE® 6 transfection reagent added, without touching the edges of 
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the tube. The vector-FuGENE® transfection mix was mixed by inverting the tube several 

times and incubated for 15 min at RT. The transfection mix was dropwise added to the 

cells and the plate swivelled before culturing overnight. On the following day, the 

medium was changed (DMEM/F12 containing 10 % FBS) and the viability of the cells 

monitored by light microscopy. 24 h later, 0.5 µg puromycin was added to the cells to 

select positively transfected cells over a period of 10 to 14 days.  

2.4.2.3. Collection of the cell culture supernatant 

The cells were expanded from one well of a 6-well plate (2 ml medium) to one T-75 

flask (10 ml medium) and finally to a triple-layer flask (100 ml medium). When a 

confluence of 90-95 % was reached, the medium was replaced by a DMEM/F12 medium 

containing only 1 % FBS to avoid an interfering of too many serum proteins at the 

purification step. The cell culture supernatant was then collected from the triple-layer 

flasks and renewed daily for a period of 5 days. To remove cell debris, the supernatant 

was centrifuged for 20 min at 18 000 x g at 4 °C and filtered through a FaltenFilter 

(5-13 µm). Before storage at 4 °C, 2 mM of the proteinase inhibitors PMSF and NEM 

were added. The supernatant was directly used for the purification of recombinant 

COMP and TSP-4 after the last collection time point at day 5 (2.10. Protein purification 

with affinity chromatography). 

2.4.3. Culture of HUVECs 

Human umbilical vein endothelial cells (HUVECs) (Lonza) were used to analyse the 

effect of COMP and TSP-4 on angiogenesis and vascularisation.  

Cryopreserved HUVECs were thawed, mixed with pre-warmed endothelial cell 

growth media-2 (EGM-2), centrifuged at 300 x g for 5 min at RT and cultured in EGM-2 

medium at 37 °C, 5 % CO2 and 20 % O2. The EGM-2 medium was refreshed every third 

day and the downstream experiments (migration, proliferation and tube formation 

assays) started when cells reached a confluency of 85-95 %. Before starting the 

downstream experiments, cells were washed twice with PBS, centrifuged at 300 x g for 

5 min and resuspended in endothelial cell basal media-2 (EBM-2) supplemented with 

0.1 % BSA. The cells were detached with trypsin-EDTA (table 2.5) and counted with a 

Neubauer chamber (2.5. Cell counting). The volume of trypsin-EDTA was adjusted to the 
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size of the culture vessel (T-75 = 1 ml; T-175 = 3 ml) and the reaction stopped with 

medium by adding 3x the volume of trypsin-EDTA. 

2.5. Cell counting 

The number of cells was counted by using the Neubauer improved cell counting 

chamber. The Neubauer chamber consists of 4 larger squares, each divided into 16 

smaller squares. A cover glass was put on top of the central area of the Neubauer 

chamber and filled with 10 µl of the cell-dye solution. Therefore, 10 µl of the cell 

suspension was carefully mixed with 10 µl trypan blue. The Neubauer chamber was 

placed on the light microscope stage and the cells counted. The counted living cells 

appear white, while the excluded dead or damaged cells are stained blue. All 4 larger 

squares were counted and the cell concentration calculated with the following formula.  

Cell concentration (cells/ml) = 
nr. of cells x 10 000 

x dilution factor 
nr. of squares 

 

2.6. Cell cytotoxicity assay 

The LDH cytotoxicity detection kit was used to measure the lactate dehydrogenase 

(LDH) activity in the cell culture supernatant. LDH is only released from damaged cells. 

Cell culture supernatants of TGF-β1, COMP and TSP-4 stimulated cells were 

collected after 24 h. Pure culture medium served as a background control and the 

supernatant of unstimulated cells as a negative control. As a positive control, cells were 

severely damaged by incubating them with DMEM/F12 containing 1 % Triton X-100 for 

10 min. To prepare the reaction mix, solution A (catalyst) was diluted 1:46 with 

solution B (dye solution). 50 µl of cell culture supernatant or medium were mixed with 

50 µl reaction mix in a 96-well plate. After 30 min incubation at RT in the dark, the 

absorbance was measured at 450 nm.  
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2.7. Histology 

2.7.1. Preparation of paraffin embedded tissue sections 

Osteochondral cylinders were punched out with specific harvesting instruments 

from the femoral condyles of 7 OA patients (age: min. = 50 years; max. = 85 years; 

gender: 2 male and 5 female). The generated osteochondral cylinders were fixed in 4 % 

paraformaldehyde in PBS (pH 7.4) overnight at 4 °C and decalcified in 10 % EDTA (pH 7.4) 

for 7 to 14 days before preparing them for paraffin embedding by an automated 

embedding machine (table 2.11).  

Table 2.11: Protocol for tissue preparation with an automated embedding device 
Reagents Incubation time and temperature 

70 % EtOH 4x 1 h RT 

96 % EtOH 2x 1 h RT 

100 % EtOH 1x 1 h RT 

100 % EtOH 1x 2 h RT 

Xylene 2x 1 h RT 

Xylene 1x 2 h RT 

Paraffin  2x 1 h 60 °C  

Paraffin  1x 80 min 60 °C  

 

The processed tissue was embedded in paraffin and transferred to a cold plate for 

paraffin solidification. Paraffin blocks were pre-cooled, before preparing 5 µm tissue 

sections with the microtome. Tissue sections floating in a water bath (42 °C) were 

collected using object slides, dried overnight at 37 °C and stored at RT until usage.  

2.7.2. Deparaffinization and rehydration of tissue sections 

Before staining, the tissue sections were deparaffinized and rehydrated according 

to the protocol in table 2.12.  

Table 2.12: Working steps to deparaffinize and rehydrate paraffin sections 

Reagents Incubation time 

Xylene 2x 5 min 

Isopropanol 2x 5 min 

96 % EtOH  3 min 

90 % EtOH  3 min 

70 % EtOH  3 min 

dH2O 5 min 

PBS 5 min 
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2.7.3. Histological staining of cartilage tissue sections 

Before histological staining, tissue sections were deparaffinized and rehydrated as 

described in 2.7.2. Deparaffinization and rehydration of tissue sections. Proteoglycans 

were stained with Safranin-O and non-collagenous structures, like bones with Fast-

green. First, the nuclei were stained for 5 min in Weigert’s Iron haematoxylin and the 

slides washed 4x in dH2O, before treating with 1 % acetic alcohol for 2 sec. After another 

3 rinses in dH2O, slides were incubated in 0.02 % Fast-green for 1 min, 1 % acetic acid 

for 30 sec, and 1 % Safranin-O for 30 min. After a brief rinse in 95 % EtOH, tissues were 

dehydrated (3× 95 % EtOH, 2× 100 % EtOH, and 3× xylene), embedded in Entellan and 

coverslipped. The slides were air-dried and analysed by light microscopy. 

2.7.4. Immunohistological staining of cartilage tissue sections 

The immunohistological detection of COMP, TSP-4 and Matn-3 was performed with 

AEC (3-amino-9-ethylcarbazole), a substrate of the horseradish peroxidase (HRP), 

generating a red reaction product, visualising the localisation of the proteins. 

Before immunohistological staining, tissue sections were deparaffinized and 

rehydrated as described in 2.7.2. Deparaffinization and rehydration of tissue sections. 

An antigen retrieval step and a peroxidase block were performed before antibody 

staining. The volumes of the reagents were adjusted to the area to cover the whole 

section. Tissue sections used for TSP-4 staining were treated with 250 U hyaluronidase 

in PBS (pH 5) for 15 min at 37 °C. Staining for COMP and Matn-3 required an antigen 

retrieval with 20 µg/ml proteinase K in proteinase K buffer (10 mM NaCl, 50 mM Tris 

base, 10 mM EDTA in ddH2O, pH 7.4) for 15 min at 37 °C.  

The endogenous peroxidase activity was blocked with 0.3 % H2O2 in dH2O for 10 min 

at RT. Unspecific binding sites were blocked with 2.5 % normal horse serum (included in 

the ImmPRESS™ kit) for 20 min at RT. Primary antibodies (table 2.6) were diluted in 1 % 

BSA and added to the tissue, for incubation overnight at 4 °C. After incubation with the 

primary antibody, the tissues were washed 3x with PBS-T following the incubation with 

the ImmPRESS™ (peroxidase) polymer anti-rabbit IgG reagent for 30 min at RT. For 

detection, the AEC-2-component kit was used according to the manufacturer’s 

instructions. 20 µl AEC concentrate was mixed with 1 ml AEC substrate and immediately 

used. The colour development was stopped with dH2O, the tissues embedded in Kaiser's 
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glycerol gelatine and coverslipped. The slides were air-dried and analysed by light 

microscopy.  

As a negative control, tissues were stained without the addition of the primary 

antibody to exclude unspecific binding of the secondary antibody (data not shown). 

2.7.5. Immunofluorescence staining of primary chondrocytes 

Cultured chondrocytes in chamber slides were fixed with 300 µl Shandon™ zinc 

formal-fixx™ (diluted 1:5 with dH2O) for 20 min at RT, washed 3x with 500 µl PBS and 

permeabilized with 350 µl 0.3 % Triton X-100 in PBS for 10 min at RT. Unspecific binding 

sites were blocked with 350 µl blocking buffer for 1 h at RT. Primary antibodies were 

diluted in 1 % BSA in PBS to the recommended concentration (table 2.6) and 300 µl 

transferred to the cells. The primary antibody incubation was performed overnight at 

4 °C. After 3x 5 min washing with PBS-T, 300 µl of the secondary antibodies, diluted in 

1 % BSA in PBS (table 2.8) were added for 1.5 h at RT in the dark. The cells were washed 

twice 5 min with PBS-T and once 5 min with PBS before removing the plastic chambers 

of the chamber slides and mounting with the DAPI fluoroshield mounting medium. The 

slides were air-dried in the dark and analysed by fluorescence microscopy. DAPI was 

visualised at a wavelength of 461 nm, AlexaFluor 488 at 516nm and AlexaFluor 594 at 

617 nm. 

Blocking buffer  1 %  BSA 

 1 %  Goat serum 

  in PBS 
 

2.8. Light and fluorescence microscopy 

Cultured cells were observed with the Olympus CKX41 light microscope and the 

cellSens Entry software. Images of Safranin-O and crystal violet staining of chondrocytes 

were also taken with the Olympus microscope. All other, light and fluorescence images 

of stained tissue sections and cells were taken with the Nikon Eclipse Ti and the NIS 

Elements BR 4.40.00 software. 
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2.9. Protein extraction  

2.9.1. Sequential and total protein extraction from articular cartilage 

Articular cartilage of human knee femoral condyles was scraped off from areas with 

specific OA severity grades (G1, G2, and G3/4). Only patients, showing all three severity 

grades were included (n: 10 in each group; age: min. 47 years; max. 87 years; gender: 5 

male and 5 female). The cartilage from areas with different severity grades was collected 

separately, washed with PBS and cut into pieces (1–2 mm3). Cartilage pieces were 

transferred into tubes, weighed and processed immediately. Proteins were sequentially 

extracted, first with a mild and then with a harsh buffer (see below) overnight at 4 °C on 

a rotator at 40 rpm. 10x the volume (ml per gram) of chilled buffer were added. The 

proteinase inhibitors PMSF and NEM were added freshly to all buffers at a concentration 

of 2 mM. After 24 h incubation with the mild buffer, the extracts were clarified by 

centrifugation at 17 000 x g, 5 min at 4 °C and the supernatants stored at −20 °C. The 

remaining cartilage pieces in the pellet were reextracted in an identical manner with the 

harsh buffer. Also, the total amount of proteins was extracted by adding only the harsh 

buffer overnight [54]. 

Mild buffer  0.15 M  NaCl 

 50 mM  Tris base 

  pH 7.4, in ddH2O 

   

Harsh buffer 4 M Guanidine hydrochloride 

 50 mM Tris base 

 10 mM EDTA 

  pH 7.4, in ddH2O 
 

Proteins extracted with the mild and/or the harsh buffer (sequential and total) were 

precipitated with 10x the volume of 96 % EtOH for 24 h at −20 °C. The protein precipitate 

was concentrated by centrifugation at 17 000 x g, 10 min at 4 °C and the pellet washed 

with a mixture of 9-parts 96 % EtOH and 1-part TBS for 2 h at 4 °C with gentle agitation. 

After centrifugation at 17 000 x g, 10 min at 4 °C the supernatant was completely 

removed and the pellets air-dried, before resuspension in 60 µl 1× Laemmli buffer (in 

ddH2O). Protein aliquots were cooked for 5 min at 95 °C before storing at −20 °C or 

loading onto a gel (2.12. SDS-polyacrylamide gel electrophoresis (PAGE)). 
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Laemmli buffer (4x) 250 mM Tris-HCl, pH 6.8 

 40 % Glycerol 

 0.04 % Bromophenol blue  

 8 % SDS 

  in ddH2O 

 

2.9.2. Total protein extraction from primary chondrocytes 

Primary chondrocytes, cultured in 6-well plates were washed 3x with PBS. 50 µl 2x 

Laemmli buffer was added and the protein lysate collected with a cell scraper. The 

protein suspension was cooked for 5 min at 95 °C before storing at −20 °C or loading 

onto a gel (2.12. SDS-polyacrylamide gel electrophoresis (PAGE)). 

Laemmli buffer (2x)  1000 µl Laemmli buffer (4x)  

(working stock) 800 µl PhosphoSafeTM  

 200 µl -mercaptoethanol 

 

2.10. Protein purification with affinity chromatography 

Recombinant proteins were purified with the Strep-Tactin® XT superflow high 

capacity gravity-flow columns. Strep-tagged proteins bind the Strep-Tactin® pockets in 

the column matrix. To remove the bound proteins from the matrix, biotin, the natural 

ligand of streptavidin is loaded to displace the strep-tagged protein.  

After equilibration with 2 column bed volumes (CV) buffer W, the column was 

loaded with the collected cell culture supernatant (2.4.2.3. Collection of the cell culture 

supernatant) by using the WET FRED device, which enables the autonomous transfer of 

the supernatant to the column by hydrostatic pressure, overnight. The next day, the 

column was washed, with 5x 1 CV buffer W and the proteins eluted by BXT buffer. In 

total, 9 protein fractions were eluted with either 600 µl (fraction 1) or 500 µl 

(fraction 2-9) BXT buffer. The protein concentration was measured (2.11. Protein 

quantification) and the protein quality analysed by SDS-PAGE, staining the whole 

proteins (2.13. Protein staining) and specific recombinant proteins (2.14. Immunoblot 

analysis). After protein elution, the column was regenerated by washing with 15 CV 

10 mM NaOH and stored at 4 °C until reuse. 
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Buffer W 100 mM Tris-HCl, pH 8.0 

 150 mM NaCl 

 1 mM EDTA 

  in ddH2O 

   

Buffer BXT 100 mM Tris-HCl, pH 8.0 

 150 mM NaCl 

 1 mM EDTA 

 50 mM Biotin 

  in ddH2O 
 

2.11. Protein quantification 

The Qubit protein assay kit contains a fluorescent dye, specifically binding proteins. 

Only the protein bound fluorophore emits a signal detected by the Qubit fluorometer. 

First, the Qubit working solution was prepared by mixing the Qubit reagent 1:200 

with the Qubit buffer. 10 µl of each standard was diluted with 180 µl Qubit working 

solution. Depending on the expected protein amount, 1-20 µl of the protein solution 

was mixed with Qubit working solution to a final volume of 200 µl. Before measurement, 

the mixtures were vortexed and incubated for 15 min at RT in the dark. The Qubit 

fluorometer calculated the final protein amount and displayed it in µg/ml. 

2.12. SDS-polyacrylamide gel electrophoresis (PAGE)  

Protein extracts and serum samples mixed with Laemmli buffer were separated in 

an SDS-PAGE (214) using a Mini-PROTEAN® Tetra-cell system at 200 V. According to the 

protein size, gels with different polyacrylamide concentrations were used. Non-reduced 

protein extracts from OA cartilage and non-reduced serum samples of OA patients and 

healthy controls were separated by SDS-PAGE using 5 % or 8 % polyacrylamide gels. 

Reduced pig chondrocyte lysates were loaded onto 10 % polyacrylamide gels. First, the 

separating gel with individual polyacrylamide concentrations was filled between the 

glass slides and the polymerisation induced by the addition of TEMED and APS. To even 

the gel surface the gel solution was directly overlayed by isopropanol. The isopropanol 

was completely removed, before adding the stacking gel (4 %). The combs were applied 

without creating any bubbles. After polymerisation, the combs were removed and the 
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protein samples loaded. To estimate the protein size either the precision plus protein™ 

dual color standard or the prestained protein ladder was loaded.  

Separating gel  
    

Stacking gel    
5 % 8 % 10 % 

 
 4% 

Acrylamide (40 %) 1.5 ml 2.4 ml 3 ml 
 

Acrylamide (40 %) 300 µl 

Separating gel buffer 3 ml 3 ml 3 ml 
 

Stacking gel buffer 750 µl 

H2O 7.5 ml 6.6 ml 6 ml 
 

H2O 1.95 ml 

APS (10 %) 120 µl 120 µl 120 µl 
 

APS (10 %) 30 µl 

TEMED 20 µl 20 µl 20 µl 
 

TEMED 10 µl 

       

Separating gel buffer 1.5 M Tris base 

 0.4 % SDS 

  pH 8.8, in ddH2O 
   

Stacking gel buffer 0.5 M Tris base 

 0.4 % SDS 

  pH 6.8, in ddH2O 

   

Gel running buffer (10x) 250 nM Tris base 

 2 M Glycine 

 1 % SDS 

  in ddH2O 

 

2.13. Protein staining  

PageBlue™ or Roti®Blue staining solutions were used to stain all proteins separated 

by SDS-PAGE.  

PageBlue™ protein staining solution was applied after the gels were washed 3x 

10 min with ddH2O overnight at RT with gentle agitation. To remove any background the 

staining solution was decanted and the gels washed with ddH2O.  

Roti®Blue staining solution was added to the gel after a brief wash in ddH2O and 

incubated overnight at RT with gentle agitation. The next day, the staining solution was 

decanted and the gels washed in 25 % MeOH until the background staining diminished.  

Roti®Blue staining solution 120 ml H2O 

 40 ml MeOH 

 40 ml Roti®Blue 
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2.14. Immunoblot analysis  

2.14.1. Transfer 

The tank method was performed, by using the mini Trans-blot® electrophoretic 

transfer cell to transfer the proteins onto a 0.45 µm PVDF membrane. Before blotting 

the PVDF membrane was activated with 99 % methanol for 10 sec, kept in ddH2O for 

2 min and equilibrated in transfer buffer for at least 5 min. Fibre pads and filter paper 

were soaked in transfer buffer before building the blot complex on the blotting cassette. 

Therefore, fibre pad, filter paper, gel, PVDF membrane, filter paper and fibre pad are 

stacked in that order from the bottom to the top. All bubbles were removed with a roller 

and the closed cassette placed into the blotting chamber, containing transfer buffer and 

an ice block to prevent overheating. The blotting was performed at 200 mA for 1 h at 

4 °C.  

Towbin buffer (10x) 250 nM Tris base 

2 M Glycine 
 

0.1 % SDS 
  

in ddH2O 

   

Transfer buffer (1x)  100 ml Towbin buffer (10x) 

50 ml MeOH 

 850 ml ddH2O 

 

2.14.2. Antibody detection 

After electrophoresis, proteins bound to the PVDF membrane were ready for 

antibody detection. To prevent an unspecific antibody binding, the membrane was 

blocked with either 10 % skim milk (in TBS-T) for the detection of ECM proteins or 5 % 

BSA (in TBS-T) for the detection of (phosphorylated) Smads, Erk and GAPDH for 1 h at 

RT with gentle agitation. Then, the membrane was incubated with specific primary 

antibodies (table 2.6) diluted in blocking buffer overnight at 4 °C. The next day, the 

membrane was washed 5x 5 min with TBS-T buffer and incubated with the 

corresponding secondary antibody (table 2.8), diluted in blocking buffer for 1 h at RT, 

before 5x 5 min washing with TBS-T buffer.  



2  Material and Methods 

 

40 

The Strep-Tactin®-HRP conjugate (table 2.7) was used to detect the Strep-Tag II. 

Therefore, the membrane was blocked in PBS blocking buffer for 1 h at RT with gentle 

agitation. Directly after blocking the membrane was washed 3x 5 min with PBS-T. The 

Strep-Tactin®-HRP conjugate was first pre-diluted 1:100 in PBS (containing 0.2 % BSA 

and 0.1 % Tween-20) and then from this pre-dilution 10 µl diluted in 10 ml PBS-T. The 

membrane was incubated with the antibody for 1 h at RT with gentle agitation. Then the 

membrane was washed twice 1 min with PBS-T and twice 1 min with PBS.  

PBS blocking buffer 3 % BSA 

 0.05 % Tween-20 

  in PBS 

 

The protein bands were visualised by incubating the membrane 5 min with 10 ml 

ECL working solution and an analysis with the Chemi DocTM XRS+ molecular imager and 

the ImageLabTM software. The band intensities were quantified with ImageJ. 

ECL solution 0.1 M Tris-HCl, pH 8.5 

 225 mM p-Coumaric acid 

 1.25 mM Luminol 

  in ddH2O 

   

ECL working solution 10 ml ECL solution 

 30 µl H2O2 (3 %) 

 

To detect different proteins on the same membrane, the primary and/or secondary 

antibody was/were removed by stripping buffers. After stripping off the antibodies, the 

membrane was blocked and incubated with primary antibodies, according to the 

protocol above. The membranes were stripped with a mild or harsh stripping buffer, 

depending on the strength of the antibody binding, the species of the following new 

antibody and the size of the target protein. Every membrane stripping, especially under 

harsh conditions causes a loss of protein, thus predominantly the mild stripping buffer 

was used. Anti-pSmad2 and anti-GAPDH were stripped off with the harsh stripping 

buffer while all others were removed under mild conditions.  

For harsh stripping, the membrane was transferred into pre-warmed stripping 

buffer in a closed vessel. After an incubation of 45 min at 50 °C with gentle agitation the 

stripping buffer was removed and the membrane rinsed under tap water for 2 min. To 

completely remove -mercaptoethanol, the membrane was additionally washed twice 

5 min with TBS-T.  
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For a mild stripping, the membrane was washed twice 15 min with mild stripping 

buffer at RT with gentle agitation. Then, the membrane was washed twice 10 min with 

PBS and twice 5 min with TBS-T.  

Mild stripping buffer 15 g Glycine 

 1 g SDS 

 10 ml Tween-20 

  pH 2.2, in 1l ddH2O 

   

Harsh stripping buffer 20 ml SDS (10 %) 
 12.5 ml Tris-HCl (0.5 M, pH 6.8) 

 0.8 ml -mercaptoethanol 

 67.5 ml ddH2O 

 

2.14.3. Dot Blot 

Proteins were directly spotted onto a membrane and not separated by size like in 

SDS-PAGE. To avoid pre-wetting of the membrane, a nitrocellulose membrane instead 

of PVDF was used for this experiment. This method was used to control the protein 

expression levels of transfected HEK-293 EBNA cells. 

1-2 µl cell culture supernatant or purified protein were directly spotted onto a 

0.45 µm nitrocellulose membrane. After drying the membrane, the protocol for 

antibody detection (2.14.2. Antibody detection) was followed. 

2.15. RNA isolation  

RNA was isolated from chondrocytes with the NucleoSpin®RNA/protein purification 

kit according to the manufacturer’s manual. In brief, cells in culture were lysed with a 

mix of the enclosed lysis buffer with -mercaptoethanol. Then, the cell lysate was 

collected with a cell scraper and transferred into a tube. Cells, already pelleted were 

directly lysed in the lysis buffer mix. After vortexing, the cell lysates were loaded onto 

the NucleoSpin® filter column for filtration and the RNA bound to the membrane in the 

NucleoSpin® RNA/protein column. After a desalting step, the contained DNA was 

digested by rDNase. The membrane was washed and dried before pure RNA was eluted 

in RNase-free H2O. Eluted RNA was directly used for concentration measurement (2.16. 

RNA quantification) and either stored at -80 °C or used for cDNA synthesis (2.17. cDNA 

synthesis). 
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2.16. RNA quantification 

The NanoDrop OneC is a spectrophotometer, used to determine the concentration 

and purity of RNA. The absorption maximum of DNA and RNA is at 260 nm, while 

proteins exhibit an absorbance of 280 nm.  

Therefore, 1 µl RNA was loaded onto the sensor pedestal and the concentration 

described as µg/µl. RNase-free H2O was used as a blank. Between different samples, the 

sensor was cleaned with RNase-free H2O. 

2.17. cDNA synthesis 

RNA was converted into cDNA with reverse transcriptase by using the qScript cDNA 

supermix according to the manufacturer’s manual. The reaction mix (table 2.13) was 

prepared in PCR tubes and the cDNA synthesised in the qTOWER3G thermal cycler by 

using the protocol in table 2.14. The synthesised cDNA was stored at -20 °C or directly 

used as a template for (q)PCR (2.18. (quantitative) Polymerase chain reaction (PCR or 

qPCR)). 

Table 2.13: Composition of the cDNA mix 

Standard cDNA mix   

 8 µl qScript reaction mix 

 2 µl qScript RT 

 20 µl RNA 

 10 µl Nuclease-free H2O 

 40 µl Total  

 

Table 2.14: Protocol used for cDNA synthesis  

Cycles Temp Time 

1x 22 °C 5 min 

1x 42 °C 30 min 

1x 85 °C 5 min 

1x 4 °C  
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2.18. (quantitative) Polymerase chain reaction (PCR or qPCR)  

(q)PCR was used to amplify and quantify amounts of DNA sequences in a thermal 

cycler by various heating and cooling steps. All primer sequences are shown in table 2.9. 

All reactions were performed in doublets by using the qTOWER3G thermal cycler.  

To amplify cDNA via PCR, the Taq PCR master mix kit was used. Standard PCR mix 

and PCR protocol are shown in table 2.15 and 2.16. The PCR products were either stored 

at -20°C or directly separated by size (2.19. Agarose gel electrophoresis).  

Table 2.15: Composition of the PCR mix 

Standard PCR mix   
 10 µl Taq PCR master mix 

 2 µl Fw primer (10 nM/µl) 

 2 µl Rev primer (10 nM/µl) 
 10 ng cDNA  

 variable ddH2O 

 20 µl Total 
 

Table 2.16: Protocol used for PCR  

Cycles Temp Time Steps 
1x 
 

94 °C 1 sec Initial denaturation 

36x 
94 °C 30 sec Denaturation 
64 °C 30 sec Primer annealing 
72 °C 60 sec Elongation 

1x 4 °C  Cooling 
 

The PerfeCTa SYBR® green supermix was used to quantify specific genes by qPCR. 

Standard qPCR mix and qPCR protocol are shown in table 2.17 and 2.18.  

Table 2.17: Composition of the qPCR mix 

Standard qPCR mix   

 10 µl SYBR green supermix 

 2 µl Fw primer (10 nM/µl) 

 2 µl Rev primer (10 nM/µl) 

 7 ng cDNA  

 variable ddH2O 

 20 µl Total 

 

Table 2.18: Protocol used for qPCR 

Cycles Temp Time Steps 

1x 
 

95 °C 2.5 min Initial denaturation 

40x 
95 °C 15 sec Denaturation 

60 °C 30 sec Primer annealing 

   Melt curve 
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2.19. Agarose gel electrophoresis 

PCR amplicons were analysed by using a 1.8 % agarose gel. Therefore, agarose was 

transferred to 100-150 ml TBE buffer (1x) and boiled up in the microwave until agarose 

was completely dissolved and the solution clear. The solution was cooled down to ~60 °C 

under rinsing water. GelRed nucleic acid gel stain was added to a final concentration of 

1x and mixed by swivelling. The liquid agarose was filled into the gel tray and combs 

added. During the gel polymerization, the PCR amplicons were prepared for loading. 

Thereby, half the volume of orange G loading dye was added to the amplicons. To 

estimate the size of the PCR products 3 µl of the GeneRulerTM 1 kb DNA ladder working 

solution was loaded. The electrophoresis was performed with 120 V for 1.5 h in 1x TBE 

buffer in the Sub-Cell GT cell horizontal electrophoresis system. 

Orange G loading dye 0.075 % Orange G 

 30 % Glycerol 

   
GeneRulerTM 1 kb DNA ladder  1 µl  DNA ladder 
(working solution) 1 µl  TriTrack DNA loading dye 

 4 µl ddH2O 
 

The gels were analysed with the Chemi DocTM XRS+ molecular imager and the 

ImageLabTM software and the band intensities quantified with ImageJ. The band 

intensities of all genes were normalised to the band intensity of GAPDH. The band size 

of every PCR amplicon was counterchecked with the expected band size to validate 

specificity.  

2.20. Migration assay 

A migration assay was performed to test the ability of COMP and TSP-4 to attract 

chondrocytes or HUVECs. Therefore, the transwell system with ThinCertTM cell culture 

inserts containing a polyethylene terephthalate (PET) membrane with a pore size of 

8 µm, was used (Fig.2.2.A). This membrane separates the upper compartment of the 

insert and the lower compartment of the culture plate, forming a migration chamber. 

The cells placed in the upper compartment of the insert can migrate into the membrane 

by adding attracting substances to the lower compartment. The migrated cells can then 

be visualised by staining their nuclei with DAPI.  
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In a pilot study, the migration of chondrocytes to the negative and positive control 

was tested for 6 h, 8 h and 10 h. A migration time of 10 h was considered as the most 

stable and conclusive incubation time and all following experiments performed under 

this condition. Within the pilot study, the number of chondrocytes migrated into the 

membrane and through the membrane to the lower compartment was analysed. To 

count the cells in the lower compartment, the cells were allowed to attach for 2 h before 

fixation. The majority of chondrocytes was detected within the membrane and only a 

few in the lower compartment. The amounts of the chondrocytes detected in the lower 

compartment were comparable between conditions, therefore, only chondrocytes in 

and on the bottom of the membrane were counted in the following experiments. 

400 µl medium (chondrocyte = DMEM/F12 and HUVEC = EBM-2) containing 0.1 % 

BSA with either 10 µg/ml COMP or 10 µg/ml TSP-4 were added to the lower 

compartment of a 24-well plate. As a positive control, chondrocytes were attracted with 

10 ng/ml platelet-derived growth factor-BB (PDGF-BB) (215) and HUVECs with EGM-2 

medium. As a negative control, the plenty medium was added in the lower 

compartment. Chondrocytes were directly used after isolation from knee cartilage and 

HUVECs cultured until confluency was reached. Both cell types were washed twice with 

PBS before used in migration assays. 50 000 cells in 200 µl medium were transferred to 

the upper compartment of the inserts. After 10 h incubation at 37 °C, 5 % CO2 and 

20 % O2, the cells within and on the bottom of the membrane were fixed with 400 µl 

Shandon™ zinc formal-fixx™ for 20 min at RT. Therefore, Shandon™ zinc formal-fixx™ 

working solution (1:5 diluted in dH2O) was prepared in another 24-well plate and the 

inserts transferred into the solution. After fixation, the inserts were transferred to a 

plate filled with ddH2O and the liquid in the inserts replaced with ddH2O. The 24-well 

plate with the inserts was sealed with parafilm and stored at 4°C overnight. The 

following day, the non-migrated cells on top of the membrane were removed by flashing 

the insert with ddH2O and swabbing it with a cotton bud. The inserts were then 

transferred to a new 24-well plate filled with 400 µl DAPI solution (DAPI 

stock = 40 µg/ml; diluted 1:100 in PBS). No liquid was added in the upper compartment 

during this 5 min incubation step at RT in the dark. The inserts were quickly placed in 

tap water and transferred to a new 24-well plate filled with 400 µl ddH2O. 200 µl ddH2O 

was added to the upper compartment. The migrated cells were then imaged with a 
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fluorescent microscope at a wavelength of 461 nm. 5 pictures from different areas of 

the membrane were taken (Fig.2.2.B) and the number of cells counted with ImageJ. 

Based on the negative control, the fold change of COMP, TSP-4 and the positive control 

were calculated. All technical replicates were performed at least in doublets. 

 

Figure 2.2: Schematic image of a migration assay  

A) Schematic drawing of the migration chamber and B) the position of the membrane, where 

pictures were taken.  

 

2.21. Attachment assay 

An attachment assay was performed to investigate the attachment of chondrocytes 

to COMP and TSP-4 in a monolayer system. In that manner, wells of a 96-well plate were 

coated with 10 µg/ml COMP and TSP-4 in PBS. As a negative control, 100 mg/ml BSA and 

as a positive control, 10 µg/ml fibronectin, were used. 100 µl of recombinant protein, in 

the indicated concentration, were added to each well and incubated overnight at 4°C. 

The following day, the wells were washed twice 5 min with PBS and once 5 min with 

DMEM/F12 containing 0.1 % BSA. After blocking with 100 µl 1 % BSA for 3 h at RT, 

chondrocytes were added at a concentration of 50 000 cells in 100 µl DMEM/F12 

containing 0.1 % BSA. Chondrocytes were incubated for 1 h at 37 °C and 5 % CO2 in a 

CO2-incubator. Following the incubation, the supernatant was carefully removed and 

the wells briefly washed twice with PBS. Chondrocytes were fixed with 100 µl Shandon™ 

zinc formal-fixx™ (1:5 dilution in ddH2O) for 20 min at RT. Cells were washed 3x 5 min 

with PBS and stained with 100 µl 0.1 % crystal violet (dissolved in ddH2O) for 30 min at 

RT. The cells were washed 3x 5 min with ddH2O and imaged with a light microscope. The 

number of cells was counted and the fold change to the negative control calculated. All 

technical replicates were performed in triplicates.  
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2.22. Proliferation assay 

To test the effect of COMP and TSP-4 on HUVEC proliferation the EdU cell 

proliferation kit was used. EdU (5-ethynyl-2’deoxyuridine) an analogue to the nucleoside 

thymidine was added to the cell culture medium and incorporated in the newly 

synthesised DNA of proliferating cells and fluorescently labelled in an additional step. 

The fluorescence labelled EdU is then detectable with a fluorescence microscope. A 

parallel DAPI staining of all cells allows the calculation of proliferating cells.  

7 500 cells in 300 µl EGM-2 medium were seeded in each well of a 48-well plate 

cultivated overnight at 37 °C and 5 % CO2. The next day, the EGM-2 medium was 

replaced by EBM-2 medium (always containing 0.1 % BSA) and the cells cultivated for 

8 h at 37 °C and 5 % CO2. After the starving period, HUVECs were incubated with EBM-2 

medium, containing 2 µl/ml EdU (10 µM in DMSO) and 10 µg/ml COMP or TSP-4 for 24 h. 

EBM-2 medium was used as a negative and EGM-2 medium as a positive control. The 

next day, the cells were directly fixed with 4 % formalin for 15 min at RT and 

permeabilized with 0.5 % Triton X-100 in PBS for 20 min at RT. During the 

permeabilization time, the click reaction cocktail was prepared. For a successful 

experiment, the ingredients have to be added chronologically and the reaction cocktail 

used within 15 min. 

EdU stock (10 mM) 5 mg EdU 

 2 ml DMSO 

   

Buffer additive (10x) 200 g Buffer additive  

 2 ml ddH2O 

   

Reaction cocktail  379 µl ddH2O 

 50 µl Reaction buffer (10x) 

 20 µl Catalyst solution 

 1 µl Dye azide (10 mM) 

 50 µl Buffer additive (10x) 

 500 µl Total 
 

After removing the permeabilization solution, the cells were quickly washed with 

3 % BSA in PBS and incubated with 100 µl reaction cocktail for 30 min at RT in the dark. 

The cells were washed twice with 3 % BSA in PBS and DAPI stained (1:10 000 in PBS) for 

5 min at RT in the dark. The cells were washed with PBS and analysed in a fluorescence 
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microscope. The proliferating, EdU positive cells could be observed at a wavelength of 

516 nm and the DAPI stained cells at 461 nm. 5 pictures were taken and the number of 

cells counted with ImageJ. The percentage of proliferating cells was calculated, based 

on the total cell count. All technical replicates were performed in triplicates. 

2.23. Tube formation assay 

A tube formation assay was performed to study the effects of COMP and TSP-4 on 

angiogenesis. The Geltrex™ basement membrane matrix was used to provide a 3D 

environment, better reflecting the in vivo conditions. This allows the cells to disrupt the 

surrounding matrix and form 3D tubular structures (Fig.2.3). 

Therefore, the GeltrexTM matrix was thawed overnight at 4°C and 50 µl of the 

soluble matrix pipetted in each well of a pre-cooled 96-well plate with pre-cooled 

pipette tips. All bubbles were removed and the plate swivelled for homogenous 

distribution. Following, the soluble GeltrexTM was polymerized for 30 min at 37 °C. 

HUVECs were resuspended in EBM-2 medium containing 0.1 % BSA and 10 µg/ml 

COMP or TSP-4. EBM-2 medium containing 0.1 % BSA was used as a negative control 

and EGM-2 medium as a positive control. 15 000 cells in 100 µl medium were added 

onto the GeltrexTM matrix of each well and cultured at 37 °C and 5 % CO2 for 24 h. After 

6 h and 24 h, the tube network was analysed by light microscopy and the tube length as 

well as the number of junctions evaluated after 24 h. All technical replicates were 

performed in triplicates. 

 

Figure 2.3: Tube formation assay  

HUVECs are seeded onto the GeltrexTM matrix, attach and form a tubular network within 24 h. 

(modified from © ibidi GmbH) 
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2.24. Surface plasmon resonance spectroscopy 

The interaction between proteins was measured with the Biacore 2000. This 

machine enables real-time monitoring of protein interaction by using the surface 

plasmon resonance (SRP) technology. The ligand, is covalently immobilised on the 

sensor surface of a CM5 sensor chip, while the analyte, is in suspension and induced to 

the surface to pass over the ligand in a continuous flow. The binding and dissociation of 

the analytes are detected and recorded in response units (RU) (Fig.2.4).  

 

Figure 2.4: Illustration of a sensorgram, showing the procedure of surface plasmon resonance 

spectroscopy 

A sensorgram, showing the response unites (RUs) against the time (sec). At the beginning of the 

report, a baseline signal (1) of the unmodified sensor chip is visible. After inducing the analyte, 

a ligand-analyte binding occurs (2), observable in an increase of the RUs. After a completed 

analyte injection (3), the analytes start to dissociate from the surface (4), resulting in a decrease 

in the RUs. The injection of the regeneration buffer (5) results in the removal of all remaining 
analytes bound to the surface and restores the baseline level (6). Modified from https://shared-

resources.dhvi.duke.edu/dhvi-core-facilities/dhvi-bia-core.  

 

To couple the ligand, TGF-1 to the sensor surface the Biacore system was 

equilibrated with running buffer at a flow rate of 5 µl/min. After activating the CM5 chip 

with 0.05 M NHS/0.2 M EDC (Biacore AB), 50 µl TGF-1 (1500 RU) were injected with a 

flow rate of 5 µl/min. All free binding sites were blocked with 50 μl 1 M ethanolamine 

(pH 8.5; Biacore AB) and the chip washed twice with 5 µl running buffer (Biacore AB). 

All experiments were performed at 25 °C and with a CM5 sensor chip coupled with 

1500 U TGF-1. As a reference, a flow cell without an immobilised ligand was used. A 

1:2 dilution series from a concentration of 160 nm to 0 nm of the analytes, COMP and 

TSP-4 were prepared in running buffer. A volume of 120 µl of each concentration per 

cycle was required. The system was equilibrated at a flow rate of 30 µl/min with running 
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buffer and the experiment started when a stable baseline was reached. The injection of 

the analyte was started and data were collected for kinetic analysis. One analyte 

concentration per cycle was injected, starting with the lowest concentration. The chip 

was regenerated after each cycle with 2 M NaCl.  

The BIAevaluation software 3.0 was used to create a sensorgram, showing the 

response against the time. By doing a multi-cycle kinetic, several analyte concentrations 

were induced in separate cycles, resulting in multiple curves in the sensorgram. By fitting 

the curves to the mathematical 1:1 model, the association rate (ka), dissociation rate 

(kd) and the dissociation constant (Kd) was evaluated.  

2.25. Statistical analysis 

Statistical analysis was performed by using the SigmaPlot software. Differences 

between groups were evaluated with the appropriate statistical test and post-hoc 

analyses, as mentioned in the figures. Correlations between groups were analysed with 

the Spearman rank test (r). A p-value ≤ 0.05 was considered as a significant difference 

(p ≤ 0.05*; p ≤ 0.01**; p ≤ 0.001***). 
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3. Results 

3.1. Collection and scoring of human articular cartilage 

Knee condyles from 21 patients undergoing endoprosthetic knee replacement 

surgery, at the Orthopaedic University Hospital Friedrichsheim (Frankfurt/Main, 

Germany), were obtained. The morphological appearance of the articular cartilage was 

visually graded, based on the scoring system of the Osteoarthritis Research Society 

International (OARSI) (Fig.3.1). The cartilage surface of knee condyles was inspected and 

intact cartilage areas with a smooth surface and no fissures were scored as grade 1 (G1). 

Cartilage areas, showing superficial discontinuities and fissures were scored as grade 2 

(G2), and areas with deep fissures or exposure of the subchondral bone, as grade 3 and 

grade 4, respectively (G3 or G4). The amount of cartilage received from areas of G3 and 

especially G4 was limited. Therefore, grade 3 and grade 4 samples were combined and 

referred to as G3/4. Healthy cartilage, from non-OA patients were generally classified as 

grade 0 (G0).  

 

Figure 3.1: Femoral knee condyles of human OA patients  

Pictures of femoral knee condyles received from OA patients undergoing endoprosthetic knee 

replacement surgery. Condyles were visually scored, based on the scoring system of the 

Osteoarthritis Research Society International (OARSI). Thereby, healthy cartilage (G0) (A) and 

three severity grades (G1, G2 and G3/4) were distinguished: (B) G1: Intact cartilage with a 

smooth surface and no fissures; (C) G2: Cartilage with superficial discontinuities and fissures and 

(D) G3-4: deep fissures or exposed subchondral bone, respectively.  
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3.2. TSP-4 is hardly detectable in healthy but widely expressed in OA cartilage  

A characteristic of OA is extracellular matrix degradation but also the new synthesis 

of distinct ECM proteins. The presence and distribution of proteoglycans were 

investigated by Safranin-O staining of cartilage sections. Proteoglycans were 

ubiquitously and homogeneously stained in healthy cartilage but started to be 

degraded, in OA cartilage, continuously from G1 to G3/4 (Fig.3.2.B–E). The continuous 

degradation of proteoglycans in OA cartilage confirmed the visual scoring of OA severity 

grades by its articular surface condition. In stage G3/4, the superficial and the upper 

transitional zones were already degraded, and cell cluster formation observed 

(Fig.3.2.I’’). TSP-4 was hardly detectable in healthy cartilage and only observable as faint 

staining in the superficial zone (blue boxes). In general, OA tissues, independently of 

severity grade, were more intensely stained than healthy cartilage. The most intense 

TSP-4 staining was seen in the transitional zone (yellow boxes) of OA cartilage, in areas 

where proteoglycans were still detectable but already started to be degraded. The 

TSP-4-positive area expands and the borders become blurry with increasing severity 

grade. Besides, the ubiquitous distribution of TSP-4 in the ECM, especially in the 

transitional zone, intracellular staining could be detected. In deep cartilage layers (black 

boxes), the interterritorial staining was weaker compared to the transitional zone and a 

stronger pericellular as well as intracellular staining was detected. The overall staining 

intensity seems to increase with severity (Fig.3.2.F–I). Minor changes in the protein 

distribution depending on OA severity could be detected (Fig.3.2.F’–I’’’). In the deep 

zone, the signal intensity in the interterritorial matrix was increased in G3/4 compared 

to G1 and G2 cartilage (Fig.3.2.F’’’–I’’). COMP was ubiquitously and homogenously 

distributed in healthy cartilage but continuously degraded in all OA tissues (Fig.3.2.J-M). 

In the most damaged G3/4 area, a re-expression of COMP could be detected, especially 

in the upper cartilage layers (Fig.3.2.M). Matn-3 was weekly stained in all zones of 

healthy cartilage, mainly in close proximity to chondrocytes and intracellularly but the 

staining intensity increased with severity grade, especially in the territorial and 

interterritorial matrix (Fig.3.2.N-Q). ECM remodelling in OA results in COMP degradation 

and re-expression in upper areas as well as in increased protein levels of Matn-3 and 

especially TSP-4, in zones it is usually not expressed (Fig.3.2.R).  
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Figure 3.2. Proteoglycan and ECM protein localisation in healthy and OA articular cartilage 

A) Osteochondral cylinders were generated from femoral condyles and the severity grade was 

determined by visual inspection (green = grade 1 [G1], orange = grade 2 [G2], red = grade 3/4 

[G3/4]). Proteoglycans were stained with Safranin-O/Fast-green in healthy [G0] (B), G1 (C), G2 

(D), and G3/4 (E) OA cartilage, taken from the knee condyle shown above (A). Proteoglycan 

degradation is paralleling with progressing OA severity. TSP-4 levels increase from G0 (F) to G1 

(G), G2 (H), and G3/4 (I) OA cartilage. 40× magnification of the marked areas (blue = superficial 

zone, orange = transitional zone, black = deep zone) drawn in picture F-I, representing the 

differential distribution of TSP-4 in surface areas (F’–I’), the transitional zone, where the most 

intensive staining occurred (F’’–I’’), and deep areas (F’’’–I’’’) of OA cartilage. COMP levels 

decrease from G0 (J) to G1 (K), G2 (L) and G3/4, although at that point, also a re-expression, is 

observed in the superficial layers (M). Matrilin-3 (Matn-3) levels increase from G0 (N), G1 (O), 

G2 (P) and G3/4 (Q). R) Schematic representation of the distribution of TSP-4, COMP and Matn-3 

in healthy and OA cartilage. Representative pictures from different donors are shown. (HC: n = 3; 

OA: n = 7) scale bar (B–Q): 1 mm; (F’–I’’’): 100 µm. Modified from (205) 

 



3  Results 

 

54 

3.3. Pentameric TSP-4 amount increases with OA severity grade 

Increased TSP-4 and Matn-3 protein levels could be observed in OA cartilage by 

immunohistological staining. For quantitative evaluation of oligomeric TSP-4, COMP and 

Matn-3 in OA progression, immunoblots were performed. Pentameric TSP-4 has a 

theoretical molecular mass of ~700 kDa, COMP of 500 kDa and tetrameric Matn-3 of 

250 kDa. Total proteins were extracted from the same knee condyle, from areas, 

showing different OA severity grades of several OA patients (Fig.3.3.A). The detection of 

TSP-4 showed a certain variability in protein amounts between individual patients but 

was commonly increasing from G1 to G3/4 (Fig.3.3.B). For a better comparison of the 

protein amounts between patients, the fold change of G2 and G3/4 to G1 was 

calculated. The analyses revealed an increased level of TSP-4 from G1 to G3/4 

(p = 0.01**) and from G2 to G3/4 (p = 0.037*) but not from G1 to G2 (p = 0.869) 

(Fig.3.3.C). The increase of TSP-4 protein level also correlated positively with OA severity 

grade (p = 0.001***; r = 0.567) (Fig.3.3.D). COMP and Matn-3 protein levels were 

comparable between OA severity grades, although a slight but not significant increase 

with severity was observable for both proteins (Fig.3.3.B, F, G, I, J). No differences in the 

protein levels of TSP-4, COMP and Matn-3 at any severity grade could be observed 

between male and female patients (Fig.3.3.E, H, K). 
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Figure 3.3: Detection of ECM proteins in extracts from OA knee articular cartilage  
A) Representative knee condyles from three OA patients with highlighted areas of different 

severity grades from which proteins were isolated (green = grade 1 [G1], orange = grade 2 [G2], 

red = grade 3/4 [G3/4]). B) Protein extracts from each OA severity grade were analysed by 

immunoblot to detect TSP-4, COMP and Matn-3. PageBlueTM was used as a control to 

demonstrate equal loading. Statistical analyses of TSP-4 (C), COMP (F) and Matn-3 (I) between 

OA severity grades. Correlation of TSP-4 (D), COMP (G) and Matn-3 (J) with OA severity (black 
line). Levels of TSP-4 (E), COMP (H) and Matn-3 (K) in females and male OA patients at different 

severity grades. Representative immunoblots are shown (COMP, TSP4: n = 10 and Matn-3: 

n = 8). Values are represented as means + SD and significance (p < 0.05*; p ≤ 0.01**; 

p < 0.001***) analysed by Friedman test with Tukey post-hoc analysis or Mann–Whitney U test 

as well as the correlation with the Spearman rank test. Matn-3 = matrilin-3; Pat. = patient; 

OA = osteoarthritis; LC = loading control. Modified from (205) 
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3.4. THBS4 and COMP gene expression is not increasing during OA 

TSP-4 levels were massively increased in OA cartilage and correlated positively with 

the OA severity grade. To investigate if this increase is due to increased transcriptional 

activity, RNA was isolated from OA cartilage areas, showing different severity grades 

(G1- G3/4) and used for PCR. No significant differences in Matn-3 protein levels could 

be detected. Therefore, only TSP-4 and COMP, as a close family member, were further 

investigated. Sequences of THBS4 (TSP-4 gene), COMP and the housekeeping gene 

GAPDH (glyceraldehyde-3-phosphate-dehydrogenase) were analysed. Genes were 

amplified and separated according to their size by agarose gel electrophoresis 

(Fig.3.4.A). The levels of transcripts were comparable between all OA severity grades for 

both genes, THBS4 (Fig.3.4.B) and COMP (Fig.3.4.C). THBS4 band intensity was 

decreased at G2 or G3/4 compared to G1 in patient 4 and patient 6, respectively. 

However, this decrease was not significant and none of the patients showed an 

increased gene expression in late-stage OA (Fig.3.4.A). 

 

Figure 3.4: TSP-4 and COMP gene levels are comparable between OA severity grades  

Gene expression levels of THBS4 and COMP were investigated by PCR and agarose gel 

electrophoresis. A) Representative gels showing the RNA levels of THBS4, COMP and GAPDH of 

three OA patients. THBS4 and COMP amplicons were normalised to the housekeeper GAPDH. 

B) Statistical analysis of the band intensities from different OA severity grades. Values are 

presented as means + SD and significance (p < 0.05*; p < 0.01**; p < 0.001***) analysed by 

Friedman test with Tukey post-hoc analysis. OA severity grades: grade 1 (G1), grade 2 (G2), and 

grade 3/4 (G3/4). (n = 6); Pat. = patient; OA = osteoarthritis. Modified from (205) 



3  Results 

 

57 

3.5. TSP-4 and COMP anchorage in cartilage differ between OA severity grade 

TSP-4 protein level increases with OA severity grade but no differences at the RNA 

level could be detected. To investigate the cause of increased TSP-4 content in OA the 

protein anchorage in cartilage, showing different grades of damage, was analysed. For 

that, proteins were sequentially extracted from OA cartilage, first with a mild buffer to 

extract soluble and weakly anchored proteins followed by a harsh buffer to extract all 

remaining and tightly anchored proteins in the same piece of tissue. Also, total proteins 

were extracted immediately with the harsh buffer as described above for the second 

extraction step. (Fig.3.5.A, B) 

The comparison of the different extractions resulted in faint signals for weakly 

anchored proteins, while tightly anchored protein gave a strong signal for TSP-4 

(Fig.3.5.C). This result showed in general a tight anchorage of TSP-4 and COMP (not 

shown) in the matrix. To allow an interpretation of the faint signals and correlation with 

the severity grade, six times the amount of proteins extracted under mild conditions 

were loaded.  

No significant differences between severity grades of weakly anchored TSP-4 could 

be detected, although, a conspicuously intense band, visible at G1 and/or G2 compared 

to G3/4 (Fig.3.5.D). The profile of harsh extracted TSP-4 was almost identical to that of 

single-step total extracted protein. In contrast to the weakly anchored TSP-4, only a 

weak signal could be detected at G1 compared to G2 and G3/4 of the tightly anchored 

protein. Also, weakly anchored COMP tended to be more in intact compared to 

degraded cartilage, but the profiles of weakly and tightly anchored COMP (Fig.3.5.E) 

were in general similar throughout severity grades. No differences, in protein anchorage 

could be seen between males and females, at any stage of OA (data not shown). 
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Figure 3.5: Sequential protein extraction of TSP-4 and COMP from OA knee articular cartilage  

A) Schematic representation of the workflow to sequentially extract proteins. First, proteins 

were extracted overnight with a mild buffer and supernatants were collected on the following 
day. Remaining cartilage pieces were resuspended in a harsh buffer to extract also the tightly 

anchored proteins. Total proteins were directly collected after adding the harsh buffer to the 

cartilage pieces and extraction for 24 h. The amounts of the total (B), weakly-, and tightly-

anchored TSP-4 (D) and COMP (E) in OA patients were analysed via immunoblot. Separation of 

equal amounts of proteins extracted under mild and harsh conditions shows a faint signal of 

weakly anchored proteins, while tightly anchored proteins gave strong signals (C). Therefore, 

six-fold amounts of proteins, extracted under mild conditions were loaded to detect differences 

in anchorage between severity grades. Representative immunoblots were shown (n = 10). OA 

severity grades: grade 1 (G1), grade 2 (G2), and grade 3/4 (G3/4). Pat. = patient. Modified from 

(205) 
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3.6. TSP-4 levels are increased in sera of OA patients 

Following the finding of increased TSP-4 levels in OA cartilage, the presence of TSP-4 

in serum samples was investigated to test its potential as a diagnostic marker. 

Pentameric and fragmented TSP-4 levels were analysed in sera of healthy controls (HCs) 

and OA patients via immunoblot assays (Fig.3.6.A). No significant differences in the 

amount of total (p = 0.151) or pentameric TSP-4 (p = 0.375) could be found between HCs 

and OA patients (Fig.3.6.B, C) even though there might be a tendency of more uncleaved 

pentameric protein in sera of HCs compared to OA patients. Interestingly, several 

fragments of TSP-4 could be found in sera of both, HCs and OA patients. By analysing 

the abundance of specific TSP-4 fragments, it was found that fragment 1 (p = 0.03) and 

fragment 2 (p = 0.023) were significantly increased in OA patients compared to HCs 

(Fig.3.6.D, E). Amounts of fragment 3 (p = 0.844) and fragment 4 (p = 0.139) were 

comparable between HCs and OA patients (diagrams not shown). In summary, total and 

pentameric TSP-4 levels were comparable, but the amount of specific TSP-4 fragments 

was significantly different in healthy and OA sera  

 

Figure 3.6: Detection of TSP-4 in sera of healthy donors and OA patients  

Sera from healthy controls (HC) and OA patients (Pat.) were collected and TSP-4 levels analysed. 

A) Immunoblots show the pentameric TSP-4 and derived fragments (F1–4). PageBlueTM staining 

was used as a loading control (LC). Statistical evaluation of the total (B), pentameric (P) TSP-4 (C) 

and the derived fragment 1 (D) and fragment 2 (E) in OA patients. A representative immunoblot 

is shown (n = 18). Data are represented, as box blots and significance (p < 0.05*) analysed by the 

Mann–Whitney U test. Dots in B-E represent outliers. OA = osteoarthritis. Modified from (205) 
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In the first part of this project, the expression and distribution of TSP-4 in healthy 

and OA cartilage was shown for the first time. While its protein levels positively 

correlated with the OA severity grade, the levels of COMP were comparable. 

The results indicate that both proteins are part of the ECM remodelling in OA. 

However, the involvement of COMP and TSP-4 in OA associated processes is not known 

so far. Therefore, in the following experiments the effect of COMP and TSP-4 on 

chondrocyte cluster formation, differentiation and ECM synthesis will be investigated.  

3.7. Production of recombinant COMP and TSP-4 

To investigate the effects of COMP and TSP-4 on chondrocytes, recombinant 

proteins have to be produced and purified in sufficient amounts and quality, first.  

The recombinant proteins were purified from the supernatant via their Strep-Tag II, 

using an affinity chromatography column. The integrity and the amount of recombinant 

proteins were investigated by immunoblot analyses, detecting both the protein-linked 

Strep-Tag (Fig.3.7.A, D) and the proteins, COMP and TSP-4 directly (Fig.3.7.B, E). 

Potential contamination with other proteins was checked by comparison with 

PageBlueTM stained gels (Fig.3.7.C, F). The immunoblot and gel analyses of recombinant 

COMP showed in addition to the pentameric protein (~500 kDa) also some 

fragmentation products (Fig.3.7.A-C), which resembled the COMP fragments detected 

in OA cartilage (Fig.3.5.B, E). The immunoblot and gel analyses of recombinant TSP-4 

showed predominantly the pentameric protein (~700 kDa) with few fragmentation 

products (Fig.3.7.D-F), again resembling those that have been detected in OA cartilage 

(Fig.3.5.B, D). All produced recombinant proteins fulfilled the quality criteria to mimic 

their natural occurring counterparts and were used for downstream experiments.  
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Figure 3.7: Characterisation of recombinant COMP and TSP-4 

Recombinant COMP and TSP-4 were produced in a eukaryotic system and purified by affinity 

chromatography. The quality of the produced proteins was analysed in nine elution fractions by 
immunoblot, detecting the recombinant protein by using a specific Strep Tag II (A, D) or protein-

specific (B, E) antibodies. The purity of COMP and TSP-4 was analysed via PageBlueTM gel of total 

proteins (C, F).  
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3.8. COMP, TSP-4 and TGF-β1 do not affect chondrocyte viability 

Before in vitro assays are performed the potential cytotoxic effects of COMP, TSP-4 

and TGF-β1 were excluded via lactate dehydrogenase (LDH) assay. None of the tested 

compounds, alone or in combination, had a cytotoxic effect on primary pig chondrocytes 

within 24 h. (Fig.3.8) 

 

Figure 3.8: COMP, TSP-4 and TGF-β1 have no cytotoxic effect on primary chondrocytes 

Primary pig chondrocytes were stimulated, with 10 µg/ml COMP (blue), 10 µg/ml TSP-4 (orange) 

and different concentrations of TGF-β1 (white) for 24 h. Cytotoxicity was assessed with the 
lactate dehydrogenase (LDH) assay, measuring the amount of released LDH. None of the tested 

conditions showed any signs of cytotoxicity. Unstimulated cells were used as control (grey) and 

1 % Triton X-100 was added for 10 min to permeabilize cells, which served as death control (red). 

 

3.9. COMP but not TSP-4 promotes chondrocyte migration 

Interactions between chondrocytes and ECM components can influence cell 

mobility and anchorage. To determine the potential of COMP and TSP-4 as chondrocyte 

attractants, the migration capacity of young pig chondrocytes, along a gradient was 

investigated via transwell assays. As attractants, COMP (10 µg/ml) and TSP-4 (10 µg/ml) 

were added to the lower compartment and chondrocytes in the upper compartment 

were allowed to migrate for 10 h (Fig.3.9.A). PDGF-BB (10 ng/ml) was used as a positive 

and standard medium as a negative control. COMP (p = 0.014) and PDGF-BB (p = 0.012) 

could attract chondrocytes compared to the control group (Fig.3.9.B). The number of 

cells migrating towards TSP-4 was significantly lower as towards PDGF-BB (p = 0.049) 



3  Results 

 

63 

and similar to the control. (Fig.3.19.B). This assay demonstrated that COMP but not 

TSP-4 has the potential to attract chondrocytes (Fig.3.9.C). 

 

Figure 3.9: Migration capacity of chondrocytes to COMP and TSP-4 

A) Schematic illustration of the transwell system. Pig chondrocytes were attracted with COMP 

(10 µg/ml) or TSP-4 (10 µg/ml) for 10 h. B) Representative images of migrated chondrocytes 

stained with DAPI. C) Migrated cells were counted and statistically evaluated. COMP but not 

TSP-4 could attract chondrocytes. Each bar shows the mean + SD and significance (to medium: 
p < 0.05*, p < 0.01** and to PDGF-BB: p < 0.05$) was analysed with the Friedman test and 

Tuckey post-hoc test. The standard medium was used as a negative and PDGF-BB (10 ng/ml) as 

a positive control. (n = 4); scale bar = 100 µm. 

 

The majority of OA patients are older than 60 years and to make a statement if 

COMP could also attract aged and osteoarthritic chondrocytes, we isolated 

chondrocytes from cartilage areas with visible OA lesions of an old mini-pig. The 

response of chondrocytes to PDGF-BB decreases with age (215) and served, in this assay 

as a negative marker of chondrocyte migration and age. Indeed, the response of aged 

chondrocytes to PDGF-BB diminished, but COMP was still able to attract chondrocytes 

and TSP-4 had no effect (Fig.3.10.A, B). These data show that COMP can attract 

chondrocytes, independently of age and disease, while TSP-4 does not contribute to cell 

migration.  
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Figure 3.10: Migration capacity of old chondrocytes to COMP and TSP-4 

A) Schematic illustration of the transwell system. Pig chondrocytes were attracted with COMP 

(10 µg/ml) or TSP-4 (10 µg/ml) for 10 h. B) Representative images of migrated chondrocytes 
stained with DAPI. The standard medium and PDGF-BB (10 ng/ml) were used as negative 

controls. (n = 1, in doublets); scale bar = 100 µm. 

 

3.10. COMP mediates chondrocyte attachment while TSP-4 does not 

To investigate if COMP can also facilitate the attachment and anchorage of the 

attracted chondrocytes, wells of a 96-well plate were coated with 10 µg/ml COMP. TSP-4 

could not attract chondrocytes, but it might be involved in the anchorage of surrounding 

chondrocytes, therefore, wells were also coated with 10 µg/ml TSP-4. 10 µg/ml 

fibronectin was used, as a positive control and 100 mg/ml BSA as a negative control. 

Chondrocytes were incubated in the coated wells for 1 h, the attached cells stained with 

crystal violet and analysed by light microscopy (Fig.3.11.A, B). Chondrocytes attached to 

fibronectin (p = 0.003) and COMP (p = 0.012) but not to TSP-4 (p = 0.18). Also, an 

increased attachment for COMP compared to TSP-4 (p = 0.007) was observed. 
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Figure 3.11: Effect of COMP and TSP-4 on chondrocyte attachment 

The attachment capacity of primary pig chondrocytes was investigated by incubating 

chondrocytes for 1 h in COMP (10 µg/ml) and TSP-4 (10 µg/ml) coated wells. A) Representative 
images of crystal violet stained cells attached to the well surface. B) Chondrocytes attached to 

fibronectin and COMP but not to BSA or TSP-4. Each bar shows the mean + SD and significance 

(to BSA p < 0.05*, p < 0.01**, to fibronectin p < 0.05$ and COMP p < 0.01~~) was analysed with 

the Friedman test and the Student-Newman-Keuls Method post-hoc test. Fibronectin (10 µg/ml) 

was used as a positive and BSA (100 mg/ml) as a negative control. (n = 5); scale bar = 100 µm.  

 

3.11. COMP and TSP-4 induce expression of OA-relevant genes 

After showing that COMP can attract chondrocytes and contribute to their 

anchorage, I was curious if COMP but also TSP-4 can induce the synthesis of ECM or OA 

associated genes. To investigate, a direct effect of COMP and TSP-4 on the expression of 

OA-relevant genes, primary pig chondrocytes were stimulated with 10 µg/ml COMP or 

TSP-4 and the gene expression levels analysed after 6 h and 24 h. Cells were stimulated 

with 0.5 ng/ml TGF-β1 as a general activator of gene expression. Chondrocytes were 

also stimulated with a combination of COMP or TSP-4 with TGF-β1 to investigate 

possible modulatory effects on transcriptional processes. After 6 h (Fig.3.12), TGF-β1 

stimulation resulted already in a weak upregulation of COL1A1 (p = 0.013), COL2A1 

(p < 0.001), COL12A1 (p < 0.001), ACAN (p < 0.001), COMP (p < 0.001), THBS4 

(p = 0.002), MATN3 (p < 0.001) and VEGF (p = 0.005) compared to the unstimulated 

control. COMP as well as TSP-4 stimulation could also increase the expression level of 

COL2A1 (COMP: p = 0.003; TSP-4: p = 0.009) and COMP (COMP: p = 0.003; TSP-4: 
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p < 0.001). TSP-4 stimulation resulted further in the increase of COL12A1 (p = 0.013) and 

ACAN (p = 0.02). The analysis of the effect of COMP and TSP-4 on TGF-β1 induced gene 

expression revealed that additional TSP-4 could further increase the expression levels of 

COL12A1 (p = 0.018) and VEGF (p = 0.012). COMP did not affect TGF-β1 induced gene 

expression, and none of both proteins caused a reduction in the gene expression levels.  

 

Figure 3.12. COMP and TSP-4 induced gene expression after 6 h 

Gene expression was analysed by qPCR after chondrocyte stimulation with COMP (10 µg/ml), 

TSP-4 (10 µg/ml), TGF-β1 (0.5 ng/ml) for 6 h. Relative gene expression (fold change to control) 

is represented as mean + SD and significance (p ≤ 0.05*, p ≤ 0.01** and p ≤ 0.001***) analysed 

with the Friedman test and either the Tuckey or Dunnett’s post-hoc test. Relative gene 

expression was normalised to GAPDH. Asterisks* indicate significance to unstimulated control, 

the dollar$ to TGF-β1, the wave~ to COMP and the rhombus# to TSP-4. (n = 4) 
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qPCR analyses after 24 h (Fig.3.13), showed that TGF-β1 increased the gene 

expression of COL1A1 (p = 0.022), COL2A1 (p = 0.007), COL9A1 (p < 0.001), COL10A1 

(p = 0.002), COL12A1 (p < 0.001), ACAN (p = 0.022), THBS4 (p = 0.022), MATN3 

(p < 0.001) and MMP3 (p < 0.001) compared to the unstimulated control. COMP and 

TSP-4 alone did not affect gene expression levels but COMP stimulation resulted in an 

increased expression of COL9A1 (p = 0.051) compared to TSP-4. Both proteins in 

combination with TGF-β1 could increase VEGF (COMP: p = 0.006; TSP-4: p = 0.04) and 

MMP13 (COMP: p = 0.016; TSP-4: p = 0.04) gene expression compared to the 

unstimulated control after 24 h. TSP-4, in combination with TGF-β1, could further 

increase the gene expression of COMP (p = 0.025). Also, after 24 h no downregulation 

of any gene could be observed by additional stimulation with COMP or TSP-4.  

The comparison of the mean 2^-ΔΔCT values of genes significantly upregulated by 

COMP or TSP-4, such as COMP, ACAN, COL2A1 and COL12A1 after 6 h and 24 h revealed 

comparable values, showing that no further upregulation could be observed with 18 h. 

Although, stimulation with COMP reduced the expression of MATN3 between 6 h and 

24 h (p = 0.005). TGF-β1 treatment further increased the expression of COL9A1 

(p = 0.050), COL12A1 (p = 0.007), MMP3 (p = 0.045) and MMP13 (p = 0.050) between 

6 h and 24 h. Also, COL12A1 expression was further increased by the combination of 

TGF-β1 with COMP (p = 0.011) or TSP-4 (p = 0.024) from 6 h to 24 h. While the additional 

treatment with TSP-4 lead to an increase of MMP13 (p = 0.017) expression, the addition 

of COMP showed a tendency to increase COL10A1 (p = 0.052) from the 6 h to 24 h time 

point.  
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Figure 3.13. COMP and TSP-4 induced gene expression after 24 h 

Gene expression was analysed by qPCR after chondrocyte stimulation with COMP (10 µg/ml), 

TSP-4 (10 µg/ml) and TGF-β1 (0.5 ng/ml) for 24 h. Relative gene expression (fold change to the 
control) is represented as mean + SD and significance (p ≤ 0.05*, p ≤ 0.01** and p ≤ 0.001***) 

analysed with the Friedman test and either the Tuckey or Dunnett’s post-hoc test. Relative gene 

expression was normalised to GAPDH. Asterisks* indicate significance to unstimulated control, 

the dollar$ to TGF-β1, the wave~ to COMP and the rhombus# to TSP-4. (n = 3) 
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3.12. COMP and TSP-4 contribute to the regulation of collagen matrix formation 

The influence of COMP and TSP-4 on gene expression was weak after 24 h, but 

observable. A direct correlation of gene and protein level is not always applicable; 

therefore, the effect of COMP and TSP-4 on collagen synthesis and matrix integration 

was investigated. Chondrocytes were stimulated with COMP (10 µg/ml), TSP-4 

(10 µg/ml), TGF-β1 (0.5 ng/ml) or in combination of TGF-β1 with COMP or TSP-4 for 7 

days. TGF-β1 was used as a regulator of collagen synthesis and to observe potential 

modulating or synergistic effects of COMP and TSP-4. As a negative control, 

chondrocytes were cultured in standard medium. Collagen matrix formation was 

investigated by immunofluorescence staining (Fig.3.14.A). COMP and TSP-4 contributed 

to the matrix formation of collagen II, IX and XII while no effect on collagen I and a slight 

decrease of collagen X could be observed. TGF-β1 enhanced the matrix formation of 

collagen I, II and XII while reducing collagen IX levels and not affecting collagen X. 

Investigating the effect of COMP and TSP-4 on TGF-β1 induced matrix formation showed 

a decrease of collagen I, X and XII levels as well as an increase of collagen II. TGF-β1 

associated collagen IX reduction could not be reversed by COMP or TSP-4. Data are 

represented as bar graphs in Supp.1.  

Collagens that are not integrated into the cell-associated matrix remain soluble and 

can be detected in the cell culture supernatant. Therefore, the amounts of different 

collagen types were analysed by immunoblot assays (Fig.3.14.B). Soluble collagen IX 

could only be detected in supernatants of cells treated with COMP, either alone or in 

combination with TGF-β1. This result showed that COMP contributes to the synthesis of 

collagen IX, even though its deposition into the matrix seems not intensively increased. 

Increased amounts of soluble collagen I and XII could be observed only in TGF-β1 

stimulated cells: This upregulation parallels the increase of protein in the matrix. 

Interestingly, the amount in the same proteins in the supernatant could be reduced by 

the addition of COMP or TSP-4. The signals for collagen X and collagen II in the 

supernatant were either very weak or even absent indicating that these proteins are 

quantitatively incorporated into the cell-associated matrix. 
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Figure 3.14: COMP and TSP-4 induced collagen matrix formation and secretion 

Chondrocytes were stimulated with COMP (10 µg/ml), TSP-4 (10 µg/ml) alone or in combination 

with TGF-β1 (0.5 ng/ml) for 7 days A) Immunofluorescence staining of collagen (Col) I, II, IX, X 
and XII at day 10. B) Immunoblot assays of chondrocyte supernatants at day 10. Roti®Blue 

staining of proteins was used as a loading control (LC). C) Table, connecting data of soluble and 

matrix integrated collagens. The arrows mark the increase (↑) or decrease (↓) compared to the 

control. No changes are indicated, by a minus (-). Three arrows indicate a strong, two arrows, a 
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moderate and one arrow a mild regulation compared to the control. (n = at least 2 per group); 

unstimulated cells were used as a control; scale bar = 100 µm 

 

To connect the findings of ECM and soluble collagens (Fig.3.14.C), COMP and TSP-4 

stimulation increased the level of collagen II, IX and XII as well as decreased collagen X. 

TGF-β1 increased the expression of collagen I, II and XII while reducing collagen IX. These 

effects, on collagen I and XII were weakened by the addition of COMP and TSP-4 while 

the increase of collagen II was further enhanced.  

3.13. COMP and TSP-4 do not affect proliferation but suppress chondrocyte 

dedifferentiation 

Reactivated chondrocytes in OA proliferate and dedifferentiate to collagen I 

producing cells. COMP and TSP-4 affect collagen II matrix deposition and suppress 

TGF-β1 induced collagen I expression. To test if COMP and TSP-4 can directly or indirectly 

modulate these processes, chondrocytes were stimulated with COMP (10 µg/ml) or 

TSP-4 (10 µg/ml) alone and in combination with TGF- β1 (0.5 ng/ml) for 7 days. The 

number of cells as well as the ratio of collagen I and collagen II positive cells were 

evaluated at day 10. TGF-β1 served as an inducer of chondrocyte proliferation. COMP 

(p = 0.99) and TSP-4 (p = 0.86) alone had no effect on cell proliferation and cell number 

after 10 days were comparable to untreated control (Fig.3.15.A, B). TGF-β1 (p = 0.003) 

alone and in combination with COMP (p = 0.002) or TSP-4 (p < 0.001) resulted in an 

increased cell number. The dual treatments with TGF-β1 also increased the cell numbers 

compared to the equivalent single treatments with COMP (p = 0.013) and TSP-4 

(p = 0.023). These data show that COMP and TSP-4 do not affect cell proliferation, 

neither directly nor by modulating the TGF-β1 induced proliferation.  
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Figure 3.15: Chondrocyte proliferation capacity  

Chondrocytes were stimulated with COMP (10 µg/ml) or TSP-4 (10 µg/ml) for 7 days. A) Nuclei 

were DAPI stained at day 10. B) The fold changes of the counted nuclei are represented and 
each bar shows the mean + SD. The significant differences between the control and all other 

conditions were calculated with the One Way ANOVA and the Dunnett‘s post-hoc test. 

Differences between COMP, TGF-β1 and COMP + TGF-β1 as well as TSP-4, TGF-β1 and TSP-4 + 

TGF-β1 were calculated with the One Way ANOVA and the Tuckey post-hoc test. Differences      

to the control are indicated by an asterisk *, to COMP by waves ~ and to TSP-4 by                           

rhombus #, as well as significance indicated by p ≤ 0.05*#~; p ≤ 0.01**; p ≤ 0.001***. (n = 3); 

scale bar = 100 µm. 

 

The percentage of cells expressing collagen I and collagen II, respectively, was 

investigated by immunofluorescence double staining (Fig.3.16.A). Collagen I and 

collagen II expressing cells were counted and the percentage of collagen expressing cells 

calculated (Fig.3.16.B). The percentage of collagen I and collagen II expressing cells was 

comparable between the control (p = 0.21) and TGF-β1 (p = 0.22) treated cultures. All 

other treatments, stimulation with COMP (p = 0.003), TSP-4 (p = 0.03) or in combination 

with TGF-β1 (COMP: p = 0.05; TSP-4: p = 0.02) resulted in a shift towards collagen II 

producing cells. Furthermore, collagen I producing cells were less in cultures treated 

with COMP (p = 0.025) and the co-stimulations of TGF-β1 with COMP (p = 0.007) and 

TSP-4 (p = 0.004). The stimulation with TSP-4 (p = 0.056) showed a trend of a reduced 

number of collagen I positive cells. The opposite was observed for collagen II producing 

cells which numbers increased in cultures treated with COMP (p = 0.033), TSP-4 

(p = 0.042) and in combination of TGF-β1 with COMP (p = 0.034) and TSP-4 (p = 0.010). 

These results show a COMP and TSP-4 associated suppression of chondrocyte 

dedifferentiation in monolayer culture. 
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Figure 3.16: Chondrocyte differentiation capacity  

Chondrocytes were stimulated with COMP (10 µg/ml) or TSP-4 (10 µg/ml) for 7 days. 

A) Immunofluorescence staining of collagen I (red), collagen II (green) and nuclei (blue) at day 
10. B) Percentages of chondrocytes expressing collagen I and II are represented and each bar 

shows the mean + SD. The significant difference between collagen I and collagen II positive cells 

was calculated with the paired t-test. Significance was indicated as p ≤ 0.05*; p ≤ 0.01**. 

Differences of collagen I and collagen II positive cells to the control were calculated with the 

Friedman test and the Dunnett’s post-hoc test. Significance is indicated as p ≤ 0.05% or §; 

p ≤ 0.01%% or §§, respectively. TGF-β1 (0.5 ng/ml) served as an inducer of proliferation and 

collagen synthesis and unstimulated cell as a control. (n = 3); scale bar = 100 µm. 

 

3.14. COMP and TSP-4 modulate proteoglycan deposition as well as matrix protein 

secretion and integration 

Collagen expression could be regulated by COMP and TSP-4, in the following 

experiments, their capacities to modulate the synthesis of proteoglycan and adaptor-

proteins will be investigated. Chondrocytes were stimulated with 10 µg/ml COMP and 

TSP-4, 0.5 ng/ml TGF-β1 alone and in the combination for 7 days. As a control, 

chondrocytes were cultured in standard medium. Proteoglycans were stained with 

Safranin-O as well as COMP, TSP-4 and Matn-3 detected by immunofluorescence 

staining (Fig.3.17.A). TGF-β1 stimulation enhanced COMP expression and proteoglycan 

deposition but severely reduced Matn-3 and did not affect TSP-4 levels. COMP and TSP-4 

stimulation alone resulted in increased proteoglycan deposition but did not affect COMP 

and Matn-3 levels. However, COMP stimulation could increase the matrix associated 

TSP-4 level, alone and in combination with TGF-β1. The additional treatment with COMP 

could further promote its own matrix formation, while the addition of TSP-4 caused a 

reduction in COMP levels. TSP-4 and Matn-3 matrix formation was not affected by the 
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dual treatments. Matn-3 level was lowest in cultures treated with TGF-β1, as observed 

for collagen IX. Immunofluorescence double staining revealed a strong co-localisation of 

Matn-3 and collagen IX (Supp.2). Data are represented as bar graphs in Supp.1. 

Adaptor proteins, not integrated into the matrix can be detected in the cell culture 

supernatant by immunoblot assays (Fig.3.17.B). The analyses revealed no differences in 

the amount of soluble COMP or Matn-3. Soluble TSP-4, was only detected in 

supernatants of cultures stimulated with TSP-4, although the amount was reduced when 

treated in combination with TGF-β1. Even if the matrix associated TSP-4 seems reduced 

by TSP-4 stimulation, there is still a synthesis ongoing, but the integration capacity in the 

matrix is impaired. To summarise the results received about soluble and matrix 

integrated proteins (Fig.3.17.C), the stimulation with either COMP or TSP-4 increased 

the level of proteoglycans. COMP also enhanced the amount of TSP-4 in the matrix, 

while TSP-4 stimulation itself inhibited its own matrix integration. TGF-β1 increased the 

levels of COMP and proteoglycans while reducing Matn-3. The upregulation of 

proteoglycans was further increased by the addition of COMP and TSP-4. Only, the 

addition of TSP-4 could reduce the TGF-β1 induced matrix formation of COMP.  
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Figure 3.17: Matrix formation and secretion of proteoglycan and adaptor-proteins in 

monolayer culture 

Chondrocytes were stimulated with COMP (10 µg/ml), TSP-4 (10 µg/ml) or TGF-β1 (0.5 ng/ml) 
or in combination with TGF-β1 for 7 days. A) Immunofluorescence staining of COMP, TSP-4 and 

Matn-3, as well as Safranin-O staining of proteoglycans at day 10. B) Immunoblot assays of 

chondrocyte supernatants at day 10. Roti®Blue staining of proteins was used as a loading control 

(LC). C) Table, connecting the results of soluble and matrix integrated proteins. The arrows mark 

the increase (↑) or decrease (↓) compared to the control. No changes are indicated, by a minus 

(-). Three arrows indicate a strong, two arrows, a moderate and one arrow a mild regulation 

compared to the control. (n = at least 2 per group); unstimulated cells were used as a control; 

scale bar immunofluorescence staining = 100 µm and Safranin-O staining = 200 µm 
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3.15. COMP and TSP-4 induce Erk1/2 signal pathway while Smad signalling is not 

affected 

In order to identify the signalling pathway that links COMP and TSP-4 stimulation to 

a cellular response, Erk and Smad pathways were analysed. To this end, chondrocytes 

were stimulated with 10 µg/ml COMP or TSP-4 for 30 min and phosphorylated Erk1/2, 

Smad2/3 and Smad1/5/9 detected by immunoblot analyses. Both COMP and TSP-4 

induced the phosphorylation of Erk1/2 (Fig.3.18.A) but not of Smad2 or Smad1/5/9 

(Fig.3.18.B).  

 

Figure 3.18: Smad and Erk phosphorylation in chondrocytes 

Chondrocytes were stimulated with 10 µg/ml COMP or TSP-4. Cell extracts were harvested and 
Smad as well as Erk proteins detected by immunoblot. A) Representative immunoblots showing 

the detection of pErk1/2, Erk1/2 and GAPDH. B) Representative immunoblots showing the 

detection of pSmad1/5/9, Smad1/5/9, pSmad2, Smad2 and GAPDH. (n = 4). 

 

3.16. COMP and TSP-4 modulate TGF-β1 induced Erk1/2 signalling 

The effect of TGF-β1 on the collagen matrix formation was modulated by the 

simultaneous addition of COMP and TSP-4, respectively. Therefore, their capacity to 

modulate TGF-β1 induced Erk signalling was investigated. The phosphorylation of Erk1/2 

was investigated after 30 min of stimulation with 10 µg/ml COMP or TSP-4 and different 

concentrations of TGF-β1 (0.1; 0.25; 0.5; 1 and 10 ng/ml). Erk1/2 was maximally 

phosphorylated after treatment with 0.25 ng/ml TGF-β1 (Fig.3.19.A). The additional 

stimulation with TSP-4 shifted this phosphorylation maximum to a TGF-β1 concentration 

of 0.5 ng/ml (Fig.3.19.C). The most intense Erk1/2 phosphorylation with simultaneous 

COMP treatment was found at 0.1 ng/ml TGF-β1 and continuously decreased with 

increasing TGF-β1 concentrations (Fig.3.19.B). The phosphorylation maximum at 
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0.1 ng/ml TGF-β1 was weaker than that of COMP alone. These results show that TSP-4 

attenuates the TGF-β1 induced Erk1/2 signalling in contrast to COMP, which capacity to 

induce Erk1/2 phosphorylation itself is suppressed by TGF-β1. 

 

Figure 3.19: Modulation of TGF-β1 induced Erk1/2 signalling in chondrocytes 

Chondrocytes were stimulated with indicated concentrations of TGF-β1 alone or in combination 

with COMP (10 µg/ml) or TSP-4 (10 µg/ml) before Erk1/2 proteins were detected by 

immunoblot. A) Representative immunoblots show the concentration-dependent TGF-β1 

induced phosphorylation of Erk1/2 (pErk1/2). Total Erk1/2 levels remain largely unchanged and 

GAPDH was used as a loading control. Representative immunoblots show the influence of COMP 
(B) and TSP-4 (C) on the concentration-dependent TGF-β1 induction of Erk1/2 phosphorylation. 

(n = 4) 

 

3.17. TSP-4 but not COMP can modulate TGF-β1 induced Smad signalling 

COMP and TSP-4 could directly induce Erk1/2 signalling and simultaneously 

modulate the phosphorylation capacity of TGF-β1. However, even though both proteins 

were unable to induce Smad signalling on their own they might have the potential to 

modulate TGF-β1 induced Smad signalling, as observed for Erk1/2. Therefore, 

chondrocytes were stimulated with 10 µg/ml COMP and TSP-4 alone or in combination 

with different concentrations of TGF-β1 (0.1; 0.25; 0.5; 1 and 10 ng/ml). The maximum 

of Smad1/5/9 as well as Smad2 phosphorylation was observed at a concentration of 

1 ng/ml TGF-β1 (Fig.3.20.A). The addition of COMP and TSP-4 did not affect Smad1/5/9 

phosphorylation (Fig.3.20.B, C). The simultaneous stimulation with TSP-4 enhanced the 

TGF-β1 induced Smad2/3 signalling by shifting the phosphorylation maximum of Smad2 

from 1 ng/ml to 0.25 ng/ml TGF-β1 (Fig.3.20.C). In contrast, COMP showed no 
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modulatory capacity (Fig.3.20.B). These results show that COMP does not affect Smad 

signalling, while TSP-4 can modulate the bioactivity of TGF-β1 to induce Smad2 

phosphorylation.  

 

Figure 3.20: Modulation of TGF-β1 induced Smad signalling in chondrocytes 

Chondrocytes were stimulated with different concentrations of TGF-β1 (0.5 ng/ml) alone or in 

combination with COMP (10 µg/ml) or TSP-4 (10 µg/ml) before Smad proteins were detected by 

immunoblot. A) Representative immunoblots show the concentration-dependent TGF-β1 

induced phosphorylation of Smad1/5/9 (pSmad1/5/9) and Smad2 (pSmad2) as well as total 

Smad1/5/9, Smad2 and GAPDH. Representative immunoblots show the influence of COMP (B) 
and TSP-4 (C) on the concentration-dependent TGF-β1 induction of Smad1/5/9 and Smad2 

phosphorylation. (n = 4) 
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3.18. COMP and TSP-4 binding capacity to TGF-β1 

COMP and TSP-4 had similar capacities to contribute to the ECM formation and 

could further modulate TGF-β1 induced Erk1/2 signalling. COMP is known to interact 

with TGF-β1, thereby modulating the bioactivity of TGF-β1 (87). However, if TSP-4 also 

directly interacts with TGF-β1 is not known. Therefore, the interaction of both proteins 

with TGF-β1 was characterised in surface plasmon resonance measurements using the 

Biacore system. The protein-protein interaction profiles show that both COMP 

(Fig.3.21.A) and TSP-4 (Fig.3.21.B) interact with TGF-β1. According to the calculated Kd 

value, the binding of TGF-β1 to TSP-4 seems stronger than to COMP. However, the value 

lies in a rather similar range and due to the low dissociation rate of COMP, a direct 

comparison is difficult (Fig.3.21.C). The kinetic data were calculated based on a 1:1 

model using the Biacore software and include chi2, association rate (ka), dissociation 

rate (kd) and the dissociation constant (Kd).  

 

Figure 3.21: Surface plasmon resonance measurements to analyse the interaction of COMP 

and TSP-4 with TGF-β1  

Protein-protein interaction profiles showing the binding of COMP and TSP-4 to TGF-β1. Surface 

plasmon resonance sensorgrams generated with the Biacore system are shown for COMP (A) 

and TSP-4 (B). Resonance signals expressed as response units (RU), indicate the degree of 

binding between COMP and TSP-4 with TGF-β1. COMP and TSP-4 were used in concentrations 

from 160 nM to 5 nM and injected to the immobilised TGF-β1 on a CM5 chip. C) Table, showing 
the data received from the Biacore assays. The association rate (ka), the dissociation rate (kd), 

the dissociation constant (Kd) and the chi2 are represented. The kinetic 1:1 model (Langmuir 

model) was used to calculate these parameters.  
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4. Discussion 

The ECM of articular cartilage is a highly complex network composed of several 

elements, hierarchically organised and specifically distributed, accordingly to their 

functional characteristics. This architecture provides the biomechanical properties of 

articular cartilage, enabling a painless and frictionless motion. (5) 

In OA, the articular cartilage is the target of degradation, which is paralleled by a 

loss of function, leading to immobility and pain (142). During disease progression, the 

ECM is continuously degraded (79, 142, 155, 164, 165), resulting in a reduced density of 

the ECM network and increased accessibility of ECM components to chondrocytes. The 

interaction of ECM components with chondrocytes causes a reactivation and affects the 

chondrocyte phenotype (15, 17). As a severe consequence, the cartilage homeostasis is 

disturbed by dysregulated anabolic and catabolic processes, involving especially the Erk 

and Smad signalling pathways (142, 150, 169, 216). Besides, the increased ECM 

degradation also a re-expression of ECM proteins, such as collagen II, Matn-3 and COMP 

(79, 154, 156, 157) occurs. The new synthesis of ECM proteins might be an attempt of 

the articular cartilage to induce repair mechanism to counteract the ECM degradation 

and slow down the disease progression. So far, the spectrum of regulated proteins in OA 

is poorly understood as well as the contribution of these proteins in OA typical 

processes.  

4.1. TSP-4 is present in healthy cartilage and severely upregulated in OA 

TSP-4 is expressed in various tissues (106, 107, 109) and rapidly upregulated in 

disease (111-123) but barely investigated in articular cartilage. In this project, it was 

shown for the first time, that TSP-4 is weakly expressed in healthy articular cartilage and 

severely increased in OA. The localisation of TSP-4 in healthy cartilage is restricted to the 

superficial zone, suggesting a contribution to its specific biomechanical properties. The 

superficial zone is the stiffest zone with the highest tensile strength (6, 217) to protect 

the subjacent cartilage layers from the shear forces during articulation (5). TSP-4 as an 

adaptor-protein might contribute to these properties by strengthening the network 

stability and modulate fibril assembly as it was shown in other tissues (109) or for its 

family member COMP (85). The response of TSP-4 to substrate stiffness and mechanical 
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alterations (218, 219) could be an attempt to strengthen ECM components as a response 

to tissue injury and the reason of a continuous expression in the superficial layer, which 

is the first area of damage during trauma or mechanical overload. Also, in OA 

development and progression, the superficial zone is the first point of damage. A change 

in the composition of this and underlying zones, as a damage response to provide 

different biomechanical properties seems likely. In that manner, a severe upregulation 

of TSP-4, already before visual degradation of the cartilage surface, was observed. An 

intense ECM remodelling during OA progression occurred, proteoglycans were 

continuously degraded from early to severe OA, starting at the superficial zone and 

Matn-3 localisation was restricted to the transitional zone and expanded to deeper 

zones in late-stage OA. COMP was initially degraded but re-expressed in later OA stages, 

especially in the upper cartilage zones. TSP-4 is abundantly expressed, specifically in the 

transitional and deep zones of OA cartilage, suggesting a change of the biomechanical 

properties of these zones to strengthen the cartilage resilience.  

In contrast to COMP and Matn-3, TSP-4 amounts accumulate with increasing OA 

severity grade. No differences between males and females could be detected, indicating 

a damage-associated rather than a gender-specific upregulation. The increased TSP-4 

synthesis could not be confirmed on the gene level, suggesting an extended half-life or 

decelerated protein turnover. Also, a change of the OA associated ECM composition 

might lead to an altered protein anchorage, meaning the loss and exposure of additional 

binding sites, due to protein degradation and synthesis. Investigations of the ECM in 

genetically modified mouse lines demonstrated similar phenomena, showing the lack of 

one specific protein altering the anchorage of other ECM components (31, 220, 221). To 

investigate this possibility in more detail, the anchorage of TSP-4 and COMP were 

analysed by extracting proteins under mild and harsh conditions. Protein levels 

unaffected by anchorage would result in a similar extraction profile under mild and 

harsh conditions as well as in the same protein ratio. However, the highest amount of 

TSP-4, extracted under harsh conditions was observed in G3/4 while this did not occur 

under mild conditions. To a great extent, TSP-4 is tightly anchored in the ECM but seems 

to be weaker in an intact G1 compared to an altered and damaged G3/4 matrix, 

suggesting an anchorage depending on the OA severity grade. Comparable, but less 

obvious results were obtained for COMP, indicating that similar structures cause similar 
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functions. TSP-4 is predominantly released and degraded in an early OA stage, while 

integration and accumulation, in the ECM, were promoted in later OA stages. This 

differences in protein anchorage might be due to additional binding sites on ECM 

components but cannot predict the behaviour of these interactions. To investigate the 

gene expression of THBS4 and COMP in more detail, another method would be 

preferable, like in situ hybridisation, allowing direct detection of the RNA synthesis on 

the tissue sections enabling a comparison with the protein localisation.  

The distribution of TSP-4 in OA cartilage occurs predominantly in the transitional 

and the deep zone as well as in all regions around the chondrocytes. Its high expression, 

specifically in the area, where proteoglycans started to be degraded suggests a 

contribution to stabilise the degrading ECM. So far, it is not known if TSP-4 can directly 

interact with aggrecan or other proteoglycans, as it was shown for other 

thrombospondin family members (51, 222) but it is quite likely that the structurally 

similar TSP-4 shares this function and supports the integrity of proteoglycans in the ECM. 

Additionally, the finding that TSP-4 anchorage is tighter in a severely degraded 

compared to a relatively intact ECM indicates a stabilising function. The re-expression of 

other ECM proteins in OA was primarily interpreted as an attempt to inhibit and 

decelerate further matrix degradation (223-225). In that manner, TSP-4 might also 

protect the articular cartilage by compensating the loss of matrix proteins and 

strengthening the ECM network by cross-linking several components, such as collagen 

II, III, V or fibronectin (103).  

Its close family member COMP is ubiquitously expressed in healthy cartilage but is 

a target of degradation and re-expression in OA. Due to the re-expression, COMP levels 

in OA cartilage are similar at all severity grades, showing that chondrocytes are exposed 

to COMP theoretically at any time point, including health and OA. Although, in OA, 

COMP is not only presented to chondrocytes in its matrix-associated form but also as a 

soluble protein, newly synthesised. Contrary, TSP-4 is mainly accessible to chondrocytes 

since earliest OA, suggesting an additional functional role to that of COMP. The 

differential distribution of COMP and TSP-4 in health and OA, suggests the participation 

of COMP in ECM maintenance while TSP-4 promotes ECM protection already at the 

onset of damage. Besides, the stabilising roles of these proteins, a direct effect on 
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chondrocytes was not reported, so far. Therefore, the functional roles of COMP and 

TSP-4 in OA relevant processes were investigated and compared.  

4.2. Functional roles of COMP and TSP-4 in articular cartilage 

The distribution and expression of COMP and TSP-4 were investigated in human OA 

articular cartilage samples isolated from the femoral knee condyles. Due to the 

limitation in human cartilage samples, the heterogeneity of patients and potential OA-

associated changes, even in healthy-looking areas of OA cartilage, it was decided to 

perform all further in vitro experiments in healthy non-OA chondrocytes. However, 

healthy articular cartilage from human knee joints are rare and could not be acquired in 

sufficient amounts. Other cartilage types, e.g. costal cartilage, would be a suboptimal 

alternative due to its characteristics as non-weight bearing cartilage including its 

different matrix composition and biomechanical properties (226). From all animal 

models, pigs show the highest similarities to humans, regarding their anatomy, 

physiology and genetics (227). Similar to humans, pigs develop a degenerative joint 

disease later in their life, comparable to human OA (228). Therefore, healthy pig articular 

cartilage from the knee joint was assessed as the best chondrocyte source to receive 

conclusive data about the role of COMP and TSP-4 in articular cartilage in health and OA 

onset.  

4.2.1. The effect of TSP-4 and COMP on chondrocyte migration, attachment and 

proliferation  

TSP-4 in OA and COMP, especially in health are distributed in all regions of the 

cartilage, including the pericellular matrix, which is relevant for chondrocyte integration 

and interaction (229). One of the hallmarks of OA is chondrocyte cluster formation, a 

process not very well understood (230). The clustering of chondrocytes either occurs as 

a result of proliferation (231, 232) or migration (233) of surrounding cells. Histological 

staining showed the formation of cell clusters predominantly in the close proximity to 

fissures in the upper part of the cartilage, where COMP and TSP-4 were expressed. A 

repopulation of damaged cartilage areas with chondrocytes would promote the ECM 

repair by the synthesis of new ECM proteins. In the performed experiments, neither 
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COMP nor TSP-4 could contribute to chondrocyte proliferation, but COMP was 

demonstrated to attract chondrocytes and accomplish their anchorage.  

A conservative dogma reveals that chondrocytes are immobilised in articular 

cartilage and unable to move, due to the dense extracellular matrix surrounding the 

cells. However, especially in OA the ECM is characterised by a loosened structure and an 

altered composition, allowing an increased migratory capacity of chondrocytes. Other 

in vitro studies, revealed that cells from the surrounding tissue migrated to the site of 

induced cartilage damage to repopulate the area, contributing to repair (234, 235). 

Additionally, a specific cell population isolated from late-stage OA cartilage was able to 

migrate into and through the matrix of intact OA cartilage (236). The importance of 

these findings is to break the dogma and strengthen the idea of migrating cells in 

articular cartilage. COMP re-expression in OA occurs predominantly in the upper zones 

of cartilage, where the ECM degradation is most pronounced and proteoglycans are 

already completely lost. It is attractive to speculate that the re-expression of COMP 

could form a gradient that can attract cells from neighbouring areas and mediate their 

attachment (86, 110) via binding to surface integrin receptors, like α5β1 and αvβ3 (86), 

both expressed on healthy and osteoarthritic chondrocytes (237). Integrins are surface 

receptors and mediate, besides cell attachment and migration several other processes, 

including cell proliferation, survival, cell signalling, cartilage homeostasis and ECM 

organisation (238). The α5β1 integrin was also reported to be involved in cell migration 

for other cells (239, 240) and might mediate the COMP associated cell migration and 

attachment, but further studies are needed to confirm this theory. Integrins are 

dysregulated in OA, among others by activation of ECM degradation products, leading 

to inflammation and ECM degradation (241, 242), suggesting that differential ligands 

may induce different downstream signalling pathways. Also, the integrin receptor 

profile is changing, including the new synthesis of α4 integrin, which is involved in cell 

motility, important for cluster formation occurring in late-stage OA (243, 244). However, 

TSP-4 had no impact on the migratory capacity of aged OA chondrocytes, while COMP 

was still able to attract them. Based on these findings, we showed that COMP but not 

TSP-4 mediates chondrocyte migration, independently of age and disease as well as their 

attachment. These data suggest that COMP and TSP-4 are prone to different 

chondrocyte receptors, fulfilling distinct tasks maybe as a consequence of their specific 
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distribution in the ECM. TSP-4 is insignificant for chondrocyte migration, but a rapid 

upregulation in injury is associated with the regulation of matrix protein synthesis and 

ECM remodelling (108, 112, 245), both processes highly relevant in OA. Also, induction 

of ECM protein synthesis seems highly likely and beneficial for COMP after mediating 

chondrocyte migration and attachment.  

4.2.2. The effect of COMP and TSP-4 on ECM synthesis and formation 

COMP was shown to directly induce gene expression in hepatocellular carcinoma 

cells, relevant for disease progression (246) and modulated those, induced by TGF-β1 in 

mink lung epithelial cells (87). TGF-β1 is a so-called general inducer of transcription in 

chondrocytes, due to the expression of several ECM proteins, like aggrecan, collagen II 

(90) or COMP (91) and was used as a reference in this study. Watanabe et. al (133) 

demonstrated induction of acan expression 6 h after stimulation with TGF-β1, which 

continuously increased until the final time point at 24 h. Therefore, gene levels were 

analysed after 6 h to detect a rapid response and after 24 h to receive a more detailed 

expression profile.  

After 6 h, COMP and TSP-4 induced the upregulation of COL2A1 and COMP 

expression. Additionally, TSP-4 could induce the expression of ACAN as well as COL12A1 

indicating a role of COMP and TSP-4 in repair and especially of TSP-4, in tissue 

remodelling. Besides, the COMP associated reduction in MATN3 expression after 24 h, 

no significant differences in the expression patterns could be observed by the treatment 

with COMP or TSP-4. The mean 2^-ΔΔCT values of these genes are comparable between 

time points, except ACAN expression, which seemed to return to the basal levels after 

24 h. In general, the expression levels induced by COMP and TSP-4 did not further 

increase from 6 h to the 24 h time point. Investigations on periosteal chondrocytes, 

treated with 200 µg/ml COMP (20 times the amount from our experiments) for 7 and 21 

days revealed a decrease of COL10A1 expression at both time points, although no 

differential regulation of COL2A1, ACAN or COL1A1 (247). Based on this study, no 

dramatic increase in gene expression would be expected by COMP or TSP-4 at later time 

points. Although, the faint increase in COL9A1 expression by COMP compared to TSP-4 

at the 24 h time point, might have become more obvious. Both proteins induced genes, 
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relevant for ECM maintenance and repair already at an early time point but are in 

general weak inducers of transcription. 

Gene expression data provided an overview of COMP and TSP-4 regulated genes 

but are of minor significance, due to the variety of processes affecting the final amount 

of protein. mRNAs might be the target of degradation, leading to a lower transcription 

rate but still resulting in the production of a proper amount of proteins caused by an 

effective translation. Also, the other way round, a high gene expression rate can result 

in a low amount of protein, due to post-translational modification and following 

degradation processes. Therefore, the effect of COMP and TSP-4 on protein synthesis 

and ECM formation was investigated.  

COMP and TSP-4 increased the synthesis and matrix integration of collagen II, 

collagen IX, collagen XII and proteoglycan while inhibiting those of collagen X. The 

increased expression of the main ECM components, collagen II and proteoglycan on 

gene and protein level as well as their potential to enhance TGF-β1 induced collagen II 

and proteoglycan synthesis demonstrate the involvement of both proteins in cartilage 

repair by restoring tensile strength and elasticity (5). Collagen II is the predominant 

collagen fibril in articular cartilage (22) and its zonal specific biomechanical as well as 

structural properties are achieved by its interaction with different ECM components, 

resulting in a heterogeneity of collagen II fibrils (23, 24, 35). Therefore, also the effect of 

COMP and TSP-4 on the expression of minor collagens, like collagen IX and XII are of 

great interest.  

Collagen XII, TSP-4 and COMP are all localised in the superficial zone in healthy 

cartilage, which possesses properties, such as stiffness to withstand the immense forces 

of articulation (6, 35). Therefore, it is not surprising that TSP-4 and COMP can induce 

collagen XII synthesis. Especially in OA, affecting all cartilage layers, increased collagen 

XII levels could support the stiffness and in that manner the integrity of the ECM. Due to 

the differential distribution of COMP in upper and TSP-4 in lower cartilage areas, 

collagen XII expression might contribute to the strengthening of all cartilage layers, but 

further experiments are necessary to confirm this interpretation. COMP and TSP-4 could 

induce the synthesis of collagen XII, but in combination with TGF-β1, this effect seems 

reversed, maybe due to a negative feedback loop. TGF-β1 stimulation resulted in high 

levels of immobilised and soluble collagen XII. These levels were much higher than that 
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seen in COMP and TSP-4 stimulated cells. Downregulation of collagen XII might be the 

consequence of the binding of TGF-β1 to COMP and TSP-4, blocking relevant binding 

sites, e.g. on growth factor receptors, as reported for COMP-BMP-2 (248). Also, a 

competition for intracellular proteins, essential in the signalling cascade within 

chondrocytes could be an explanation. Such a competition was shown for collagen II, 

which inhibits BMP signalling by negatively regulating intracellular Smad1 (130). 

Conspicuously, collagen XII amounts were low in conditions were collagen IX was 

enriched. Also, collagen IX-KO mice showed an increased amount of collagen XII 

distributed in areas where collagen XII is usually not expressed (220). Both, FACIT-

collagens share sequence homologies and are associated with collagen organisation 

(249), indicating a compensatory role of collagen XII in the absence of collagen IX. While 

collagen IX is rather associated with thinner collagen fibrils, lacking decorin (22-24), 

collagen XII is a known interaction partner, suggesting the involvement in the 

organisation of collagen fibrils with larger diameter (36). This property would indicate 

an involvement in tissue preparation to withstand biomechanical forces. 

COMP and TSP-4 stimulation had different effects on collagen IX expression, which 

was upregulated by both proteins. However, increased amounts of soluble collagen IX 

have only been detected in the supernatant of COMP stimulated cells, indicating an 

impaired matrix integration, by so far unknown mechanisms. On the gene level, a weak 

but significant upregulation of COL9A1 was observed in COMP compared to TSP-4 

stimulated cells. The upregulation on gene level could lead to an increased protein 

amount, not able to entirely integrate into the matrix, maybe due to missing binding 

sites. Important binding partners of collagen IX are COMP and Matn-3 (31, 220), which 

are either moderately present or absent in the cell-associated matrix and detected in 

the supernatant in all conditions. Matn-3 matrix integration was diminished in 

collagen IX-KO mice (31), suggesting that the integration capacities of both proteins may 

depend on each other. A co-localisation of collagen IX and Matn-3 were observed in 

most conditions, while TGF-β1 treatment reduced the amount of collagen IX and almost 

completely diminished Matn-3. Another possibility, stimulation with COMP might 

increase and promote the intracellular level of COMP, mediating collagen IX trafficking 

and secretion (250), resulting in protein complexes in the supernatant. COMP can 

directly bind to collagen IX with its C-terminal domain (82), suggesting a higher affinity 
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of collagen IX to COMP then to the few binding partners in the matrix. Collagen IX is 

entirely integrated into the cell-associated matrix when stimulated with TSP-4. The 

reason, therefore, might be the different binding properties of COMP and TSP-4 to 

collagen IX. While COMP is an important binding partner, TSP-4 cannot directly bind to 

collagen IX (220), excluding the possibility of a complex formation.  

Furthermore, the stimulation with COMP and TSP-4 resulted in a partially reduced 

amount of collagen I and lead to a shift in direction collagen II positive cells. The 

percentage of collagen I and collagen II positive cells in control and TGF-β1 stimulated 

cells were comparable, indicating involvement of COMP and TSP-4 in suppressing 

chondrocyte dedifferentiation. Several studies reported that chondrocytes, cultured in 

monolayer become dedifferentiated, characterised by the loss of cartilage-specific 

markers, like collagen II, collagen IX and COMP as well an increase of collagen I (251, 

252), just the opposite of the observations made after COMP and TSP-4 stimulation. 

Although, the loss of collagen IX, visible in TGF-β1 stimulated cultures, could not be 

reversed by an simultaneous treatment with COMP or TSP-4, supporting the observation 

that the loss of collagen IX is not reversible (251) and demonstrating an effect of TGF-β1 

on the chondrocyte phenotype. Based on the present data, COMP as well as TSP-4 

promote the repair of the ECM by inducing the synthesis of highly relevant ECM proteins 

and stabilising the chondrocyte phenotype by suppressing hypertrophy and 

dedifferentiation.  

COMP was able to contribute to the synthesis of TSP-4 and further enhanced its 

own expression induced by TGF-β1, while TSP-4 seems to reduce the TGF-β1 induced 

COMP levels. The probability that COMP in combination with TGF-β1 could enhance its 

own expression, was already suggested by Haudenschild D. et al. (87) and might 

contribute to the integration of other, newly synthesised proteins, like collagen II or 

collagen XII and support in that manner the ECM stabilisation. TSP-4 seems to inhibit its 

own integration in the matrix, observable by high protein amounts in the supernatant. 

The mechanism or reason behind this observation is not known but suggested that less 

binding partners are available in the cell-associated matrix when cells were only 

stimulated with TSP-4. Additional treatment with TGF-β1 showed less soluble TSP-4, 

indicating that TGF-β1 induced ECM protein synthesis, providing necessary binding 

partners, like collagen II and collagen I (103), supporting TSP-4 matrix integration. Also, 
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a role as signalling molecule might be possible, for example via direct interaction with 

chondrocytes or growth factors, such as TGF-β1, contributing to tissue remodelling and 

regulation of collagen synthesis as shown here and described in other tissues (108). In 

this study, a direct interaction of TSP-4 with TGF-β1 was demonstrated and suggests that 

newly synthesised TSP-4 can bind to matrix integrated TGF-β1, observable by a lower 

amount of soluble TSP-4 in the supernatant of cultures treated with TGF-β1 together.  

Immunofluorescence staining of chondrocyte cultures as well as 

immunohistological staining of OA cartilage showed an intracellular distribution of 

COMP and TSP-4, implying a transitional accumulation after their synthesis before 

secretion but also a possible intracellular function of these proteins. An intracellular 

involvement of TSP-4, in the ER stress response (253) was already reported. Here, TSP-4 

acts as a chaperone in protein folding, trafficking and secretion (253, 254). TSP-1 is 

further involved in collagen I processing and assembly (255) as well as COMP, in the 

export and the following assembly into fibrils (85). The importance of COMP in collagen 

export, was demonstrated in studies, showing that the lack of COMP or a mutated 

version lead to a retention of ECM proteins, such as collagen I, collagen IX, collagen XII, 

decorin and Matn-3 in the ER (84, 100, 250). COMP and TSP-4 bind fibrillar collagens via 

the same GXKGHR motif (256), strengthen the theory that TSP-4 and COMP share their 

functions in protein trafficking. Although, they are distinguishable in their potential to 

bind collagen IX (82, 220), therefore, it might be possible that TSP-4 processes the 

trafficking of other proteins. The synthesis and ECM formation of collagen II, IX, XII and 

proteoglycan are promoted, thereby the intracellular function of TSP-4 might be 

involved in the secretion and assembly of collagen II and aggrecan, in addition to COMP, 

which is associated with the export of collagen IX and XII, contributing in ECM repair. 

However, further studies will be required to prove this hypothesis.  

These data show that COMP and TSP-4, participating in processes promoting the 

formation, maintenance and repair of the ECM. Both proteins induced a weak but rapid 

upregulation of ECM relevant genes after 6 h and regulated the synthesis and ECM 

integration of collagens and proteoglycans, suggesting a potential to directly induce cell 

signalling pathways. Furthermore, a modulatory role of COMP and TSP-4 in TGF-β1 

associated protein synthesis was observed. Although, if these effects correlate with the 

activation of Erk and Smad signalling was not investigated, so far. 
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4.2.3. COMP and TSP-4 modulate cell signalling pathways 

In OA, a dysregulation of chondrocyte signalling causes a switch from anabolic to 

catabolic pathways, especially from anabolic Smad2/3 to the catabolic Smad1/5/9, by 

so far unknown reasons. Also, the anabolic Erk1/2 pathway shifts to a catabolic 

response, most likely due to a differential ligand-receptor binding. COMP and TSP-4 

induced the expression of anabolic proteins, suggesting activation of Erk1/2 or Smad2/3 

and inhibition of Smad1/5/9 due to the downregulation of catabolic proteins. 

Indeed, COMP and TSP-4 could directly induce Erk1/2 phosphorylation in articular 

chondrocytes but failed to phosphorylate Smad2/3 or Smad1/5/9. Another ECM protein, 

collagen II was reported to suppress hypertrophy in articular chondrocytes by inducing 

the phosphorylation of Erk1/2 (130). The same publication showed the ability of 

collagen II to induce Smad2/3 phosphorylation, although this effect was not further 

investigated. Additionally, TGF-β1 can induce the expression of aggrecan and collagen II 

in chondrocytes via Erk1/2 and Smad2/3 signalling (90). Therefore, COMP and TSP-4 are 

suggested to mediate the upregulation of aggrecan, collagen II as well as the 

downregulation of collagen X via Erk1/2 signalling. COMP can induce Erk1/2 

phosphorylation via CD36 receptor in primary hepatic stellate cells leading to the 

expression of collagen I (257). The CD36 receptor is present on healthy chondrocytes 

and even increases in OA (72), suggesting an association with chondrocyte-specific 

signalling to induce collagen II. No information about potential receptors for TSP-4 is 

available, but its association with Erk is once more controversial and tissue-dependent. 

TSP-4 can induce ERK1/2 phosphorylation as an acute stress response in failing hearts 

(218) but also drive forward neuronal differentiation by blocking Erk signalling (258). The 

stimulation of chondrocytes with COMP and TSP-4 might also result in the synthesis of 

ECM proteins, which can in turn mediate the synthesis of proteins primarily thought to 

be induced by COMP or TSP-4, like collagen II. Therefore, future experiments are 

necessary to confirm that COMP and TSP-4 induce the synthesis of collagen II and 

proteoglycans via Erk1/2 signalling. Inhibitors of the Erk signalling pathway will be used 

as well as specific receptor blockers, like for CD36 to identify the downstream produced 

proteins and the initiating receptors. 



4  Discussion 

 

91 

A study in zebrafish associated the Wnt-signalling pathway with collagen XII 

expression (259). Although, inhibition of Wnt signalling could not entirely abolish 

collagen XII (259), indicating an insufficient blocking of the inhibitor or the involvement 

of other signalling pathways. Interestingly, Wnt signalling is specifically detectable in the 

superficial zone of articular cartilage (260, 261), where also collagen XII is commonly 

expressed. In OA, Wnt signalling is dysregulated and mainly associated with ECM 

degrading processes, while its activity is necessary for ECM maintenance in health (262, 

263). These data also suggest a ligand specific activation of downstream genes, like 

observed for Erk1/2 (90, 130, 169, 216). TGF-β1 signalling can synergise with those of 

Wnt to support the expression of Wnt associated genes (264), indicating an indirect 

effect of TGF-β1 in the regulation of Wnt-specific genes. Signalling via different 

pathways might explain the collagen XII upregulation by TGF-β1, COMP or TSP-4 single 

treatment as well as the downregulation by dual treatment. However, further 

experiments will be necessary to identify COMP and TSP-4 associated mechanisms, 

responsible for collagen XII upregulation. 

Besides Smad2/3, TGF-β1, at a high concentration can also induce the 

phosphorylation of Smad1/5/9, resulting in the synthesis of collagen X (127). Stimulating 

chondrocytes with COMP and TSP-4 in combination with TGF-β1 attenuated the 

phosphorylation of Erk1/2, while only TSP-4 promoted the induction of Smad2/3 

signalling. However, neither of the two proteins did affect Smad1/5/9 signalling, 

restricting the downregulation of collagen X to an Erk depending process. Modulatory 

effects of COMP were reported for TGF-β1 (87) and BMP-2 signalling (88, 248). In 

bone-marrow derived stem cell studies, COMP increased the BMP-2 induced 

phosphorylation of Smad1/5/9 (88). Although, in vascular smooth muscle cells the 

addition of COMP to BMP-2 resulted in a signal inhibition, by COMP blocking the BMP-2-

receptor binding (248). In this study, also TSP-4 was shown to interact with TGF-β1, 

suggesting that the phosphorylation of Smad2/3 was promoted and Erk1/2 attenuated 

as a result of different receptor binding sites. COMP could not enhance the 

phosphorylation of Smad2/3 in contrast to TSP-4, suggesting once more that the 

receptor repertoire and protein binding motifs are partially distinguishable between 

these proteins. The activation of the Erk signalling pathway by COMP and TSP-4 might 

induce proteins, not investigated in this study but affecting the synthesis of additional 
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proteins, observable after 10 days in culture. Therefore, transcriptome analyses at 

different time points after stimulation could help to identify the whole spectrum of ECM 

proteins and growth factors involved in chondrocyte signalling. A COMP and TSP‑4 

mediated expression of TGF-β1 was not investigated in this project. TGF-β1 is 

synthesised as a latent complex and needs to be activated via cleavage of its propeptide 

(265). TSP-1 can bind via a specific sequence to the latent TGF-β1, leading to its 

activation (266). COMP and TSP-4 are lacking this TSP-1 domain and might not be able 

to activate the latent complex. If COMP and TSP-4 can directly or indirectly induce the 

synthesis of TGF-β1 as well as contribute to its activation by differential mechanisms will 

be investigated in future studies.  

These data, demonstrate important and highly relevant roles for COMP and TSP-4 

in cartilage homeostasis, maintenance and repair, which might be useful in the 

development of therapeutical applications. 

4.2.4. Clinical application of COMP and TSP-4 

The diagnosis of OA is usually based on radiographic images (176-178), although if 

cartilage damage is visible, the disease progressed already to a more severe stage. To 

diagnose OA at an earlier time point, allowing precautionary measures to stop disease 

progression, investigations to identify valuable biomarkers are performed. During OA 

progression, the activity of degrading enzymes varies, leading to the generation of 

specific degradation products, which are released from the ECM and diffuse to the 

synovial fluid and enter via the highly vascularised synovium (267) the blood circulation. 

The detection of such degradation products in the serum could be used as an invasive 

method to diagnose OA. Increased COMP levels were reported in OA (180, 189) and 

investigations on the clinical application of specific antibodies against COMP fragments 

(198, 199) are still ongoing. The presence of COMP in healthy cartilage still carries the 

risk of increased levels due to an OA unspecific degradation as a consequence of 

mechanical overload, for example excessive sports (268). 

TSP-4, as a newly synthesised protein in OA with a weaker anchorage in an intact 

ECM, might be a valid biomarker to detect early OA. In the present study, the amount 

of pentameric as well as fragmented TSP-4 were detected in the sera of healthy controls 

(HCs) and OA patients via immunoblot. No differences, in the level of the total 
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(pentameric and fragmented) and pentameric TSP-4 could be detected between HCs 

and OA patients. Similar results were obtained earlier by another study (110), 

investigating TSP-4 levels in sera of HC and OA patients by enzyme-linked 

immunosorbent assay (ELISA). Although, they claimed that significance might have been 

reached by investigating a larger patient cohort. However, the ELISA technique does not 

allow a specification of the antibody binding. Therefore, it might be possible that also 

fragments were detected, resulting in an increased level of TSP-4. By distinguishing 

TSP-4 proteins in different structural conditions, the level of total TSP-4 seemed to 

increase in OA, while the amount of pentamers decreased. The presence of specific 

TSP-4 fragments was investigated in more detail, based on the valuable information 

received from other ECM proteins (199, 269). Thereby, two specific TSP-4 fragments 

(fragment 1 and 2) were increased in OA compared to HC sera, indicating that OA-

related enzymes are responsible for this degradation pattern. Levels of fragment 3 and 

fragment 4 were not distinguishable between OA and HCs and consequently not directly 

associated with an OA related cleavage. To our knowledge, the mechanism, leading to 

TSP-4 cleavage and degradation is not known but assumed that MMP-9, MMP-13, 

ADAMTS-7, and ADAMTS-12 are potential candidates due to their upregulation in OA 

(127, 270, 271) and capacity to cleave COMP (272-274). Future studies are ongoing to 

identify enzymes cleaving TSP-4 as well as the effects of the cleavage products on 

chondrocytes. The functional and biochemical characterisation of the fragments will 

show if they are involved in the expression of inflammatory mediators and matrix-

degrading enzymes, causing further cartilage damage as reported for other ECM 

proteins (168, 275). Furthermore, the investigation of sera from patients with suspicion 

of OA and different OA severity grades, classified by imaging techniques should provide 

more information about the potential of TSP-4 in the diagnosis of OA, especially at a 

stage before irreversible damage occurs.  

Besides, the diagnostic application, COMP and TSP-4 might be useful in the 

treatment of OA. A promising alternative therapy to the total knee replacement is the 

ACI and MACI technique, resulting in the formation of cartilage tissue after transplanting 

chondrocytes into the side of damage (200). The limitation of these procedures is the in 

vitro expansion of chondrocytes, necessary for clinical applications but resulting in a 

dedifferentiated phenotype (203, 276). Dedifferentiation involves the downregulation 
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of the chondrocyte markers COMP, collagen IX and collagen II (251) as well as the 

upregulation of collagen I (277), resulting in the formation of cartilage with insufficient 

biomechanical properties (45). This phenotype can be reversed by transferring 

chondrocytes to 3D culture systems (251, 278, 279), but the downregulation of 

collagen IX as well as the upregulation of collagen I are permanent and cannot be 

reversed (251). Therefore, it is necessary to find culture systems to protect the 

chondrocyte phenotype and prevent any changes in the ECM expression. Growth 

factors, like the fibroblast growth factor 2 (280), variations in cell seeding concentrations 

(281, 282) or 3D culture conditions (251) are reported to prevent chondrocyte 

dedifferentiation. In this project, COMP and TSP-4 suppressed chondrocyte 

dedifferentiation in monolayer culture, independently of cell proliferation. Therefore, 

COMP and TSP-4 might be promising factors to maintain the chondrocyte phenotype 

during in vitro expansion. The advantage of monolayer cultures is easy handling and 

compared to 3D systems, the lower costs. The use of growth factors is delicate in clinical 

application, due to their widespread activities (283) and therefore, TSP-4 and COMP, 

which are both expressed in cartilage are preferable.  

After in vitro expansion, chondrocytes are transplanted into the side of the defect, 

either directly or on scaffolds. The properties of porous scaffolds, like porosity, pore size 

(284, 285) and stiffness (286, 287) can be regulated by the incorporation of different 

components. Based on the data received in this project, incorporation of COMP and 

TSP-4 would be highly beneficial by improving cell anchorage, protecting chondrocytes 

phenotype and inducing the production of proteins, essential for ECM properties. The 

potential of COMP to attract chondrocytes can also improve the quality of cell-free 

scaffolds by supporting the scaffold population. The subsequent interaction of migrated 

cells with scaffold associated COMP and TSP-4 would further promote cartilage tissue 

formation. COMP and TSP-4 could improve the quality and survival of grafts by 

promoting the formation of cartilage tissue, resembling those of articular cartilage and 

its biomechanical properties. Therefore, this data might contribute to the wellbeing of 

OA patients and improve their life quality.  
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4.3. Conclusion 

The data of this project demonstrate that chondrocytes in articular cartilage can 

activate mechanisms to protect and repair the ECM in injury and disease. COMP and 

TSP-4, distributed in different cartilage zones, contribute to the integrity and repair of 

the ECM by promoting chondrocyte migration, attachment and ECM protein synthesis 

as well as the stabilisation of the chondrocyte phenotype (Fig.4.1). Their involvement in 

direct and indirect cell signalling provides an overview of the complexity of the cartilage 

network and the ongoing processes in the ECM. Overall, OA leads to cartilage 

degradation, despite the protective effects of COMP and TSP-4. Maybe, the impact of 

inflammation and degradation overcomes the repair mechanisms by inducing catabolic 

as well as inhibiting anabolic pathways (169, 216). The cleavage products of ECM 

proteins might have a differential effect on chondrocytes by supporting ECM 

degradation. In that manner, COMP and TSP-4 fragments might also block relevant 

binding sites and may induce catabolic pathways on their own, substituting for intact 

COMP and TSP-4 in a negative way. However, the COMP and TSP-4 mediated repair 

processes might be responsible for the slow progression of OA, at least partially. 
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Figure 4.1: Schematic representation of the functional role and distribution of COMP and 

TSP-4 in articular cartilage 

COMP and TSP-4 distribution, as well as protein levels in healthy and OA cartilage, are 
demonstrated in blue and green, respectively. Their impact on cartilage and OA relevant 

processes are indicated. 
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6. Supplement 

6.1. COMP and TSP-4 are involved in the cell associated matrix formation 

To better estimate the amount of matrix integrated collagens, proteoglycans and 

adaptor-proteins, the areas of positive staining was analysed with Fiji – ImageJ and 

statistically evaluated in Supp.1.  

 

Supplement 1: The effects of COMP and TSP-4 on ECM formation 

Chondrocytes were stimulated with COMP (10 µg/ml) or TSP-4 (10 µg/ml) and in combination 

with TGF-β1 (0.5 ng/ml) for 7 days. ECM proteins were detected by immunofluorescence 

staining in the cell-associated matrix at day 10. Positively stained areas were analysed and fold 
change to control represented. Each bar shows the mean + SD and significance (p ≤ 0.05*, 

p ≤ 0.01** and p ≤ 0.001***) was analysed with the Friedman test and either the Tuckey or 

Dunnett’s post-hoc test. Asterisks* indicate significance to unstimulated control, the dollar$ to 

TGF-β1, the wave~ to COMP and the rhombus# to TSP-4. (n = 3) 
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6.2. Collagen IX and Matn-3 are predominantly co-localised in a cell-associated matrix 

Collagen IX and Matn-3 levels were dramatically reduced in cultures treated with 

TGF-β1 alone and in combination with COMP or TSP-4. To investigate if the anchorage 

of both proteins may partially depend on the other, immunofluorescence double 

staining was performed and co-localisation evaluated. Matn-3 was predominantly co-

localised with collagen IX. However, collagen IX was also observable in the absence of 

Matn‑3. (Supp.2) 

 

Supplement 2: Co-localisation of collagen IX and Matn-3 

Chondrocytes were stimulated with COMP (10 µg/ml) or TSP-4 (10 µg/ml) for 7 days. 

Immunofluorescence staining of collagen IX (green), Matn-3 (red) and nuclei (blue). The merged 

images show co-localisation of collagen IX and Matn-3 (yellow). Unstimulated cells were used as 

a control. (n = 3); scale bar = 100 µm. 

 

6.3. COMP and TSP-4 did not increase the protein amount of VEGF 

A hallmark of late-stage OA is the invasion of blood vessels into the cartilage (1, 2), 

by so far unknown mechanisms. However, it is speculated that the increased expression 

of VEGF in OA (3, 4) could promote this event. On gene level, COMP and TSP-4 had no 

significant effect on VEGF expression. However, TGF-β1 increased the VEGF expression 

in chondrocytes and addition of COMP and TSP-4 could further increase this level 

(Fig.3.12 and Fig.3.13).  

To investigate if COMP and TSP-4 can contribute to cartilage vascularisation in OA 

by modulating VEGF protein synthesis, chondrocytes were stimulated with 10 µg/ml 

COMP or TSP-4 alone and in combination with 0.5 ng/ml TGF-β1 for 7 days. The amount 
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of intracellular VEGF was determined by immunofluorescence staining (Supp.3) as well 

as soluble VEGF by immunoblot analysis. The amount of cell associated VEGF was 

highest in the control and significantly reduced by stimulation with COMP (p = 0.008) 

and tendentially reduced with TSP-4 (p = 0.052). TGF-β1 (p = 0.004) alone and in 

combination with COMP (p = 0.004) or TSP-4 (p = 0.002) also reduced the level of VEGF 

compared to the control. No soluble VEGF could be detected in the supernatant (data 

not shown).  

 

Supplement 3: COMP and TSP-4 induced collagen matrix formation and secretion 

Chondrocytes were stimulated with COMP (10 µg/ml) or TSP-4 (10 µg/ml) and in combination 

with TGF-β1 (0.5 ng/ml) for 7 days. A) Immunofluorescence staining of VEGF at day 10. B) 

Statistical representation of positively stained areas. Each bar shows the mean + SD and 

significance (p ≤ 0.01**) was analysed with the Friedman test and either the Tuckey or Dunnett’s 

post-hoc test. Asterisks* indicate significance to control. Unstimulated cells were used as a 

control. (n = 3); scale bar = 100 µm 

 

COMP and TSP-4 did not regulate VEGF gene expression but reduced its protein 

level, suggesting a rather anti-angiogenic potential of both proteins in articular cartilage. 

In OA, also the underlying bone is affected and represent the origin of blood vessels, 

invading the cartilage in later OA stages. To test the general effects of COMP and TSP-4 

on vascularisation, their potential to modulate migration, proliferation and tube 

formation capacity of HUVECs were analysed. These experiments were performed in 

cooperation with the Erasmus MC in Holland, part of the Marie-Curie ITN CarBon.  
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6.4. TSP-4 but not COMP could attract HUVECs 

The migratory capacity of HUVECs was investigated via the transwell system. As 

attractants, 10 µg/ml COMP or TSP-4 were added to the lower compartment and 

HUVECs in the upper compartment were allowed to migrate for 10 h.  

TSP-4 (p = 0.007) but not COMP (p = 0.581) could attract HUVECs (Supp.4.A, B). This 

data shows just the opposite compared to chondrocytes.  

 

Supplement 4: The effects of COMP and TSP-4 on HUVEC migration 

HUVECs were attracted with COMP (10 µg/ml) or TSP-4 (10 µg/ml) in a transwell system for 10 h. 

A) Representative images of migrated HUVECs stained with DAPI (red). B) Migrated cells were 

counted and statistically evaluated. Each bar shows the mean + SD and significance to EBM 

(p < 0.05*, p < 0.01**) was analysed with the Friedman test and Tuckey post-hoc test. EBM was 

used as a negative and EGM as a positive control. (n = 3); scale bar = 100 µm. 
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6.5. Neither, TSP-4 nor COMP did effect HUVEC proliferation 

To investigate the contribution of COMP and TSP-4 in neovascularisation, also their 

potential to induce HUVEC proliferation was investigated.  

Therefore, HUVECs were stimulated with 10 µg/ml COMP or TSP-4 for 24 h and the 

number of proliferated cells counted. None of the proteins could induce HUVEC 

proliferation (Supp.5).  

 

Supplement 5: The effects of COMP and TSP-4 on HUVEC proliferation 

HUVECs were stimulated with 10 µg/ml COMP or TSP-4 and their proliferation rate measured 

after 24 h. A) Proliferating cells were labelled with EdU and the nuclei of all cells stained with 

DAPI. The merged pictures show the overlap of proliferating (yellow) and non-proliferating (red) 

cells. B) The ratio of proliferating cells was calculated and statistically evaluated. Each bar shows 

the mean + SD and significance to EBM (p < 0.05*) was analysed with the paired t-test. EBM was 

used as a negative and EGM as a positive control. (n = 3); scale bar = 100 µm 
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6.6. Neither, TSP-4 nor COMP did effect HUVEC tube formation 

To test if TSP-4 or COMP can induce the tube formation of attracted cells, HUVECs 

were seeded onto a GeltrexTM matrix and stimulated with 10 µg/ml COMP or TSP-4 for 

24 h. The tube formation was observed after 6 h and 24 h (Supp.6.A) as well as the 

length of the formed tubes (Supp.6.B) and the number of junctions (Supp.6.C) measured 

after 24 h. Neither COMP nor TSP-4 could modulate the tube formation of HUVECs.  

 

Supplement 6: The effects of COMP and TSP-4 on HUVEC tube formation 

HUVECs were stimulated with 10 µg/ml COMP or TSP-4 and the tube formation measured after 

6 h and 24 h. A) Representative pictures showing the tube formation after 6 h and 24 h. The 

tube length (B) and the number of junctions (C) were calculated and statistically evaluated. Each 

bar shows the mean + SD and significance to EBM (p < 0.05*) was analysed with the paired t-test. 

EBM was used as a negative and EGM as a positive control. (n = 3); scale bar = 100 µm 

 

TSP-4 but not COMP has the potential to attract HUVECs. Therefore, TSP-4 might be 

involved in processes of vascular invasion in OA cartilage. Although, neither proliferation 

nor the tube formation could be modulated by TSP-4, suggesting an insignificant role in 

angiogenesis. Besides, COMP and TSP-4 had a negative effect of on VEGF levels, the main 

regulator of angiogenesis, in chondrocytes, indicating a rather protective effect of the 

articular cartilage from vascular invasion.  
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