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Summary   
 
Osteoarthritis (OA) is a degenerative disease of the joint leading to the degradation 

of the articular cartilage. Current therapies cannot halt or reverse the disease, 

leading to a severe impact on life quality accompanied by immense health care and 

society cost. One major characteristic of OA is the replacement of articular cartilage 

by a fibrocartilaginous repair tissue. Chondrogenic progenitor cells (CPCs) reside in 

the late-stage OA fibrocartilage and express the fibrotic marker collagen type 1 

(COL1). However, these cells can undergo chondrogenic differentiation in vitro and 

produce the articular cartilage marker collagen type 2 (COL2). The aim of this project 

is to analyze how the CPCs’ chondrogenic potential can be increased to lay the 

foundation for future therapeutic interventions in OA. The chondrogenic transcription 

factor SRY (sex determining region Y)-box 9 (SOX9) and the osteogenic transcription 

factor runt-related transcription factor 2 (RUNX2) are key regulators in CPCs and 

control their chondrogenic differentiation. Chapter I of this thesis analyzes the effect 

of the extra-cellular matrix (ECM) protein biglycan (BGN) and of the transforming 

growth factor β (TGF-β) and epidermal growth factor (EGF) signaling pathways on 

SOX9 and RUNX2 expression. Histological staining confirmed the presence of these 

molecules in late-stage OA fibrocartilage specimens. Analysis on the RNA and 

protein level demonstrated that BGN modulates TGF and EGF signaling events and 

vice versa. TGF and EGF stimulation of CPCs resulted in elevated 

osteochondrogenic marker expression, including SOX9 and RUNX2. Chapter II deals 

with a direct manipulation of the osteochondrogenic regulators SOX9 and RUNX2. 

Despite its osteogenic role in chondrocyte hypertrophy that precedes bone formation, 

RUNX2 was confirmed to have a pro-chondrogenic effect. Next, the early endosomal 

marker ras-related protein Rab-5C (RAB5C) was identified as potential interaction 

partner of SOX9 in CPCs. The deletion of RAB5C using CRISPR/Cas9 increased the 

chondrogenic potential of CPCs and did not impair their ability to migrate. Finally, our 

findings suggest that altered bone morphogenetic protein, notch and interleukin 

signaling mediate this pro-chondrogenic effect. 

In summary, this thesis discusses novel strategies to manipulate the chondrogenic 

potential of CPCs. First, the modulation of chondrogenic signaling events in CPCs by 

BGN highlights the role of the ECM on the chondrogenic potential. Secondly, RAB5C 

was identified as potential co-regulator of SOX9 in CPCs and resembles a candidate 

for future research on therapeutic interventions in OA.   
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General introduction 
 
Osteoarthritis (OA) is the most common form of arthritis and a major cause of pain 

and disability around the world (Reginster, 2002). OA affects the joints by 

degenerative processes, leading to the destruction of the articular cartilage and 

immobilization of the affected joint (Felson, 2006). It has been estimated that 80% of 

OA patients have impaired movement and 25% cannot perform major activities. OA 

accounts for 2.4% of all years lived with disability and showed a 75% increase 

between 1990 and 2013, making it the third most rapidly rising condition associated 

with disability after diabetes and dementia (Wittenauer et al., 2013). 

 

Anatomy of the joint 

The musculoskeletal system is composed of muscles, bones, tendons, ligaments, 

joints and joint capsules. Joints are connections between bones that allow for various 

types and degrees of movement and thus are essential for the body’s articulation. 

They can be classified based on morphological criteria, e.g., the joint structure. 

Diarthroidal joints are characterized by the occurrence of a synovial gap that is 

absent in synarthrodial joints. The synovial gap is located between the two ends of 

the opposing bones and is filled with synovial fluid that provides lubrication during 

movement. This fluid is secreted by the synovium, a membrane sealing the synovial 

gap. Furthermore, a fibrous joint capsule engulfs and supports the underlying 

synovium. Muscles and ligaments collaborate with the joint capsule to provide 

stability and limit the joints range of movement (Garnero et al., 2000). Finally, a 

unique soft tissue, the articular or hyaline cartilage is pivotal for the joint’s integrity. 

Located at the end of each articular bone and bordering the synovial gap, it provides 

resistance to the intense compression forces that occur during locomotion (Fox et al., 

2009).  

In summary, the diarthrodial joint is composed of different specialized tissues that 

allow for movement, while maintaining joint integrity and opposing the intensive and 

repetitive loading forces. Diseases affecting the joint can lead to destruction of the 

articular cartilage, destabilizing the joint and thus may result in total joint failure. 

Therefore, research on the structure and function of articular cartilage aims to 

preserve this unique and essential tissue. 

 



General introduction

 5 

Basic biology of the articular cartilage 

Articular cartilage is about 2–4 mm thick and is only inhabited by chondrocytes that 

exhibit a limited replication potential. The major task of articular cartilage is to provide 

a smooth, lubricated surface to allow articulation by facilitating the transmission of 

loads with a low frictional coefficient (Fox et al., 2009). The limited capacity for 

regeneration is a result of an absent perichondrium harboring stem cells (Goldring 

and Goldring, 2010). This highly specialized tissue is characterized by the lack of 

blood vessels, lymphatics and nerves. The chondrocyte is nurtured by diffusion from 

the synovial fluid and is depending on anaerobic metabolism. Joint movement and 

loading displaces the synovial fluid, securing the chondrocytes’ nutrition and thus, is 

essential to prevent cartilage degradation (Buckwalter and Mankin, 1998b). 

Chondrocytes synthesize the extracellular matrix (ECM) in which they will be trapped. 

The ECM prevents migration of the chondrocytes, cell-to-cell contacts as well as the 

associated direct communication between cells. Nevertheless, signal transduction is 

established via growth factors, piezoelectric forces, hydrostatic pressure and 

mechanical load. These signals coordinate chondrocytes to develop, maintain and 

repair the ECM. Natural homeostasis of the ECM involves anabolic processes, such 

as the increased synthesis of ECM proteins, or catabolic processes such as the 

expression of ECM turnover enzymes (Fox et al., 2009). Functionally, the ECM not 

only provides the tissues properties, but also plays a major part in organizing the 

stem-cell niche by modulating signaling events (Bi et al., 2007).  

Structurally, the ECM is composed of water, collagens (COL), proteoglycans, non-

collagenous proteins as well as glycoproteins. COLs are comprised of three 

polypeptide α-chains wound into a homo- or heterotrimeric helix. The confirmation, 

folding and stability of each alpha chain is dictated by a repetitious amino acid motif 

that mainly contains glycine, proline and hydroxyproline (Brodsky et al., 2008). Other 

key components of articular cartilage are proteoglycans. Proteoglycans are strongly 

glycosylated protein monomers and interact with collagens to provide structural 

support to the ECM. They consist of one protein core with one or more negatively 

charged linear glycosaminoglycans chains that are composed of more than 100 

monosaccharides. In contrast to proteoglycans, glycoproteins are less heavily 

glycosylated and their oligosaccharide chains are rather short and branched. 

Glycoproteins are mainly integrated into the cell membrane and involved in cell 

recognition as well as signal transduction (Fox et al., 2009). Finally, some proteins in 
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the ECM do not fit into the aforementioned categories. The research on these 

proteins includes their interaction with the ECM or their altered abundance during OA 

(Roughley, 2001).  

The most prominent markers of articular cartilage are COL2 and the proteoglycan 

aggrecan (ACAN). COL2 is a homotrimer and makes up to 90-95% of all COL in the 

cartilage. Moreover, COL2 forms fibrils, provides the tensile strength of the tissue 

and entraps proteoglycan aggregates. The entrapped aggregates consist of ACAN 

bound to hyaluronan and thus possess an immense capacity to bind water. Together, 

COL2 and ACAN aggregates provide the articular cartilage with its osmotic 

properties and resilience by imbedding water (Fox et al., 2009). Other prominent 

markers of articular cartilage are COL9 and COL11, as both are required for proper 

ECM organization (Bruckner and van der Rest, 1994).  

 

Structure of the articular cartilage 

Based on the proximity to the chondrocyte, the ECM in articular cartilage is divided 

into three regions that display unique features. The pericellular matrix is adjacent to 

the cell membrane and is important for signal transduction (Poole, 1997). Therefore, 

it contains proteoglycans such as biglycan (BGN) that can interact with receptors to 

modulate signaling events (Nastase et al., 2012). The thicker territorial matrix engulfs 

the pericellular matrix and protects the chondrocytes from substantial loads. Finally, 

the interterritorial region provides the biomechanical properties of articular cartilage 

(Poole, 1997). In this region, proteoglycans are abundant and the COLs are oriented 

according to their location in the respective cartilage zone, which will be described in 

the following. 

Cartilage is divided into four zones, each featuring unique characteristics. The 

outmost superficial zone contains mainly COL1 and COL9, which are arranged 

parallel to the cartilage surface. They distribute the compressive load over a vast 

area and provide protection against sheer forces. The middle zone is located 

underneath the superficial zone, mainly consisting of oblique arranged COL2 fibers 

as well as proteoglycans, and provides resistance against compressive forces. The 

underlying deep zone is characterized by COL2 fibers that are perpendicularly 

aligned to the joint surface, the highest proteoglycan content and the lowest water 

concentration; resulting in the greatest resistance to compressive forces. Finally, the 



General introduction

 7 

tidemark segregates the deep zone from the calcified zone that secures the articular 

cartilage to the subchondral bone (Fox et al., 2009). During joint development, the 

calcified zone is produced by terminally differentiated chondrocytes, the so called 

hypertrophic chondrocytes (Goldring and Goldring, 2010). They replace their ECM 

with hypertrophic markers such as COL10 to induce ossification of the cartilage and 

eventually deposit calcium (Sandell and Aigner, 2001).  

In summary, the different zones of healthy articular cartilage resist and distribute the 

occurring shear and compressive forces upon load to the subchondral bone. This is 

achieved by the smooth, lubricated surface that allows for low-friction when the joint 

is loaded. The electrostatic forces between proteoglycans and water provide a high 

resistance to the occurring compressing forces (Blalock et al., 2015). Then, the 

increased interstitial fluid pressure squeezes the interstitial fluid out of the cartilage. 

Finally, interstitial fluid flows back into the cartilage as the compressive load is 

removed. Articulation is based on the unique properties of articular cartilage as well 

as on the other specialized joint tissues. Pathological alterations may affect these 

tissues and impede proper joint function (Fox et al., 2009). 

 

Pathology of OA 

OA is a disease that leads to failure of synovial joints as a result of disrupted balance 

between cartilage breakdown and repair (Eyre, 2004). Moreover, not only does this 

include the destruction of the articular cartilage, but the whole joint becomes affected 

as well. OA is characterized by a state of constant low inflammation. Symptoms of 

OA include pain, stiffness, reduced movement, swelling and crepitus in the absence 

of systemic features such as fever (Hunter and Felson, 2006). Nevertheless, some 

patients are asymptomatic despite exhibiting structural changes typical for OA 

(Hannan et al., 2000). Hitherto, there is no explanation for these cases and in general 

the rather late occurring diagnosis exacerbates the research on the initial events 

leading to OA (Heinegard and Saxne, 2011). 

On the protein level, OA leads to degradation of the articular cartilage. In healthy 

individuals, articular cartilage it is an avascular tissue inhabited only by chondrocytes. 

The chondrocytes keep the equilibrium between anabolic and catabolic processes, 

by secreting the ECM; and ECM turn over enzymes such as matrix 

metallopeptidases (MMPs). However, in OA, MMPs are overexpressed leading to an 
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increased turnover of the ECM. First, the chondrocytes exhibit an increased ECM 

synthesis and secret MMP inhibitors to counteract the catabolic MMPs. Eventually, 

this procedure is insufficient to sustain the ECM, and thus a loss of protein and 

protein organization with the simultaneous increase of water can be observed. 

Additionally, the cellular organization is affected by OA and the formation of 

chondrocyte clusters can be observed (Goldring and Goldring, 2007). The extensive 

deposition of COL1 leads to the formation of a fibrocartilaginous repair tissue of 

lesser quality accompanied by severe loss of cartilage elasticity (Miosge et al., 2004, 

Miosge et al., 1998). Finally, macroscopical fissures and erosion events take place, 

further impairing the joint function (Hollander et al., 1995). 

Pathological alterations affect all other joint tissues, too. The tidemark segregating 

the articular cartilage from the underlying bone duplicates, which is probably 

triggered by regional calcification of deep articular cartilage. Furthermore, the 

sprouting of blood vessels from the subchondral bone into this usually avascular 

region tissue can be observed (Goldring, 2012). Degeneration is observed in the 

ligaments and the subchondral bone (Schulze-Tanzil, 2019). Lesions in the bone 

marrow may form and osteophytes emerge (Cicuttini et al., 1996). Additionally, the 

occurrence of subchondral microfractures (Burr, 2004) and bone angina (Simkin, 

2004) is characteristic of OA. During the onset of OA, thickening of the synovial 

capsule, synovial hyperplasia, activated synoviocytes, fibrosis as well as lymphocytic 

invasion may occur (Scanzello and Goldring, 2012). Moreover, adjacent to the 

synovial membrane is the infrapatellar fat pad, resembling a rich reservoir of 

inflammatory adipokines and chemokines (Ioan-Facsinay and Kloppenburg, 2013). 

This fat pad can be activated during OA or by synovitis. Early inflammation events 

may play a significant role in the development of OA, as the released inflammatory 

mediators could direct chondrocytes from an anabolic to a catabolic phenotype 

(Heinegard and Saxne, 2011).  

In total, OA can affect all tissues of the joint and the pathological changes lead to the 

loss of normal joint function. In particular, the replacement of healthy articular 

cartilage containing mainly COL2 by a fibrocartilaginous repair tissue containing 

mainly COL1 is characteristic for OA. In many patients, the natural occurring 

repairing processes are insufficient to halt the progress of the disease and total joint 

failure takes place. 
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Prevalence and economic impact of OA 

About 10-15% of adults over 60 are estimated to suffer from OA worldwide, among 

these are approximately 9.6% men and 18% of women. OA affects mainly the weight 

bearing joints having the highest age-standardized prevalence for men and women in 

the knee (25.4% and 15.4%) and the hip (19.6% and 4.2%). Other joints including the 

hand, ankle, elbows and shoulder can also be affected. Finally, it should be taken 

into account that the prevalence of OA itself and the specific types varies between 

different countries (Wittenauer et al., 2013). 

As mentioned before, OA is a disease affecting mainly the elderly. Therefore, the 

burden of OA will increase in future due to the aging of the world’s population. The 

United Nations calculated that the number of people of the age of 60 will substantially 

increase and make up to more than 20% of the world’s population by 2050. A 

conservative OA prevalence estimation of 15% implies that in 2050, 130 million 

people will suffer from OA and 40 million will be severely disabled (Lim and Lau, 

2011). 

The treatment of OA patients constitutes a massive economic burden that includes 

direct costs of testing, purchase of adaptive aids and devices, drugs as well as 

surgical intervention. Further indirect cost exist, as one study reported that 30.7% of 

patients surveyed were unable to do chores and 3.6% had taken time off work in the 

last 6 months due to their condition (Maetzel et al., 2004). In the US alone, the 

annual cost for OA has been estimated to be greater than 185 billion USD (Kotlarz et 

al., 2009). In general, the OA costs for every country lie between 0.25% and 0.5% of 

the country’s GDP (Puig-Junoy and Ruiz Zamora, 2015).  

In summary, OA is characterized by mainly affecting the elderly population. This is of 

particular interest considering the aging of the world’s population. The severe 

economic impact of OA includes the disease’s treatment as well as the resulting 

years lived with disability. 

 

Predisposition to OA 

OA can be classified in two groups, primary and secondary OA. Primary OA or 

idiopathic OA is related to the aging process as well as the natural occurring wear 

and tear processes, but nevertheless affects all ages. Secondary OA has the same 

symptoms and pathology, but results from a known cause most likely after injury. 
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Therefore, often younger individuals are diagnosed with secondary OA (Musumeci et 

al., 2015).  

The most important risk factors identified by various studies are listed in the 

following: First, a strong hereditary component has been noticed, as up to 60% of OA 

cases are discussed to be a consequence of genetic factors (Wittenauer et al., 

2013). Over 80 gene mutations have been linked to the pathology of OA (Ryder et 

al., 2008), including mutations in mediators of the transforming growth factor β (TGF-

β) (Reynard and Loughlin, 2012) and epidermal growth factor (EGF) (Qin and Beier, 

2019) signaling pathways. TGF-β signaling is mediated by the binding of a TGF-β 

ligand to a TGF type II receptor and the subsequent phosphorylation of a TGF type I 

receptor. The type I receptor phosphorylates mothers against decapentaplegic 

homologs (SMADs) such as SMAD2, that form heterodimers with SMAD4 and 

become translocated into the nucleus to regulate downstream gene expression. 

However, signaling can be blocked by inhibitory SMADs such as SMAD7 (van der 

Kraan, 2018). The loss of TGF signaling led to a progressive OA phenotype in mice 

(Shen et al., 2014). Next, mutations in mediators of the EGF signaling pathway were 

also associated with OA. EGF signaling is triggered by the binding of an epidermal 

growth factor receptor (EGFR) to an EGF ligand and the subsequent formation of an 

asymmetric dimer with another ligand bound EGFR family member (Burgess et al., 

2003). The subsequently autophosphorylated EGFR activates context dependent 

downstream genes, either leading to anabolic processes including chondrocyte 

proliferation and survival, or catabolic processes including SOX9 inhibition and MMP 

expression (Qin and Beier, 2019). In addition to mutations affecting signaling events, 

mutations in genes encoding for cartilage proteins, such as COL2 and COL9, are 

related to OA (Heinegard and Saxne, 2011). However, Musumeci et al. (2015) 

highlighted that despite the great numbers of genes involved in OA pathology, there 

is not a single high impact OA locus, but rather interplay of many genetic factors. 

Finally, epigenetic factors, referring to alterations of the phenotype without changes 

in the DNA sequence, play a role in joint development, homeostasis and OA 

pathology (Rice et al., 2020). For example, hyper- and hypomethylation of genes of 

mediators involved in TGF-β-, Notch- as well as interleukin (IL) signaling were 

reported in cartilage samples of mild and severe OA (Moazedi-Fuerst et al., 2014). 

The relation between the natural occurring aging processes and OA is still under 

investigation. First, the avascular nature of cartilage and the limited proliferation 
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capacity of chondrocytes influence the tissue’s preservation. According to the 

Hayflick limit (Hayflick, 1984), chondrocytes have 30-40 replications during their lives 

and furthermore, there is evidence that the senescent chondrocytes lose the ability to 

repair and maintain the ECM (Mobasheri, 2011). This process starts in the superficial 

zone of the articular cartilage and proceeds into the underlying tissue over time 

(Hollander et al., 1995), being accompanied by increased death in chondrocytes. 

However, it is not clear, whether OA is induced by chondrocyte apoptosis initiated at 

the end of their replication limit, or OA induces chondrocyte apoptosis as cell matrix 

interactions are essential for chondrocytes (Zamli and Sharif, 2011). 

As mentioned before, gender differences, such as the strong increase of OA after 

menopause in women exist, indicating that systemic estrogen level (Boyan et al., 

2013) as well as altered signaling events (Kinney et al., 2005) play a pivotal role in 

OA. In addition to total cartilage volume, sex based differences in bone, muscle or 

tendon properties may impact the progression of OA (Musumeci et al., 2015). Finally, 

studies on the ethnicity of patients reported racial differences regarding the different 

types of OA, as well as pain intensity and disability. However, the adjustment for 

demographic, health-related and medical access factors and inaccuracies of self-

reported OA mitigates this finding (Allen, 2010).  

In total, OA can be categorized into primary without known idiopathy; and secondary, 

after trauma. Predisposing factors for OA include genetic mutations, epigenetic 

alterations, aging, sex and race.  

 

Susceptibility to OA 

Additional susceptibility factors are being investigated for OA pathology. First, the 

dietary is linked to OA, e.g., one association study stated low intake of vitamin C and 

vitamin D as a possible risk factor, whereas the consumption of fruits, milk products 

and meat exhibited a positive effect on OA (Sanghi et al., 2015). In general, bad 

nutrition is likely a factor predisposing people to obesity that destroys the cartilage as 

consequence of overloaded joints. The risk to develop OA is three times as high in 

overweight or obese people (Blagojevic et al., 2010). Interestingly, obesity and OA 

are also associated in non-weight-bearing joints. Therefore, studies investigate 

systemic factors, e.g., the altered expression of metabolic factors as consequence of 

an inflamed adipose tissue (Musumeci et al., 2015). Investigation of the adipokine 



General introduction

 12 

leptin demonstrated its expression to be proportional to TGF-β expression as well as 

to the level of cartilage destruction. In addition, the accumulation of advanced 

glycation end products and the increase of their receptors in chondrocytes are linked 

to OA and aging (Loeser et al., 2005, DeGroot et al., 1999). This eventually leads to 

increased cross-linking and stiffness of the cartilage (Verzijl et al., 2002), as well as 

increased MMP production and ECM turnover in chondrocytes (Yammani et al., 

2006).  

Sport has a protective effect towards OA, as it strengthens the tendons, the cartilage 

and the muscles protecting the joint. However, high impact sports resemble a risk for 

cartilage injury and the excessive exercise with an injured joint was linked to OA 

(Musumeci et al., 2015). Local mechanical risk factors such as the adduction 

moment, malalignment, meniscal damage, bone marrow lesions, and altered 

quadriceps strength intensify the onset of OA (Felson, 2004). Sport injuries and 

injuries in general play a major role in the development of OA. Among knee injuries 

alone, 23% involve the meniscus and 25% involve the anterior cruciate ligament 

(Thomas et al., 2017), both structures providing support of the joint. Thus, the 

resulting destabilization is an immense burden for the joint and the articular cartilage. 

A possible biomechanical explanation for the higher OA risk in anterior cruciate 

ligament reconstructed or deficient individuals include abnormal weight distribution as 

well as quadriceps weakness. Furthermore, meniscus destabilization is a method to 

induce OA in animal models and is used as a routine procedure for secondary OA 

studies (McCoy, 2015). In total, not only injuries of the articular cartilage, but of the 

adjacent tissue alike can increase the risk to develop OA, which highlights the 

systemic character of OA. Finally, a survey reported that agricultural workers, 

housekeepers, truck drivers and other occupations with high physical demands 

display a high risk for OA that may result from specific ergonomic stresses, e.g., 

squatting, kneeling and knee bending (Rossignol et al., 2003).  

In summary, the most prominent susceptibility factors of OA include diet, being 

overweight, injuries, sport and occupation. OA can be induced by trauma in animal 

models and is used for research on secondary OA. Treatment options of OA 

amongst others counter act these factors. 
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Treatment of OA 

Hitherto treatment of OA primarily focuses on pain relief as well as delaying total loss 

of joint function. Currently, no cure exists to halt or reverse the onset of OA. The 

OARSI (Osteoarthritis Research Society International) developed evidence-based 

guidelines to manage knee and hip OA which include reducing joint pain and 

stiffness, maintaining and improving joint mobility, reducing physical disability and 

handicap, improving health-related quality of life, limiting the progression of joint 

damage and educating patients about the nature of the disorder and its 

management. Treatment of OA should combine non-pharmacological with 

pharmacological methods. The most important modalities proposed by Zhang et al. 

(2008) are listed in the following: Non-pharmacological interventions include the loss 

of weight to relieve pressure on joints and reduce the systemic factors involved in 

OA. Furthermore, physiotherapy and regular exercise will help to strengthen the joint.  

Pharmacological intervention includes primarily the prescription of analgesics, e.g., 

acetaminophen, which can be toxic to the liver (Black, 1984). Non-steroidal anti-

inflammatory drugs are commonly used to treat OA, but approximately over 30% in 

people taking non-steroidal anti-inflammatory drugs are estimated to experience 

adverse effects (Pirmohamed et al., 2004). For patients with severe pain the intra 

articular injection of corticosteroids or hyaluronate is recommended. However, the 

efficiency of HA injections vary between studies, e.g., Miller et al. (2020) did not 

report clinical important improvements. Consistent with this are ambivalent results 

about alternative medical products to treat OA including supplemental glucosamine 

and chondroitin sulphate, two natural occurring constituents of cartilage proteins 

(Vasiliadis and Tsikopoulos, 2017). Finally, the use of opioids is limited to 

extraordinary circumstances due to their adverse side effects. Developers of novel 

pharmaceutical treatment options strive for therapies with less side effects and a 

better outcome. The drugs that are currently under investigation can be categorized 

among others into chondrogenesis inducers, matrix degradation inhibitors, apoptosis 

inhibitors, and anti-inflammatory cytokines (Zhang et al., 2016).  

Another OA intervention strategy is the autologous chondrocyte transplantation to 

treat cartilage defects. Primarily, a small piece of healthy articular cartilage is 

collected from the patient. The cartilage is then digested, the chondrocytes isolated 

and expanded until a sufficient number for reimplantation has been reached. A high 

number of chondrocytes can be directly injected into the joint or attached to a 
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scaffold before implantation. Unfortunately, chondrocytes transplanted into late-stage 

OA tissue are affected by the degenerative microenvironment resulting in 

dedifferentiation or apoptosis (Zhang et al., 2016). Furthermore, any surgical 

intervention that lays open the sterile joint environment increases the risk of infection. 

Finally, joint replacement is the ultimate means if no function improvement and pain 

relief could be obtained with the aforementioned interventions. However, 

hypersensitivities to the prosthesis may occur and moreover, index joint replacement 

increases the risk for contralateral joint replacement after 5-8 years (Lamplot et al., 

2018). Furthermore, periprosthetic joint infection significantly increases the mortality 

of patients (Zmistowski et al., 2013). 

In total, the current treatment options for OA can help to reduce pain and slow down 

the progress of OA. However, the burden of this disease still severely affects the life 

quality of patients and finally, for most patients, total joint replacement must take 

place. Therefore, there is great need for new therapeutic intervention strategies. 

 

Chondrogenic progenitor cells 

One hallmark of OA is the replacement of articular cartilage by the fibrocartilaginous 

repair tissue of lower quality. Koelling et al. (2009) identified a migrating cell 

population of fibroblastic phenotype that is distinct from chondrocytes and inhabits 

late-stage OA cartilage tissue. Furthermore, these cells were reported to be positive 

for the expression of COL1 suggesting a role in the formation of the fibrocartilaginous 

repair tissue. Subsequent characterization of these cells revealed a strong 

expression of stem cell markers including STRO-1, CD13, CD29, CD44, CD73, 

CD90, and CD105. However, these cells were not positive for bone marrow-derived 

stromal cell markers CD271, CD18, or CD31. They can be distinguished from 

chondrocytes by their fast proliferation activity and increased replication limit, 

exhibiting senescence only at high passages. Further analysis elaborated their stem 

cell character, as this cell population successfully differentiated into the 

chondrogenic, osteogenic and adipogenic lineage. Therefore, these multipotent cells 

were named chondrogenic progenitor cells (CPCs) and other groups adopted this 

terminology (Wang et al., 2020, Seol et al., 2012, Matta et al., 2019, Joos et al., 

2013).  
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The successful in vitro chondrogenic differentiation of the in late-stage OA naturally 

occurring CPCs resembles a major step in the search of new intrinsic therapeutic 

interventions. Like in chondrocytes, the major chondrogenic transcription factor 

SOX9 and the major osteogenic transcription factor RUNX2, play a pivotal role in 

determining the chondrogenic potential of CPCs (Koelling et al., 2009). SOX9 has 

broad functions in various cell types, but is primarily known for its essential role in 

inducing chondrogenesis, including chondrogenic proliferation, maturation and ECM 

formation (Amano et al., 2009). In humans, heterozygous mutations of SOX9 leads to 

the skeletal dysmorphology syndrome (Wagner et al., 1994) whereas heterozygous 

mice SOX9 mutants die prenatally due to skeletal abnormalities (Bi et al., 1999). In 

addition to the activation of major cartilage markers such as COL2 and ACAN, the 

expression of two other SOX proteins is triggered by SOX9. SOX5 and SOX6 are 

needed for chondrocyte development (Smits et al., 2004) and the SOX trio, 

consisting of SOX5, SOX6 and SOX9, is sufficient to induce chondrogenic 

differentiation in even non-chondrogenic cells (Ikeda et al., 2004). 

The other major regulator of CPC chondrogenesis is the human Drosophila RUNT 

homolog RUNX2. The expression of RUNX2 is upregulated in osteoblasts, as well as 

in hypertrophic chondrocytes of the calcified zone. In hypertrophic chondrocytes, 

RUNX2 induces MMP13 that degrades the cartilaginous markers such as COL2, and 

upregulates the fibrocartilage marker COL1 as well as the hypertrophic marker 

COL10, eventually inducing ossification (Bruderer et al., 2014). The deletion of 

RUNX2 results in absent or delayed chondrocyte hypertrophy (Kim et al., 1999, 

Inada et al., 1999), whereas the targeted expression of RUNX2 in non-hypertrophic 

chondrocytes accelerates their differentiation (Takeda et al., 2001). Mutations of 

RUNX2 are associated with the cleidocranial dysplasia in humans and mice 

nullizygous for RUNX2 lack mineralized bone in the skeleton. Furthermore, the 

distinct mutations associated with the different severity of cleidocranial dysplasia, 

suggest a strict genetic control of RUNX2 (Zhou et al., 1999).  

In summary, CPCs are a unique, multipotent and migratory cell population residing in 

late-stage OA tissue. While synthesizing COL1 in situ, they are capable to 

differentiate into chondrocytes and produce COL2 in vitro. Their chondrogenic 

potential is determined by the chondrogenic transcription factor SOX9 and the 

osteogenic transcription factor RUNX2. In order to enhance the CPCs’ chondrogenic 
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potential, manipulation of these regulators may resemble a crucial step for future 

therapeutic interventions in OA. 

 

Pro-chondrogenic manipulation of CPCs in vitro 

CPCs are viable as cells of the chondrogenic lineage if they are simply placed in a 

3D alginate environment without further chondrogenesis inducing supplementation. 

Furthermore, CPCs cultured on Matrigel sustained expression of stem cell markers 

CD29 and CD73. This highlights the role of the ECM on CPCs (Koelling et al., 2009) 

and in stem cell biology (Fuchs et al., 2004, Bi et al., 2007). The importance of the 

ECM explains the finding that disturbed cell-matrix interactions is a hallmark of OA 

(Sandell and Aigner, 2001, Poole et al., 1991, Goldring and Goldring, 2007). 

Schminke et al. (2016a) reported that the mice lacking the ECM molecule nidogen 2 

(NID2) exhibited substantially reduced cartilage proteoglycan content, as well as an 

increased calcified zone. Furthermore, CPCs cultured with supplemental ECM 

components NID2 and laminin (LAM) increased the expression of chondrogenic 

markers such as COL2 while downregulating COL1 expression. In case of NID2, this 

pro-chondrogenic effect was linked to TGF-β signaling, more specifically, via SMAD2 

phosphorylation. Additionally, growth factors were used for direct stimulations of 

CPCs. TGF-β3 in combination with bone morphogenetic protein 6 (BMP6) did not 

upregulate SOX9 expression, but nevertheless reduced RUNX2 expression. This 

was accompanied by the upregulation of COL2 as well as the downregulation of 

MMP13 and COL1 (Koelling et al., 2009).  

The prevalence and pathogenesis of OA is influenced by the patient’s sex, therefore 

CPCs were stimulated with sex steroids. Subsequently, an altered expression of 

SOX9 and RUNX2 as well as their downstream targets was reported. This is of 

particular interest, as the estrogen and testosterone levels vary according to age and 

sex (Koelling and Miosge, 2010). Finally, direct manipulation of SOX9 and RUNX2 

using RNAi was demonstrated to alter the expression of ECM markers. The 

knockdown (KD) of RUNX2 increased the chondrogenic potential by elevating the 

expression of SOX9, COL2 and ACAN. Contrary, the KD of SOX9 reduced RUNX2 

and ACAN expression (Koelling et al., 2009). 
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In total, the chondrogenic potential of CPCs can be increased by ECM components, 

growths factors or direct manipulation of the transcription factors SOX9 and RUNX2, 

and could resemble attractive targets for small molecules in future OA therapies. 
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Objectives 
 
The previous research on CPCs reported their regenerative potential and highlighted 

the role of CPCs in future OA therapeutic studies. CPCs are usually involved in the 

formation of the fibrocartilaginous repair tissue in situ, but 3D in vitro culture induces 

their chondrogenic differentiation accompanied by the synthesis of articular cartilage 

proteins. Therefore, we focused on investigating means to activate their intrinsic 

potential also in situ. The studies conducted in this thesis elucidated how an increase 

of the chondrogenic potential of CPCs can be achieved that is primarily characterized 

by the upregulation of SOX9 and its downstream targets, e.g., COL2 and ACAN. The 

downregulation of RUNX2 is aspired to reduce expression of fibrocartilage marker 

such as COL1. In theory, this may improve the quality of the repair tissue occurring in 

OA. Previous research reported that ECM molecules or growth factors influence 

SOX9 and RUNX2 expression, resulting in altered expression of articular cartilage 

markers. Furthermore, direct manipulation of SOX9 and RUNX2 influences the 

expression of ECM molecules related to articular cartilage and its turnover.  

The objectives of Chapter I were to histologically localize the ECM molecules BGN, 

the growths factors TGF-β3 and EGF, as well as their receptors in healthy and late-

stage OA cartilage specimens. Furthermore, if these molecules are present in the 

cartilage, a potential interaction of BGN with these receptors can be investigated by 

co-localization and KD experiments in vitro. Finally, the influence of these growth 

factors on the chondrogenic potential of CPCs must be elucidated by stimulation 

experiments to determine whether EGF or TGFβ3 signaling positively affects the 

expression of chondrogenic markers. 

In Chapter II, we aimed to investigate if a KO of RUNX2 via CRISPR/Cas9 further 

increases the pro-chondrogenic effect observed after KD of RUNX2 in CPCs. 

Furthermore, we aimed to identify potential co-regulators of SOX9 by pull down and 

target potential candidates for KO mediated via CRISPR/Cas9 in order to increase 

the chondrogenic potential of CPCs. Analysis of a potential candidate KO cell line 

includes chondrogenic marker expression on mRNA and protein level in vitro and in 

vivo. Moreover, impairing effects of the KO must be excluded by in vivo and in situ 

studies of the KO cell line’s proliferation and migration abilities. This study was 

designed to investigate the immediate regulatory network of SOX9 and therefore, 

working around the many modulators in signaling cascades complicating research on 

signaling events.  
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Summary of published papers 
 
Chapter I 
 
Chapter I analyzed how the ECM proteoglycan BGN as well as the growth factors 

TGF and EGF influence the chondrogenic potential of CPCs. The expression of 

BGN, TGF-β3, and EGF as well as of transforming growth factor β receptor I 

(TGFBRI) and EGFR was histologically localized in healthy and articular cartilage, 

elaborating the relevance of these molecules in OA. Subsequently, first evidence was 

gathered for different TGF and EGF signaling events in CPCs and chondrocytes. 

Furthermore, the co-localization of BGN with TGFBRI or EGFR in CPCs was 

demonstrated, indicating that BGN modulates the signaling of the respective 

receptor, which was further elaborated performing KD of BGN. Finally, the stimulation 

of TGF-β3 and EGF led to upregulation of both, SOX9 and RUNX2 as well as of 

chondrogenic, fibrogenic and hypertrophic markers. Although final analysis of ECM 

protein levels was not specified, the broad stimulation of CPCs using TGF and EGF 

may be too unspecific for further therapeutic research in CPCs, and a more fine-

tuned modulation is required to upregulate the chondrogenic potential of CPCs. 

 

Chapter II 
 
Chapter II investigated how the chondrogenic potential of CPCs can be manipulated 

with the help of co-regulators of SOX9. In the first experiments, a pro-chondrogenic 

function of RUNX2 was determined, shifting our focus on reducing RUNX2 but not 

depleting it. Next, the early endosomal marker RAB5C was identified as a potential 

interaction partner of SOX9 by pull down. The deletion of RAB5C positively 

enhanced the chondrogenic potential of CPCs, by increasing the COL2 protein level. 

Furthermore, increased expression of the SOX trio, COLs related to cartilage and 

ACAN, were observed after the loss of RAB5C. CPCs carrying a KO of RAB5C did 

not lose the essential abilities of proliferation and ECM synthesis in vivo. Additionally, 

this cell line invaded late-stage OA cartilage specimen in situ. Finally, our data 

suggest that the pro-chondrogenic effect after the deletion of RAB5C in CPCs is 

likely mediated by altered BMP, NOTCH and IL signaling events. 
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General discussion 
 
Osteoarthritis affects all tissues of the joint, but the limited capacity for self-

regeneration of articular cartilage is a particular challenge in the search for new 

therapeutic interventions. The current studies on CPCs reported that this unique cell 

population possesses the intrinsic potential to differentiate into chondrocytes and 

produce articular cartilage markers, despite their in situ fibroblastic phenotype. 

Chapter I and II investigated approaches to increase the chondrogenic potential of 

CPCs in order to identify targets for future pharmaceutical intervention. 

 

Interactions of CPCs and the ECM 

Chapter I highlighted the role of ECM composition and major signaling pathways on 

CPCs as reported by Schminke et al. (2016a). This is of particular interest in OA, as 

the ECM undergoes major alteration by replacing the articular cartilage with 

fibrocartilage resulting in different modulation of signaling pathways. The expression 

of the proteins BGN (Embree et al., 2010, Iacob and Cs-Szabo, 2010), TGF-β3 

(Dahlin et al., 2014) and EGF (Nonaka et al., 1999) was previously linked to 

chondrogenesis. In CPCs, the KD of BGN, a singular ECM molecule, severely 

affected EGFR abundance, demonstrating the connection of the ECM and cellular 

receptors. Furthermore, Iacob and Cs-Szabo (2010) reported that the incubation with 

BGN, mimicking the overexpression of BGN observed in OA (Bock et al., 2001), 

upregulates EGFR expression. Finally, the loss of BGN induces OA in mice (Ameye 

et al., 2002), which is probably not just due to BGNs involvement in COL fibril 

organization but also due to altered signaling events. In addition to BGN, a large 

number of ECM components such as decorin, fibronectin (FINC) and matrilins exist 

that are linked to signaling events and being differentially expressed in OA cartilage 

(Sofat, 2009). Considering their function as signaling hubs (Gubbiotti et al., 2017), 

proteoglycan abundance must be a critical point for the evaluation of repair tissue 

quality in future therapeutic interventions. The increased proteoglycan synthesis 

observed in early stages of OA has been interpreted as an insufficient remedy for the 

general loss of protein content (Goldring and Goldring, 2007, Bock et al., 2001), 

demonstrating that simple upregulation of cartilage markers cannot stop the progress 

of OA.  
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Chapter I depicted the significance of controlled signaling events by highlighting the 

effects of growth factor stimulation on CPCs. TGF-β3 and EGF stimulation increased 

SOX9, RUNX2, COL1, COL2, COL10 and ACAN, thus chondrogenic and osteogenic 

marker expression were affected by these growth factors. Contrary, Koelling et al. 

(2009) reported that stimulation of CPCs using TGF-β3 in combination with BMP6 

increased COL2 but decreased RUNX2, COL1 and MMP13, despite BMP6 

stimulation alone led to severe deposition of COL1 in chondrogenic differentiated 

adipose-derived stem cells (Diekman et al., 2010). This indicates that specific effects 

are mediated by the cooperation of different growth factors. The ECM would take 

major part in this as, e.g., BGN competes with both proteoglycans decorin and 

fibromodulin for binding of TGF-β isoforms (Hildebrand et al., 1994). Thus, a 

modulation of TGF-β signaling occurs by differences in its sequestration into the 

ECM that functions as a reservoir for growths factors (Macri et al., 2007). During OA 

the degradation of the ECM floods the joint with TGF-β and activates cells that are 

usually not intensively exposed to these mediators (van der Kraan, 2018). 

The ECM and its function are affected by a constant natural remodeling process 

regulated by MMPs. However, during OA occurs an increased degradation of the 

ECM. Therapeutic interventions using proteases inhibitors face the problem of 

selective inhibition to not further unbalance ECM turnover (Goldring and Goldring, 

2007). The cleavage of proteoglycans results in neo-epitopes recognized by innate 

immune system receptors, as seen for BGN. Thus, the increased degradation of the 

ECM does not just affect the aforementioned signaling events, but eventually leads to 

an inflammatory response (Nastase et al., 2012). Subsequent degradation events 

occur, e.g., the inflammatory cytokine IL-1β induced degradation of COL9 that further 

destabilizes the ECM (Danfelter et al., 2007). This environment resembles an 

immense challenge for repair attempts and it has to be taken into account that the 

activation of the intrinsic repair potential of CPCs must overcome the impairing 

influence of the pathological altered ECM in OA. As seen in autologous chondrocyte 

transplantation, phenotypic normal chondrocytes undergo apoptosis or 

dedifferentiate if being placed adjacent to diseased cartilage (Zhang et al., 2016). In 

addition to pro-apoptotic cytokines and inflammatory mediators released by the 

surrounding tissue, cell surface molecules such as integrins are involved in 

chondrocyte apoptosis by binding the pericellular COL network and providing the 
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chondrocyte with pro-survival signals (Zemmyo et al., 2003). Therefore, the 

expression of these molecules must be investigated. 

Taken together, the function of the ECM in articular cartilage is not just limited to 

providing the tissues properties, but it also represents a signaling network. 

Therapeutic interventions counteracting OA should upregulate cartilage markers in a 

controlled manner to avoid adverse effects. Furthermore, the OA cartilage itself has 

impairing functions on the residing cells that must be overcome. 

 

Direct manipulation of CPCs to enhance the chondrogenic potential 

Chapter I demonstrates the complex network of proteoglycans, growth factors and 

their mediators. Therefore, simple stimulation with mediators of chondrogenic 

signaling pathways or utilizing blocking antibodies for their receptors may not be a 

feasible approach for improving OA. Thus Chapter II was designed to further 

elucidate ways to increase the chondrogenic potential of CPCs in a simpler manner. 

As reported by Koelling et al. (2009), direct manipulation of the regulators SOX9 and 

RUNX2 using RNA interference (RNAi) altered the expression of ECM markers and 

turnover enzymes. The CRISPR/Cas9 mediated knockout (KO) of RUNX2 in CPCs 

was indented to boost the chondrogenic effect observed after KD of RUNX2. The 

decreased deposition of COL1 and COL2 in CPCRUNX2-/- was independent of the 

SOX9 level, indicating that a minimal amount of RUNX2 is important for COL2 

deposition. Interestingly, RUNX2 is an upstream activator of MMP13 that degrades 

both COL1 and COL2. However, the loss of RUNX2 has been accompanied by 

reduction of MMP13 rather than an increased expression level. Previously, the 

reduced expression of MMP13, COL2 and ACAN in mice after the loss of RUNX2 

was linked to altered Indian hedgehog (IHH) signaling (Liao et al., 2019a), a signaling 

pathway that connects chondrogenesis with osteogenesis (Chung et al., 2001). 

Therefore, one can assume that the minimal amount of RUNX2 is necessary to 

sustain pro-chondrogenic IHH signaling, while simultaneously pro-osteogenic traits 

become suppressed as reported by Koelling et al. (2009). Pro-chondrogenic IHH 

signaling was also impaired in a RAB23 KD (Yang et al., 2008). In Chapter II, we 

identified RAB23 as well as RAB5C and RAB2A as potential co-regulators of SOX9 

by performing SOX9-His pull down. Moreover, ECM molecules linked to 

chondrogenesis including FINC (Kalkreuth et al., 2014), agrin (AGRN) (Eldridge et 
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al., 2016) and LAMs (Schminke et al., 2016a) were detected using this approach. To 

our knowledge, no literature is available describing a direct interaction of these 

proteins with SOX9 under physiological conditions. Aiming to identify potential targets 

for a pharmaceutical OA intervention, RAB5C was chosen for further investigation 

because it was previously linked to EGF signaling (Miaczynska et al., 2004). RAB 

proteins are involved in vesicular trafficking and were previously targeted in treatment 

of diseases including osteoporosis (Russell, 2007, Coxon et al., 2005). RAB5C might 

be involved in the transport of SOX9 leading to its degradation or nuclear localization 

under physiological conditions. However, no additional literature is available that 

confirms this hypothesis and SOX9 staining using ICC did not reveal altered cellular 

localization of SOX9 in CPCRAB5C-/-. Nevertheless, CPCRAB5C-/- exhibited an increased 

chondrogenic potential, characterized by increased SOX9 expression and COL2 

deposition despite no significant reduction of RUNX2 protein level. The observed 

upregulation of COL9A2, COL11A1 and ACAN during in vitro chondrogenic 

differentiation is essential to antagonize their increased degradation in OA. In the 

next step, future research needs to confirm the protein level in vitro and in vivo. 

Chapter II investigated how the in CPCRAB5C-/- observed pro-chondrogenic effect may 

be mediated and demonstrated that bone morphogenetic protein receptor type 1B 

(BMPR1B), SMAD7, NOTCH3 and interleukin 4 receptor (IL4R) were downregulated 

after the loss of RAB5C. These candidates discussed in Chapter II, but it should be 

considered that their simultaneous downregulation might affect the chondrogenic 

potential of CPCs differently than the single deregulation of each candidate alone. 

The final questions to address are the quality of the secreted ECM and how the 

inflammatory OA environment affects the CPCs, in order to confirm RAB5C as a 

potential target for future OA therapies. As stated before, in addition to crude 

synthesis, the fibrillation, organization and turnover of COLs is essential for an 

increased repair tissue quality and regulated amongst others by proteoglycans and 

MMPs. RNA-Seq analysis gave first hints that CPCRAB5C-/- exhibited a deregulated 

expression of, e.g., MMP13 that may influence COL organization. Also the deposition 

of COL1 remained unchanged after the loss of RAB5C, what is likely to influence the 

organization of other COLs and signaling events, e.g., mediated by integrins 

(Boraschi-Diaz et al., 2017) and discoidin domain receptor tyrosine kinases 

(Schminke et al., 2014). Furthermore, the downregulation of several IL(R)s in 

CPCRAB5C-/- may alter the response of CPCRAB5C-/- towards inflammatory and 



General discussion

 24 

apoptotic signals. If CPCRAB5C-/- exhibits signs of an increased resistance against the 

OA environment, complementary anti-inflammatory drugs and apoptosis inhibitors 

may still be indicated. The hitherto gathered evidence from the in vivo and ex vivo 

experiments indicates that despite the deregulation of numerous genes involved in 

vital processes, neither proliferation nor ECM synthesis was deteriorated in 

CPCRAB5C-/-. In addition, in vivo migration was not altered in CPCRAB5C-/-, which may 

be important, as the origin of CPCs remains unknown. One theory proposes that 

CPCs derive from bone marrow stromal cells and migrate into the cartilage via blood 

vessels through breaks of the tidemark occurring in late-stage OA. CPCs are positive 

for bone marrow stromal cell markers CD44, CD73, CD90 and CD105 but exhibit 

only a low level of STRO-1 and were negative for CD18, CD31 and CD271 (Koelling 

et al., 2009). On the other hand, CPCs could derive from dedifferentiated 

chondrocytes of chondrocyte clusters occurring in OA (Schminke et al., 2016a). In 

both cases, CPCs need to migrate from their place of origin into the OA cartilage to 

reach and improve the quality of the entire tissue. 

In summary, chondrogenic differentiated CPCRAB5C-/- displayed an increased 

deposition of COL2 and an increased expression of numerous chondrogenic 

markers. Under consideration of the essential role of the ECM, further research must 

investigate the protein level of these markers and the resulting repair tissue quality. 

Finally, the performance of CPCRAB5C-/- in the impairing OA environment will be a 

crucial step to evaluate RAB5C as target for research on future therapeutic OA 

interventions. 
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Conclusion and outlook 
 
This thesis contributed to the scientific field of OA research by further investigating 

how the chondrogenic potential of CPCs can be manipulated in hindsight of future 

OA therapies. The ECM does not only provide the tissue with its properties, but also 

plays a pivotal role in cell signaling events, and regulates differentiation. Consistent 

with this is the complex crosstalk between CPCs, which synthesize the ECM, and the 

ECM that modulates signaling events influencing the CPCs. Comparing CPCs and 

chondrocytes, differences in expression of major osteochondrogenic pathway 

receptors TGFRI and EGFR were confirmed and probably contribute to the CPCs 

differentiation potential. CPCs reacted to stimulation of these receptors’ main ligands 

TGF-β3 and EGF, further corroborating the evidence that TGF and EGF signaling 

plays a significant role in CPCs during OA. Furthermore, a fibrocartilaginous repair 

tissue replaces the articular cartilage in late-stage OA. As reported by previous 

research and in this work, the ECM composition affects, among others, the 

investigated signaling pathways. In total, the complex connection between the ECM 

and major signaling pathways, as well as the ECM remodeling process during the 

progression of OA, argue against a simple intervention by targeting a single receptor 

or its ligand. Chapter I analyzed how the manipulation of a single molecule of this 

complex regulatory network eventually results in substantial changes of the CPCs’ 

differentiation potential. Targeting potential co-regulators of the major chondrogenic 

transcription factor SOX9 proved to be a more attractive approach as demonstrated 

by the analysis of the CPCRAB5C-/- cell line in the Chapter II. The increased COL2 

deposition and upregulation of additional chondrogenic markers resembled the first 

hallmark of our in vitro studies. Subsequent in vivo experiments confirmed RAB5C as 

a candidate for future research. Limitations of Chapter II are the missing analyses of 

the protein levels and a full investigation on the underlying mechanism of the pro-

chondrogenic effect resulting from the deletion of RAB5C. Furthermore, it must be 

investigated how CPCRAB5C-/- reacts to the impaired influence of the OA cartilage, 

e.g., the inflammation load, and if this affects the ability to secrete a repair tissue of 

higher quality. 

The total effect of a therapeutic activation of CPCs is hard to estimate, as OA is a 

systemic disease of the joint, and next to the fibrocartilage, other tissues are involved 

in OA pathology. Therefore, the activation of repair processes by CPCs must be 

accompanied using other non-pharmacological and pharmacological interventions. 
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The observed decrease of cytokine related genes after deletion of RAB5C could 

affect the CPCs inflammatory response. A possible therapeutic intervention targeting 

RAB5C in CPCs could lead to a reduction of inflammatory cytokines secreted by 

CPCs and subsequently, this may reduce or retard the activation of the synovium, 

resulting in an overall reduction of systemic inflammation. The increased synthesis of 

articular cartilage markers and the organization of the ECM will finally determine 

whether this repair tissue is more capable to resist to the compressive stress than the 

naturally occurring fibrotic repair tissue. As no alteration was observed in COL1 

deposition after the loss of RAB5C, it seems unlikely that this improved repair tissue 

will not exhibit signs of fibrosis. Nevertheless, an improved repair tissue may have a 

severe personal and socioeconomical impact, by slowing down the progression of 

OA and reducing the years lived with disability. 
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Chapter I 
 
The influence of TGF-ß3, EGF and BGN on SOX9 and RUNX2 expression in 

human chondrogenic progenitor cells 

 

The following chapter was published in the Journal of Histochemistry & 

Cytochemistry. 
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Abstract 

Osteoarthritis (OA) is the most common chronic joint disease and leads to the 

degradation of the extracellular matrix by an imbalance between anabolic and 

catabolic processes. TGF-β3 and EGF influence the osteochondrogenic potential of 

chondrocytes. In this study, we compared the expression of mediators and receptors 

in the TGF-β3 and EGF pathways, as well as biglycan (BGN), in healthy and 

diseased chondrocytes. Furthermore, we used chondrogenic progenitor cells (CPCs) 

for in vitro stimulation and knockdown experiments to elucidate the effects of TGF-β3 

and EGF on the chondrogenic potential. Our results demonstrate that the expression 

of TGFBRI and EGFR is altered in diseased chondrocytes as well as in CPCs. 

Moreover, TGF-β3 and EGF stimulation influenced the expression levels of BGN, 

SOX9 and RUNX2 in CPCs. Therefore, changes in TGFBRI and EGFR expression 

likely contribute to the degenerative and regenerative effects seen in late stages of 

OA. 
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1.1 Introduction 

Arthritis is projected to affect 78.4 million US adults by 2040 (Hootman et al., 2016). 

The most common type is osteoarthritis (OA), and its prevalence rises with age, thus 

affecting a majority of individuals over the age of 65 (Dahaghin et al., 2005). OA is 

characterized by cartilage breakdown and results in joint failure (Buckwalter and 

Mankin, 1998a, Horton et al., 2006). To date, therapeutic interventions can alleviate 

symptoms but cannot cure the disease (Buckwalter and Mankin, 1998a).  

One novel strategy is the activation of intrinsic reparative cells (Schminke and 

Miosge, 2014). A migratory population of chondrogenic progenitor cells (CPCs), 

which exhibit pluripotent capacities, was identified in the late-stage of OA (Koelling et 

al., 2009). Like chondrocytes, CPCs are embedded in an extracellular matrix (ECM) 

containing collagens, proteoglycans and glycoproteins (Bock et al., 2001, Koelling et 

al., 2009, Miosge et al., 1998). The pericellular matrix, the innermost part, is 

important for signal transduction (Eggli et al., 1985). Investigations suggest that 

altered cell-matrix interactions lead to the upregulation of the MMP-13 in 

chondrocytes (Xu et al., 2005). Furthermore, pericellular matrix proteins, such as 

agrin, laminin and nidogen, were found to enhance chondrogenesis by upregulating 

SOX9 (Schminke et al., 2016a, Eldridge et al., 2016). Biglycan (BGN) is a small 

leucine-rich proteoglycan that interacts with members of the transforming frowth 

factor β3 (TGF-β3) pathway (Embree et al., 2010, Hara et al., 2017), as well as with 

members of the epidermal growth factor (EGF) pathway (Iacob and Cs-Szabo, 2010), 

and binds to mediators and receptors to increase its activity (Nastase et al., 2012). 

The TGF-β3 and EGF signaling pathways are both known to influence the 

differentiation of chondrocytes (Nonaka et al., 1999, Dahlin et al., 2014). 

Furthermore, BGN-deficient mice exhibit an OA phenotype and increased cartilage 

degradation (Iacob and Cs-Szabo, 2010). Additionally, BGN was upregulated in late-

stage OA tissues, where it might compensate for the general loss of proteoglycans 

(Bock et al., 2001).   

In this study, we investigated if the ECM molecule BGN, as well as the TGF-β3 and 

EGF signaling pathways, affect the chondrogenic differentiation of CPCs.   
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1.2 Material and methods 

1.2.1 Cell culture 
CPCs cartilage samples were histopathological classified according to the 

Osteoarthritis Research Society International (OARSI) standards (Pritzker et al., 

2006) and prepared as described elsewhere (Koelling et al., 2009). Briefly, we 

utilized samples from the lateral condyle of knee joints that were collected from a 

region directly adjacent to the main defect with grade 4.0 to 4.5 (Pritzker et al., 2006). 

The respective area is depicted in the Supplemental Figure S1 of Koelling et al. 

(2009). The samples derived from the deep and middle zones exhibiting chondrocyte 

clusters and deep surface fissures (Mankin grade IV). The patients [n = 15 (7 males 

and 8 females)] with a mean age of 67.1 (range, 44 to 85) years met the American 

College of Rheumatology classification for OA (Altman et al., 1986) and gave their 

written informed consent, consistent with the ethical regulations of our institution. 

Healthy specimens from three accident victims revealed macroscopically and 

histologically intact hyaline cartilage with a smooth surface, and all of the layers were 

visible and corresponded to an ORSI grade of 0 to 1. These healthy specimens were 

also taken from the lateral condyle of knee joints to match the OA samples. 

 

1.2.2 Cell culture 
CPCs (241ht cell line) were cultured (Koelling et al., 2009) and cultivated under 

standard conditions at 37°C and 5% CO2. Three-dimensional culture was performed 

as described elsewhere (Koelling et al., 2009). 

 

1.2.3 Immunohistochemistry (IHC) and immunocytochemistry (ICC) 
Primary antibodies were applied in the following concentrations: BGN, 1:100, 

polyclonal rabbit H-150, sc-33788 (IHC); BGN, 1:100, monoclonal mouse 3E2, sc-

100857 (ICC); EGF, 1:100, polyclonal rabbit Z-12:sc-275; EGFR, 1:100, polyclonal 

rabbit 1005:sc-03; TGFBRI, 1:100, polyclonal rabbit (V-22):sc-398; TGF-β3, 1:100, 

polyclonal rabbit V:sc-82; all from Santa Cruz (Heidelberg, Germany). For IHC, a 

HiDef Detection™ Alk Phos Polymer System (962D, Cell Marque, Rocklin, California) 

with PermaRed/AP-Auto (K049-Auto, Cell Marque) was applied. Polyclonal donkey 

anti-rabbit Alexa Fluor 555, ab150074, 1:500 (Abcam, Cambridge, UK) and 

polyclonal goat anti-mouse DyLight 488, 072-03-18-06, 1:500 (KPL) secondary 

antibodies were applied for ICC. 
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1.2.4 Cell isolation 
To obtain chondrocytes from healthy (CC-H) and diseased cartilage (CC-D), tissue 

samples from the deep zones of 5-10 mm3 were treated with 10 mg of collagenase 

type I (17100-017, Gibco, Karlsruhe, Germany) and 10 mg of collagenase type II 

(C6885-1G, Sigma-Aldrich, Steinheim, Germany) in 10 mL of medium for 6 h at 

37°C. The suspension was filtered, and the cells were distributed into cell culture 

flasks. In the case of CPCs, a standard explant protocol was performed (Koelling et 

al., 2009). 

 

1.2.5 Real-time polymerase chain reaction (RT-PCR) 
RNA was isolated using the QIAshredder (79654, Qiagen, Hilden, Germany) and 

RNeasy Plus Mini Kit (74134, Qiagen) following the manufacturer’s instructions, and 

the QuantiTect Reverse Transcription Kit (205313, Qiagen) was used to synthesize 

cDNA. Primers were designed with Primer3web 4.0.0 (Untergasser et al., 2012) and 

ordered from Eurofins MWG Operon. PCR was performed by an Eppendorf 

RealPlex2 system in a total volume of 10 µL with 5 µL of SYBR Green 

qPCRSuperMix-UDG (KK4600, Invitrogen, Darmstadt, Germany). Determination of 

the relative mRNA ratio was performed (Pfaffl, 2001) using β2 microglobulin for 

normalization. The products were sequenced (SeqLab, Goettingen, Germany) and 

verified using the NCBI library. Primers were ordered from Eurofin Genomics 

(Ebersberg, Germany). The primers used were as follows: ACAN fw, 5’ 

ACAGCTGGGGACAT; ACAN rev, 5’ GTGGAATGCAGAGG; BGN fw, 5’ 

AATGAACTCCACCTAGACCACAA; BGN rev, 5’ GATGTTGTTGGAGTG 

CAGATAGAC; COL1 fw, 5’ TTCCCCCAGCCACAAAGAGTC; COL1 rev, 5’ CGTCA 

TCGCACAACACCT; COL2 fw, 5’ CTCCTGGAGCATCTGGAGAC, COL2 rev, 5’ 

ACCACGATCACCCTTGACTC; COL10 fw, 5’ GCTAAGGGTGAAAGGGGTTC; 

COL10 rev, 5’ CTCCAGGATCACCTTTTGGA; EGFR fw, 5’ CGACAGCTATGAGATG 

GAGGA; EGFR rev, 5’ GATCCAGAGGAGGAGTATGTGTG; RUNX2 fw, 5’ 

TTCCAGACCAGCAGCACTC; RUNX2 rev, 5’ CAGCGTCAACACCATCATT; SOX9 

fw, 5’ CAGGCTTTGCGATTTAAGGA; SOX9 rev, 5’ CCGTTTTAAGGCTCAAGGTG; 

TGFBRI fw, 5’ AACCTGCTCTCCTGCTTGCT; TGFBRI rev, 5’ CTCCCTTCCACCT 

CTAATGACTGA. 
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1.2.6 TGF-ß3 and EGF stimulation 
CPCs were cultured in 3D alginate for 3 d before stimulation with 2 ng/mL of TGF-β3 

(T5425, Sigma-Aldrich) or using 10, 20 or 40 ng/mL of hrEGF (354052, BD Science, 

Heidelberg, Germany) for 24 h. Costimulation was performed with 2 ng/mL of TGF-

β3 and 10 ng/mL of hrEGF. For the detection of SOX9 protein, cells were stimulated 

with 10 ng/mL of hrEGF and additional 10 ng/mL hrEGF for 4 h before harvesting. 

 

1.2.7 Immunoblotting 
Protein amounts were determined by SDS-PAGE and Western blotting (WB) using 

PVDF membranes. TBS-T was used for washing and 5% milk powder in TBS-T for 

blocking. Primary antibodies were diluted [BGN: 1:1000, polyclonal rabbit H-150, sc-

33788 (Santa Cruz); EGFR: 1:1000, polyclonal rabbit 1005:sc-03 (Santa Cruz); p-

SMAD2: 1:500, polyclonal rabbit #3101 (Cell Signaling, Leiden, Netherlands); 

RUNX2: 1:2000, polyclonal rabbit ab23981 (Abcam); SOX9: 1:2000, monoclonal 

mouse H00006662-M02 (Abnova, Heidelberg, Germany)] and incubated overnight. 

Secondary antibodies were diluted [Polyclonal goat anti-mouse A 9917, 1:40000 

(Sigma-Aldrich) and Polyclonal goat anti-rabbit, A 0545, 1:100000 (Sigma-Aldrich)] 

and incubated for 1 h. WesternBright™ Sirius (K-12043-D20, Biozym, Hess. 

Oldendorf, Germany) and WesternBright™ ECL (K-12045-D20, Biozym) were used 

for detection, and evaluation was performed with ImageJ Software (Version 1.07) 

with α-tubulin (T6199, 1:10000, Sigma-Aldrich) for normalization (Gassmann et al., 

2009).  

 

1.2.8 siRNA Knockdown 
Cells (5x105) were transfected with 10 µmol/mL BGN siRNA (SR300431; OriGENE 

Technologies, Herford, Germany) via the Human MSC Nucleofector Kit (VAPE-1001, 

Lonza, Basel, Switzerland) using program U-23 of NucleofectorTMII (Lonza). 

Scrambled AllStars-negative siRNA (102784, Qiagen) was used as a negative 

control. Cells were cultured in 2D for 3 d. 

 

1.2.9 Statistical analysis 
SPSS version 13.0 was used (IBM, Ehningen, Germany). qPCR was performed with 

at least n=6 and WB with n=3 samples. The Shapiro-Wilk test was used to test for 

normality of distribution, and two-tailed one-sample t-tests were used for significance. 
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Bars show the mean ± SD change compared to the untreated control (set as 1). *p < 

0.05. 
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1.3 Results  

1.3.1 Detection of the key players 
Initially, we localized BGN, which influences TGF-β3 and EGF signaling by 

interacting with cell surface receptors. Changes in BGN expression during OA might 

play a role in disease progression due to altered interactions with these signaling 

pathways. Occurrence of BGN was confirmed by IHC in healthy (Fig. 1.1A) and 

diseased (Fig. 1.1B) cartilage samples. In the next step, we localized TGFBRI and 

EGFR by IHC. The diseased tissue sample lacks the superficial zone (SZ), thus we 

localized TGFBRI (Fig. 1.1C-E) and EGFR (Fig. 1.1F-H) staining of chondrocytes 

residing in the diseased tissue (CC-D) only in the middle (MZ) and deep zones (DZ). 

We found that TGFBRI expression in the CPCs was significantly increased (Fig. 

1.1I). Contrary to this, EGFR expression was reduced in CC-D and was even less in 

the CPCs (Fig. 1.1J). 

To further investigate a possible interaction between BGN and both receptors, we 

performed an ICC double staining in vitro. In both cases, we observed BGN together 

with either TGFBRI (Fig. 1.2A-D) or EGFR (Fig. 1.2E-H), which might indicate a 

colocalization of BGN with these receptors. 

After detecting the altered receptor expression in OA, we investigated the distribution 

of TGF-β3 and EGF in healthy and diseased cartilage (Fig. 1.3). TGF-β3 was 

expressed in healthy (Fig. 1.3A) and OA cartilage specimens (Fig. 1.3B), including 

the middle (Fig. 1.3C) and deep (Fig. 1.3D) zones. Also, EGF was expressed in 

healthy (Fig. 1.3E) and diseased cartilage (Fig. 1.3F). Representative IHC images of 

the middle zone and deep zone in diseased cartilage are shown in Fig. 1.3G and Fig. 

1.3H, respectively. 

 

1.3.2 TGF-ß3, EGF and BGN affect osteochondrogenic marker expression 
TGF-ß3, a mediator of one of the major signaling cascades for chondrogenic 

differentiation, has been recently described as having a pro-chondrogenic effect in 

developing cartilage but turns into a major pathological effector in OA (van der Kraan, 

2017). Furthermore, the influence of the EGF signaling cascade exhibits positive 

(Shepard et al., 2013) and negative effects (Nonaka et al., 1999) on chondrogenesis. 

In the following experiments, we investigated the role of TGF-ß3, EGF and BGN on 

CPCs. We considered 2 ng/mL TGF-ß3 and 10 ng/mL. High concentrations of EGF 

may inhibit cell growth (Kaplan et al., 1990) and EGFR signaling is linked to terminal  
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Figure 1.1: Detection of BGN, TGFBRI and EGFR. Staining of BGN in (A) healthy tissue and (B) late-

stage OA tissue. CC-D exhibited positive IHC staining of TGFBRI in the (C) middle and (D) deep 

zones. (E) Membranous staining of TGFBRI in CC-D. EGFR staining of CC-D residing in the middle 

(F) and deep (G) zones. (H) Membranous staining of EGFR in CC-D. Relative expression levels of (I) 

TGFBRI and (J) EGFR mRNA in CC-D and CPCs compared to in CC-H. Abbreviations: SZ = 

superficial zone; MZ = middle zone; DZ = deep zone; CC-D = chondrocytes residing in diseased 

tissue; CC-H chondrocytes residing in healthy tissue. Arrows indicate duplication of the tidemark. 

Scale bar in A and B: 750 µm. Scale bar in C, D, F and G: 150 µm. Scale bar in E and H: 75 µm. 

differentiation and apoptosis in chondrocytes (Zhang et al., 2013). 

Stimulation with TGF-β3, EGF or the combination of both increased TGFBRI, 

SMAD2, EGFR and BGN expression (Fig. 1.4A). Next to the upregulation of SMAD2,  
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Figure 1.2: CPCs were stained for TGFBRI and EGFR by ICC. (A and E) Nuclei were stained with 

DAPI. (B and F) Staining of BGN. (C) TGFBRI signal. (D) Colocalization of BGN and TGFBRI. (G) 

EGFR signal. (H) Colocalization of BGN and EGFR. Scale bar: 75 µm 

 

we detected that TGF-β3 stimulation led to SMAD2 phosphorylation (Fig. 1.4B) that 

also has been described for chondrocytes (van der Kraan, 2017). The upregulation of 

BGN is in strong agreement with BGN upregulation of Mg-63 cells after TGF-β3 

treatment (Heegaard et al., 2004). Furthermore, we demonstrated that BGN  

knockdown decreased the amount of EGFR (Fig. 1.4C and Fig. 1.4D). SOX9 and 

RUNX2 are the master regulators of CPC osteochondrogenesis (Koelling et al., 

2009). Therefore, we investigated the effect of TGF-β3 and EGF stimulation on their 

expression level. As the previous stimulation with 10 ng/mL EGF resulted in only a 

minor increase of BGN, we also varied the stimulation dose up to 40 ng/mL EGF. We 

found that both TGF-β3 and EGF strongly enhanced SOX9 expression (Fig. 1.4E). 

Furthermore, RUNX2 was also increased, except that stimulation via 40 ng/mL of 

EGF left RUNX2 unchanged. This may be due to cell toxicity of the increasing EGF 

concentration. Furthermore, the combined stimulation of TGF-β3 and EGF strongly 

increased RUNX2 expression. The expression of SOX9 is the strongest indicator for 

chondrogenesis, therefore we wanted to investigate if the increased mRNA level of 

SOX9 is capable to increase the protein level. We chose to stimulate cells with only 

10 ng/mL EGF, as we have shown that RUNX2 expression was only slightly 

upregulated under this concentration of EGF. Moreover, to avoid any cytotoxic 

effects, but to obtain a strong pro-chondrogenic affect, after 24 hrs of EGF stimulation, 
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Figure 1.3: TGF-β3 and EGF expression by IHC. Staining of TGF-β3 in (A) healthy and (B) diseased 

cartilage. Higher magnification of the MZ (C) and DZ (D) of diseased cartilage. EGF was found in 

healthy (E) and diseased (F) cartilage. EGF immunohistology of diseased cartilage MZ (G) and DZ 

(H). Abbreviations: SZ = superficial zone; MZ = middle zone; DZ = deep zone. Scale bar in A, B, E, F: 

750 µm. Scale bar in C, D, G and H: 150 µm. 
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Figure 1.4: Stimulation and knockdown experiments affect CPCs. (A) Effect of TGF-β3 and EGF 

stimulation on the TGFBRI, SMAD2, EGFR and BGN mRNA level. (B). Representative WB of p-

SMAD2 after TGF-β3 and EGF stimulation. (C) Effect of BGN knockdown on EGFR protein level. (D) 

Representative WB of BGN knockdown. (E) Stimulation of CPCs by TGF-β3 and EGF altered SOX9 

and RUNX2 mRNA expression. (F) Analysis of SOX9 protein level after stimulation with EGF. (G) 

Representative WB of SOX9 after EGF stimulation. (H) Chondrogenic and (I) osteogenic (COL1) as 

well as hypertrophy (COL10) marker expression after TGF-β3 and EGF stimulation. 

 

we additionally stimulated for 4 hrs with fresh EGF. Indeed, we observed an 

increased SOX9 protein level (Fig. 1.4F and Fig. 1.4G). Finally, we investigated the 

expression levels of ECM markers, as the increased SOX9 and RUNX2 expression 

levels influence the chondrogenic or the osteogenic potential. TGF-β3 and the 
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combined stimulation with EGF increased both ACAN and COL2 mRNA levels, 

whereas exclusive EGF stimulation decreased both markers’ expression (Fig. 1.4H). 

Furthermore, osteogenic and hypertrophy markers like, COL1 and COL10 

respectively, were not decreased by any of the stimulations (Fig. 1.4I), thus neither 

TGF-β3 nor EGF stimulation displayed only the desired pro-chondrogenic effect but 

also increased at least one of the osteogenic and hypertrophy markers.  
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1.4. Discussion 

We investigated the influence of TGF-β3 and EGF and how they are linked to the 

ECM component BGN with regard to SOX9 and RUNX2, which are accredited as 

major regulators of osteochondrogenesis. 

CPCs build a fibrocartilaginous repair tissue, its fiber network, mainly containing 

collagen type I and not collagen II, is insufficient to regenerate a healthy hyaline 

cartilage (Miosge et al., 1998). However, the chondrogenic potential of CPCs can be 

enhanced by upregulation of SOX9, thus improving their regeneration attempts 

(Koelling et al., 2009, Schminke and Miosge, 2014). The manipulation of signaling 

cascades is one way to influence SOX9 expression, e.g., the TGF-β3 pathway is 

known to enhance chondrogenesis in chondrocytes as well as in meniscus cells 

(Muhammad et al., 2014). Also the EGF pathway has been linked to 

osteochondrogenesis (Shepard et al., 2013), and further evidence of an EGFR-SOX9 

signaling cascade was found in another developmental context (Grimont et al., 

2015). 

 

1.4.1 TGF-β3 and EGF signaling differs in OA 
After we localized BGN, TGFBRI and EGFR to confirm that these molecules could 

also be involved in human articular cartilage physiology, we further investigated the 

role of these players. Firstly, we focused on the differences in TGFBRI expression 

between CC-H and CC-D as reduced expression of TGFBRI has been linked to OA 

in a mouse model (Blaney Davidson et al., 2005). Since we did not observe a 

significant difference, we conclude that either the cells investigated here reacted to 

the artificial culturing conditions or that other factors including post-translational 

modifications of TGFBRI, as well as their ligand concentration, play a role. However, 

CPCs exhibited an increased expression of TGFBRI, which implies that this receptor 

takes part in the OA disease phenotype. This multipotent cell population resides in 

late-stage OA tissues and is capable of differentiating into chondrocytes and other 

cell lineages; therefore, the decrease in receptor expression may be related to their 

differentiation potential (Ischenko et al., 2014, Droguett et al., 2010). EGF signaling is 

strongly involved in chondrogenesis by elevating the level of SOX9 (Ling et al., 2011, 

Chen et al., 2015). The downregulation of EGFR expression in CC-D is likely an 

indicator of the catabolic changes that the cartilage undergoes in OA, and the lack of 

EGFR promotes chondrocyte maturation (Sibilia et al., 2003). In earlier studies, we 
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demonstrated that CPCs are regulated by the antagonists RUNX2 and SOX9 and 

take part in the formation of the fibrocartilaginous repair tissue in late-stage OA. 

Reduced pro-chondrogenic EGFR signaling is in strong agreement with the RUNX2-

controlled, fibroblastic phenotype of CPCs in vivo and in vitro.  

 

1.4.2 Influence of TGF-β3, EGF and BGN manipulation on the chondrogenic 
potential of CPCs 
In articular cartilage, altered ECM homeostasis is a major factor contributing to OA. 

The ECM component BGN interferes with members of the TGF-β3 family (Embree et 

al., 2010, Hara et al., 2017) and EGF (Iacob and Cs-Szabo, 2010) signaling 

pathways. We detected TGF-β3 and EGF in human articular cartilage and found 

evidence that in vitro stimulation with these players also upregulates BGN in CPCs. 

The upregulation of BGN after TGF-β1, TGF-β2 and TGF-β3 treatment has been 

shown in various cell types, including osteosarcoma cells and VSMCs (Heegaard et 

al., 2004, Burch et al., 2010). Both cell types are strongly regulated by RUNX2 and 

SOX9 (Lucero et al., 2013, Liu et al., 2014, Lin et al., 2015, Briot et al., 2014), as are 

CPCs (Koelling et al., 2009). Furthermore, we observed that BGN influences the 

EGFR protein level as it has been stated before in a mouse model (Iacob and Cs-

Szabo, 2010) and thus, one can speculate about a complex regulation chain in which 

BGN mediates the TGF-β3 and EGF pathways. This is supported by the 

colocalization of BGN and the respective receptors as shown here. Recent reviews 

have focused on the diverse functions of the ECM molecule perlecan (Douglass et 

al., 2015), suggesting that proteoglycans act as central signaling hubs through 

interactions with other ECM molecules and cell receptors (Gubbiotti et al., 2017). 

Loss of such a hub may lead to dysbalanced signaling resulting in the initially 

increased anabolic and finally catabolic processes that have been observed after 

BGN loss in mandibular condylar chondrocytes (Embree et al., 2010). Also the 

results of previous studies concerning TGF-β3 and EGF signaling (Zhang et al., 

2014, Sibilia et al., 2003, Pombo-Suarez et al., 2009, Bush and Beier, 2013, Blaney 

Davidson et al., 2005) indicate a highly regulated network of various players at 

various developmental timepoints necessary to determine the final 

osteochondrogenic effects. We showed that TGF-β3 and EGF stimulation increased 

expression of BGN, EGFR and TGFBRI and seems to upregulate the 

osteochondrogenic potential in general, considering the rise of SOX9 and RUNX2 

expression. In accordance with this, TGF-β3 stimulation upregulated chondrogenic, 
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osteogenic and hypertrophic markers, which we could not observe after exclusive 

EGF stimulation. EGF stimulation upregulated SOX9, however also decreased ACAN 

and COL2 and increased COL1 expression. Thus, TGF-β3 and EGF signaling have a 

potential for anabolic and catabolic processes, but their specificity is determined in a 

more complex manner, including further mediators activating alternative signaling 

cascades, e.g., the proposed transition from pro-chondrogenic SMAD2/3 signaling to 

hypertrophic SMAD1/5/8 signaling (van der Kraan, 2017, Bush and Beier, 2013) as 

shown for TGF-β3. In late-stage OA, dysregulation of this network may promote 

disease progression. BGN has been linked to angiogenesis during fracture repair by 

altering the expression and function of endostatin (Myren et al., 2016). Altered TGF 

and EGF signaling may influence BGN expression and its regulatory functions in the 

deep zone, resulting in the vascularization of the calcified zone. 

Taken together TGF, EGF and BGN were found to be expressed in articular cartilage 

and bear the capacity to influence each other, as well as the expression of the 

osteochondrogenic regulators SOX9 and RUNX2. The direct stimulation of CPCs in 

vitro with TGF-β3 and EGF increased the chondrogenic master regulator SOX9 but 

also increased osteogenic and hypertrophy markers. Further research is needed to 

determine exclusively chondrogenic mediators in these signaling cascades, which 

would help to identify attractive targets for future OA therapy. 
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Abstract 

Osteoarthritis (OA) is the most prevalent chronic joint disease that affects a large 

proportion of the elderly population. Chondrogenic progenitor cells (CPCs) reside in 

late-stage OA cartilage tissue, producing a fibrocartilaginous extra-cellular matrix; 

these cells can be manipulated in vitro to deposit proteins of healthy articular 

cartilage. 

CPCs are under the control of SOX9 and RUNX2. In our earlier studies, we identified 

a pivotal role for RUNX2 in enhancing the chondrogenic potential of CPCs. Here we 

demonstrate that CPCs carrying a knockout of RAB5C, a protein involved in 

endosomal trafficking, exhibited elevated expression of multiple chondrogenic 

markers, including the SOX trio, and displayed increased COL2 deposition, whereas 

no changes in COL1 deposition were observed.   

We report RAB5C as an attractive target for future therapeutic approaches designed 

to increase the COL2 content in the diseased joint.  
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2.1. Introduction 

Osteoarthritis (OA) is the most common musculoskeletal disease in the elderly 

(Reginster, 2002). According to the WHO, by 2050, 130 million people will suffer from 

OA and 40 million people will be severely disabled by OA (WHO, 2013). The disease 

is characterized by the degradation of the articular cartilage, which results in impaired 

joint functionality (Felson, 2006). Current therapies provide symptomatic relief but are 

unable to cure the disease, and patients eventually require total joint replacement 

(Lohmander and Roos, 2007). The search for new OA treatment options focuses on 

regenerative cell therapies, among others modalities (Brittberg et al., 1994, Schminke 

and Miosge, 2014).  

In the joint, chondrocytes populate the healthy articular cartilage, secreting extra-

cellular matrix (ECM) components such as collagen type II (COL2) and other 

characteristic proteins that are responsible for the unique properties of the tissue 

(Buckwalter and Mankin, 1998a, Oldberg et al., 1990). During OA, disturbed cell-

matrix interactions lead to the degradation of the healthy articular cartilage (Sandell 

and Aigner, 2001, Poole, 1997, Goldring and Goldring, 2007, Heinegard and Saxne, 

2011), resulting in fibrillation processes and the formation of a fibrocartilaginous 

repair tissue (Miosge et al., 1998, Miosge et al., 2004, Horton et al., 2006) that is 

mainly composed of collagen type I (COL1). This repair tissue lacks the mechanical 

properties of healthy cartilage (Setton et al., 1999).  

Previous studies by our group reported that fibrocartilage repair tissue is derived from 

a unique cell population of migratory, clonogenic and multipotent chondrogenic 

progenitor cells (CPCs) (Koelling et al., 2009, Seol et al., 2012). In vitro experiments 

have revealed the capacity of CPCs to differentiate into chondrocytes in vitro (Joos et 

al., 2013, Jenei-Lanzl et al., 2014, Embree et al., 2016, Janssen et al., 2019, Wang 

et al., 2019). Based on these findings, our approach is to increase the chondrogenic 

potential of CPCs in vivo. The differentiation of CPCs is mainly determined by the 

chondrogenic transcription factor SOX9 and by the osteogenic factor RUNX2 

(Koelling et al., 2009). SOX9 is an essential factor expressed throughout the 

chondrocyte lineage, from mesenchymal chondroprogenitor condensation until 

hypertrophic differentiation (Bi et al., 1999, Bi et al., 2001), and it regulates the 

expression of chondrogenic markers such as COL2 (Lefebvre et al., 1997). RUNX2, 

the master regulator of osteogenesis (Otto et al., 1997), also plays a crucial role in 

early chondrogenesis. Nullizygous RUNX2 mice exhibit delayed or absent 
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chondrocyte hypertrophy (Kim et al., 1999, Inada et al., 1999). Knockdown of RUNX2 

in CPCs increases the expression of SOX9, ACAN and COL2, but decreases the 

expression of catabolic markers such as MMP13 and ADAMTS5 (Koelling et al., 

2009). Due to the critical and versatile functions of SOX9 (Jo et al., 2014) and 

RUNX2 (Pratap et al., 2011), we strove for a subtler manipulation of the 

chondrogenic potential than the direct targeting of these master regulators. 

In our study, we identified a pivotal role for RUNX2 in determining the chondrogenic 

potential of CPCs, and we identify RAB5C as a potential interacting partner of SOX9. 

By knocking out (KO) RAB5C, we increased the chondrogenic potential of CPCs in 

vitro and transplanted these manipulated cells into a nude mice model to analyze its 

effect in vivo. Additionally, we provide the first insights into the possible underlying 

cell biological mechanism. 
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2.2. Methods 

2.2.3 Cell isolation and culture 
A standard explant protocol was applied (Koelling et al., 2009) using 

histopathologically confirmed late-stage OA tissue (Pritzker et al., 2006) and 4 CPC 

lines (CPC241, CPC674, CPC677, and CPC678) from patients (2 males and 2 

females, age 61-82 years, height 156-185 cm, weight 60-110 kg) cultivated under 

standard conditions at 37°C with 5% CO2 in DMEM + GlutaMaxTM supplemented with 

10% FCS and 50 µg/mL gentamycin (Janssen et al., 2019, Koelling et al., 2009). A 

lentivirus expressing hTERT was produced as described in a previous study 

(Docheva et al., 2010). The pLenti6/v5-hTERT plasmid was cotransfected with pLP1, 

pLP2, and pLP/VSVG helper plasmids (ViraPower lentiviral expression system, 

Invitrogen) in 293FT cells, and the supernatant was collected after 48 hrs. CPCs 

were infected with the hTERT lentivirus (moi of 5 × 104) and selected with 10 μg/mL 

blasticidin for 1 week. 

 

2.2.4 Chondrogenic differentiation 
First, 7 × 105 cells were embedded in sterile 1.2% FMC Biopolymer alginate 

(Häuselmann et al., 1994, Koelling et al., 2009) and cultured with standard DMEM 

supplemented with 3.9 µM/100mL dexamethasone, 10 mg/mL Na-pyruvate, 4 

mg/100mL L-proline, 5 mg/100mL ascorbate and 5 µL/mL ITS for up to 28 days. 

Cells were retrieved from beads using HEPES-EDTA.  

 

2.2.5 Data-independent acquisition mass spectrometry 
CPCs from patients were differentiated towards the chondrogenic lineage. On day 

27, the medium was changed to FCS-free chondrogenic medium. SDS-PAGE, in-gel 

trypsin digestion, extraction and MS were performed using the methods described in 

a previous study (Batschkus et al., 2017). For the generation of a peptide library, 

equal amount aliquots from each sample were pooled to a total amount of 150 µg, 

dried in a vacuum concentrator and resuspended in 0.1% TFA. The pool was then 

separated into 14 fractions using reverse-phase chromatography (1.0 mm ID x 150 

mm, Hypersil Gold C18 aq, 5 µm, Thermo Fisher Scientific) with 5-40 % 

acetonitrile/0.01 M ammonium hydroxide (pH 8.0) at a rate of 200 µl min-1 and a 

staggered pooling scheme (1+15+29). 



Chapter II

 49 

For mass spectrometry, peptide samples were reconstituted in 2% acetonitrile/0.1% 

formic acid (v:v) and spiked with a synthetic peptide standard used for retention time 

alignment (iRT Standard, Schlieren, Schweiz). Samples were analyzed using a 

nanoflow chromatography system coupled to a hybrid triple quadrupole-TOF mass 

spectrometer using the method described in a previous study (Erdmann et al., 2019). 

Proteins were identified using ProteinPilot Software version 5.0 build 4769 (AB Sciex) 

and “thorough” settings. The combined qualitative analyses were searched against 

the UniProtKB human reference proteome (revision 04-2018, 93,609 entries) 

augmented with a set of 52 known common laboratory contaminants to identify 

proteins at a False Discovery Rate (FDR) of 1%. 

Spectral library generation and peak extraction were achieved with PeakView 

Software version 2.1 build 11041 (AB Sciex) using the SWATH quantitation microApp 

version 2.0 build 2003. Following the retention time correction using the iRT 

standard, peak areas were extracted using information from the MS/MS library at an 

FDR of 1% (Lambert et al., 2013). The resulting peak areas were then summed to 

peptide and finally protein area values per injection, which were used for further 

statistical analysis. Cell lines were grouped together (CPC677 and CPC241hT, 

CPC674 and CPC674hT, and CPC678 and CPC678hT), and proteins were 

compared using the Mann-Whitney U test with the FDR correction. Significant 

proteins were selected by thresholding at a p value < 0.05, divided into up- and 

down-regulated by fold change (primary or immortalized).  

 

2.2.6 Generation of the knockout cell lines 
For this experiment, 1 × 106 cells were transfected with 2 µg each of pSp-Cas9(BB)-

2A-GFP (Addgene) vector pairs (inserts: RAB5C: 5’ 

GAAGAGAGAAGGAGCGTCCAT, 5’ GGGTTAAGCGGCCTGAAATC; RUNX2: 5’ 

GCCGGCCACTTCGCTAACTTG, 5’ GAGGTCTTGGAGGACGTCCG) in 100 μl of 

the Human Nucleofector Solution using nucleofector program C17 (Amaxa). 

Immediately afterwards, the cells were cultured under standard conditions. 

Transfected cells were sorted by FACS to achieve one cell per well, gDNA was 

isolated (Kappa mouse genotyping kit KK7103) and loci were sequenced using the 

following primers: RAB5C: 5’ CCCTAGCTGCTGGTCTGTTC, 5’ 

TCAAGTGATCCTCCCACTCC; and RUNX2: 5’ TCAGACAGAGGTGGGGGTAG, 5’ 

AGACCTGAGGAGAGGCGTTT. 
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2.2.7 Real-time polymerase chain reaction (RT-PCR) 
RT-qPCR was performed as previously described (Koelling et al., 2009), using the 

ΔΔCT method (Livak and Schmittgen, 2001). The primers are listed in Tab. S2.4. At 

least 3 replicates were analyzed using Student’s t-test or ANOVA followed by 

Tukey’s post hoc test, * p < 0.05. 

 

2.2.8. Immunoblotting 
Protein levels were determined using SDS-PAGE and Western blotting with PVDF 

membranes. TBS-T was used for washing and 5% milk powder in TBS-T was used 

for blocking (Janssen et al., 2019, Koelling et al., 2009). Primary antibodies were 

diluted as follows and incubated with the membrane overnight: RUNX2: 1:2000, 

polyclonal rabbit ab23981 (Abcam); SOX9: 1:2000, monoclonal mouse H00006662-

M02 (Abnova); COL1: 1:500, polyclonal rabbit R1038 (Acris); COL2A1: 1:300, 

monoclonal mouse sc-51801 (Santa Cruz); RAB5C: 1:500, monoclonal mouse sc-

365667 (Santa Cruz); Anti-6X His tag®: 1:2000, ab18184 (Abcam). Secondary 

antibodies were diluted as follows and incubated with the membrane for 1 h: 

polyclonal goat anti-mouse A 9917, 1:40000 (Sigma-Aldrich) and polyclonal goat 

anti-rabbit, A 0545, 1:100000 (Sigma-Aldrich). WesternBright™ Sirius (K-12043-D20, 

Biozym) and WesternBright™ ECL (K-12045-D20, Biozym) were used for detection 

with a C-DiGit Blot Scanner. Protein levels were evaluated with Image Studio Digits 

Version 5.2 and normalized to the levels of α-tubulin (T6199, 1:10000 Sigma-Aldrich) 

or GAPDH (ab9848, 1:5000, Abcam) (Gassmann et al., 2009). At least 3 replicates 

were analyzed using Student’s t-test, * p < 0.05. 

 

2.2.9 Pull down and mass spectrometry analyses 
HEK293T cells were transfected with pPM-hSOX9-His (PV132789, ABM) using 

PolyFect®. After 48 hrs, cells were lysed and the released His-tagged protein was 

purified and incubated with HisPur Ni-NTA Magnetic beads in equilibrium buffer. 

Subsequently, the beads were washed and incubated with the lysate of CPCsiRUNX2 

(Koelling et al., 2009) O/N at 4C while rotating. Finally, the beads were washed and 

the protein complexes were eluted and precipitated with ethanol. SDS-PAGE, in-gel 

trypsin digestion and extraction and MS were performed using the methods 

described by Batschkus et al. (2017) with slight alterations. Each lane was cut into 11 

equidistant slices. Peptides were separated using a 37 min linear gradient (5-35%) 

and analyzed using a Top 10 data-dependent acquisition method. Three biological 
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and two technical replicates were combined. Peak lists were extracted from the raw 

data with Raw2MSM (version v1.10) and analyzed using Mascot (version 2.4.1) by 

searching against the SwissProt database version 2014_08 and validated with 

Scaffold 4.3.4. Spectral counting was used to determine relative protein abundances 

between samples (Lundgren et al., 2010). Spectral counts were normalized between 

the different samples using the DESeq method (Anders et al., 2013, Anders and 

Huber, 2010). Interacting proteins were identified using a two-stage Poisson model 

that was specifically adapted for spectral count data and included a biological and 

variance filter (Fischer et al., 2014). Differential binding between treatment and 

control groups was quantified by determining the log fold change using a FDR of 5%. 

All mass spectrometry proteomics data have been deposited into the 

ProteomeXchange Consortium via the PRIDE partner repository (Perez-Riverol et al., 

2018) with the dataset identifier PXD021785. 

 

2.2.10 Ex vivo migration 
For this experiment, 1 × 106 cells were transfected with 4 µg of pmaxGFP™ (Lonza) 

as described above. Osteoarthritic cartilage without signs of rheumatoid involvement 

were obtained from the knee joints of adult patients (1 male and 3 females, age 62-

79 years, height 156-176 cm, weight 55-92 kg) suffering from late-stage OA after 

total knee replacement. The patients met the American College of Rheumatology 

classification criteria (Altman et al., 1986) and provided written informed consent, 

consistent with relevant ethical regulations (25/12/10). The histopathological 

classification of OA cartilage confirmed the presence of late-stage OA (Pritzker et al., 

2006). 

 

2.2.11 Animals 
In vivo experiments using mice were performed in accordance with the Guide for the 

Care and Use of Laboratory Animals and were approved by the Harvard Medical 

Area Institutional Animal Care and Use Committee. Mice were maintained in a virus‐ 

and parasite‐free barrier facility, housed on a 12‐hour light/dark cycle and fed a 

standard diet with food and water available ad libitum. Female homozygous Foxn1nu 

mice were ordered from Jackson Lab (strain 002019 –NJ/J) and housed under sterile 

conditions. Cells used for implantation were embedded in 1.2% PRONOVA SLG100 

alginate and 4 beads were transplanted into the back of nude mice (7 mice for 

CPCControl, 4 mice for CPCRAB5C-/-, and 3 mice for empty alginate beads). Mice were 
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sacrificed after 28 days, the beads were retrieved and fixed for histology, or CPCs 

were retrieved using HEPES-EDTA.  

 

2.2.12 Immunohistochemistry (IHC) and immunocytochemistry (ICC) 
IHC and ICC were performed as previously described (Schminke et al., 2016b, 

Janssen et al., 2019). For IHC, tissue samples were fixed at 55 °C for 2 h. Primary 

antibodies were applied at the following dilutions for IHC: ACAN: 1:100, monoclonal 

mouse AHP0012 (Thermo Fisher); COL1: 1:50, polyclonal rabbit R1038 (Acris); 

COL2: 1:50, polyclonal rabbit NB100-91715 (Novus Biologicals); and KI-67: 1:50, 

monoclonal mouse M7240 (Dako Cytomation). For detection, a HiDef Detection™ 

Alk Phos Polymer System (962D, Cell Marque) with PermaRed/AP-Auto (K049-Auto, 

Cell Marque) was applied. The following primary antibodies were applied for ICC: 

RAB5C: 1:50, monoclonal mouse sc-365667 (Santa Cruz); RUNX2: 1:20 polyclonal 

rabbit sc-10758 (Santa Cruz); and SOX9: 1:50, polyclonal rabbit sc-20095 (Santa 

Cruz). Alexa Fluor 555-conjugated polyclonal donkey anti-rabbit (ab150074, 1:500, 

Abcam) and DyLight 488-conjugated polyclonal goat anti-mouse (072-03-18-06, 

1:500, KPL) secondary antibodies and a 1:1000 dilution of DAPI were applied for 

ICC. 

 

2.2.13 RNA-Seq 
Gene expression in CPCControl and CPCRAB5C-/- was measured on days 0, 3 and 28. 

Total RNA was isolated with an RNeasy kit (Qiagen). RNA-Seq libraries were 

prepared using TruSeq kits (Illumina). Samples were assessed for sequencing 

quality using FastQC (version 0.11.5) (Andrews, 2010). All experiments were 

performed in triplicate, and three biological replicates were sequenced per condition. 

Datasets are available at GEO (GSE158463). SortMeRNA (version 2.1) (Kopylova et 

al., 2012) was used to determine the proportion of rRNAs in the samples. Human 

RNA-Seq data were aligned to the human genome assembly hg38 using STAR 

(version 2.5.2a) (Dobin et al., 2013) with the default options. The number of reads in 

each gene in the human genome version 89 was quantified for every sample using 

FeatureCounts (version 1.5.0-p1) (Liao et al., 2014). All analyses were performed 

using R v4.0.1. Normalized gene-level RNA-Seq count tables were first averaged for 

duplicated genes, then divided into groups by genetic (RAB5C status) and time (0, 3 

or 28 days) factors and analyzed. For linear gene expression modeling of time and 

group ordered data, linear regression equations were fit for each gene in both 
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groups. The goodness-of-fit (R2) and p value for each gene were compared between 

groups, and, depending whether a stringent or less stringent model was used, 

regressor lists were established at cut-off values of R2=0.8 and p < 0.05. Gene 

expression was considered altered in CPCRAB5C-/- if the genes were present in the 

CPCControl list but absent in the CPCRAB5C-/- list. Genes were further selected and 

compared using the Mann-Whitney U test with the FDR correction. The cartilage 

morphogenesis signature was downloaded from the MSigDB and the relative 

enrichment values were inferred for each sample using the “singScore” package in R. 

Differential enrichment was evaluated using the Mann-Whitney U test with the FDR 

correction. For GSEA, the differential expression analysis was performed between 

each set of CPCControl and CPCRAB5C-/- samples using DESeq2 (version 1.18.1)(Love 

et al., 2014). The web service WebGestalt (version 0.4.3)(Liao et al., 2019b) was 

applied to identify enriched GO categories and KEGG pathway terms (adjusted p < 

0.05). 
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2.3 Results 

2.3.1 Primary and immortalized CPCs did not exhibit major differences  
CPCs have been a useful model to study the molecular mechanisms related to the 

pathology of OA (Seol et al., 2012, Joos et al., 2013, Wang et al., 2020, Matta et al., 

2019). First, we wanted to determine whether the immortalized CPCs utilized in our 

previous studies (Janssen et al., 2019, Wagner et al., 2019) and used here differ 

from primary CPCs after chondrogenic differentiation. Therefore, we performed 

proteome profiling using data-independent acquisition mass spectrometry (DIA-MS) 

to elucidate the differences between the two corresponding CPC cell lines before and 

after immortalization. Additionally, we included one primary cell line and one 

immortalized cell line from a different patient to consider the effects related to 

different patient origins. After the chondrogenic differentiation of these cell lines, the 

DIA-MS analysis detected 2449 proteins (Fig. S2.1). Only 43 (1.76%) proteins in the 

two corresponding cell lines and 20 (0.82%) proteins in the non-matching cell lines 

were downregulated after immortalization (Tab. S2.1). Only 16 (0.65%) proteins were 

upregulated in both corresponding cell lines after immortalization, while only 33 

(1.35%) proteins were upregulated in the non-matching cell lines (Tab. S2.1). 

Therefore, we concluded that immortalization did not substantially deregulate the 

proteome, thus confirming that our immortalized cell lines, one of which was used in 

the following experiments, represent a suitable model to investigate the mechanisms 

of OA and the role of CPCs in chondrogenic regeneration. 

 

2.3.2 The osteogenic master regulator RUNX2 has a pro-chondrogenic function 
in CPCs 
As described in previous studies, CPCs reside in the fibrocartilaginous repair tissue 

of patients with late-stage OA (Miosge et al., 1998) and can be manipulated in vitro to 

produce hyaline cartilage proteins (Koelling et al., 2009, Dai et al., 2020). Because 

CPCs are controlled by the osteogenic regulator RUNX2 and the chondrogenic 

regulator SOX9, diminished RUNX2 expression induced by RNA interference led to 

upregulation of the articular cartilage marker COL2 and downregulation of the 

fibrocartilaginous marker COL1 (Koelling et al., 2009). Thus, we were interested in 

determining whether we would be able to further enhance this effect by knocking out 

RUNX2 using a CRISPR/Cas9 approach targeting exon 2 (Fig. 2.1A). First, the 

CPCRUNX2-/- cell line was examined in 2D culture, and the successful deletion of this 

expression exon was confirmed using PCR (Fig. 2.1B). Decreased SOX9 and 
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RUNX2 (Fig. 2.1C) expression levels were detected using qPCR. Subsequently, an 

unchanged level of the SOX9 protein and the complete absence of the RUNX2 

protein were demonstrated by Western Blot (Fig. 2.1D).  

In the next step, CPCControl and CPCRUNX2-/- were seeded in 3D alginate for 28 days to 

induce chondrogenic differentiation. No significant changes in SOX9, COL1A1 and 

COL2A1 expression were detected (Fig. 2.1E). Regarding the protein level, we did 
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Figure 2.1: Generation and characterization of CPCRUNX2-/-. (A) Schematic of the RUNX2 locus. Exon 

lengths are scaled, while intron sizes are reduced for better visualization. (B) PCR analysis of the 

RUNX2 exon 2 locus showing the deletion of 500bp in CPCRUNX2-/- by CRISPR/Cas9. (C) qPCR and 

(D) Western Blot analyses of SOX9 and RUNX2 levels in 2D cultured CPCRUNX2-/-. After 28 days of 3D 

alginate culture, CPCRUNX2-/- were subjected to (E) qPCR and (F) Western Blot analyses of SOX9, 

RUNX2, COL1 (all bands were measured) and COL2 levels. Abbreviations: PAM, protospacer 

adjacent motif. 
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not observe a change in the SOX9 level, whereas the levels of COL1 and particularly 

COL2 were substantially decreased (Fig. 2.1F). We propose that a minimal amount 

of RUNX2 is required to enhance the chondrogenic potential of CPCs, and therefore 

we anticipated decreased but not abolished RUNX2 levels in subsequent 

experiments.  

In consideration of future therapeutic approaches, strategies directly targeting 

RUNX2 or SOX9 might have severe consequences due to their numerous upstream 

function in various cell types (Valenti et al., 2016, Pritchett et al., 2011, Izzi et al., 

2019, Hanley et al., 2008). Furthermore, testing of CPCControl carrying a KO of 

candidate genes reported in the literature and known to be involved in the 

pathogenesis of OA, namely, MFGE8 (Albus et al., 2016) and YWHAE (Nefla et al., 

2015), did not improve chondrogenic differentiation in vitro (data not shown). 

Therefore, we aimed to identify potential co-regulators of SOX9 whose manipulation 

might enhance the chondrogenic potential of CPCs. 

 

2.3.3 RAB5C is a co-regulator of SOX9, and its loss increases COL2 synthesis 
For the next approach, we assumed that possible co-regulators directly or indirectly 

interact with SOX9 in CPCs and thus would be identified by a SOX9-His pull down. 

First, the SOX9 bait protein was produced in HEK293T cells transfected with pPM-

hSOX9His (Fig. 2.2A). The lysate of untransfected HEK293T cells was used to 

assess the binding of non-specific proteins to the column (Fig. 2.2B, left lane). We 

assumed that an increased SOX9 level promotes the expression of co-regulators 

involved in chondrogenesis in CPCs. Therefore, we used CPCsiRUNX2 overexpressing 

SOX9 (Koelling et al., 2009) to increase the efficiency of the pull down. For control, 

aliquots of the lysate were run on a SDS gel and used for Western Blot to detect 

SOX9 and the His-tag (Fig. 2.2B, right lane). The mass spectrometry analysis 

revealed 3448 identified protein clusters with 393 protein clusters identified 

exclusively in the control, while 344 clusters were exclusively related to CPCsiRUNX2 

(Fig. 2.2C). The statistical analysis revealed a number of significantly enriched 

proteins (Fig. 2.2D). SOX9, which has been described to form homodimers (Huang et 

al., 2015), was among the 50 most enriched proteins (Tab. 2.1). Furthermore, three 

different ras-related proteins (RABs) involved in vesicular trafficking were detected. 

One of these proteins, RAB23 was investigated in the mouse ATDC5 cell line, and 

the manipulation of this protein decreases SOX9 levels (Yang et al., 2008). This 

finding supported our experimental design and our assumption that co-regulators of 
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Figure 2.2: Pulldown of SOX9-associated proteins and characterization of CPCRAB5C-/-. (A) Coomassie 

staining of the lysates of control or SOX9-6His-transfected HEK293T cells. The His tag and SOX9 

were detected using Western blotting. (B) Coomassie-stained SDS gel of control and CPCsiRUNX2 

eluates after Δbait or SOX9-His pulldown. The His tag and SOX9 were detected using Western 

blotting. (C) Overview of proteins detected in CPCControl and CPCsiRUNX2 using mass spectrometry. (D) 

Volcano plot of the identified relevant proteins in CPCsiRUNX2 compared to CPCControl. (E) Schematic of 
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the RAB5C locus with scaled exons and reduced intron sizes for better visualization. (F) 

CRISPR/Cas9-mediated deletion of 250 bp of RAB5C exon 2 was confirmed by PCR. SOX9, RUNX2 

and RAB5C expression in 2D cultured CPCRAB5C-/- were analyzed using (G) qPCR and (H) Western 

blotting. ICC staining of CPCControl and CPCRAB5C-/- for DAPI, RAB5C and (I) SOX9 or (J) RUNX2. Scale 

bar: 20 µm. CPCsRAB5C-/- were cultured in 3D alginate for 28 days and SOX9, RUNX2, COL1 (all bands 

were measured) and COL2 levels were assessed using (K) qPCR and (L) Western blotting. 

Abbreviations: His, polyhistidine tag; PAM, protospacer adjacent motif. 

 

Table 2.1: Top50 proteins identified by SOX9-His pulldown 
Protein name log(2)FC 

(∆bait, CPCControl/SOX9-6His, CPCsiRUNX2) 
adjusted p 

MX2 26,59 5,26E-131 

GDN 24,49 1,23E-16 

PAR14 24,36 1,07E-38 

ISG15 23,79 2,84E-22 

CFA20 21,95 3,93E-10 

DOC11 21,51 6,65E-07 

SPTC3 21,51 6,65E-07 

SAP18 21,22 1,85E-05 

NRDC 21,15 3,55E-05 

SI1L2 20,73 8,31E-04 

RAB23 20,34 2,16E-03 

NU214 20,15 5,22E-03 

SOX9 7,13 1,19E-06 

KRT85 6,06 4,53E-02 

LAMB2 4,99 4,96E-42 

DDX60 4,27 5,82E-97 

OASL 4,14 2,14E-17 

MAP1A 3,88 2,24E-13 

NOTCH2 3,77 6,30E-12 

FAT1 3,62 3,13E-10 

CNTP1 3,53 2,28E-03 

OAS2 3,47 7,97E-09 

STING 3,23 6,98E-07 

TB10A 3,23 6,98E-07 

LAMB1 3,06 7,66E-35 

RAB2A 3,05 8,57E-06 

MKRN2 2,90 5,37E-05 

RASK 2,90 7,16E-09 

KRT84 2,82 3,57E-02 

GP124 2,78 1,09E-03 

NEO1 2,68 5,29E-07 

AGRIN 2,67 1,22E-27 

CAV1 2,57 2,92E-06 

QSOX1 2,49 2,46E-10 

FINC 2,49 5,20E-08 

DDX6L 2,49 7,69E-67 

EI2BE 2,47 4,37E-10 

BACH 2,41 3,33E-05 

PRDBP 2,40 2,73E-06 

DNMT1 2,36 6,92E-05 

ZFPL1 2,36 4,69E-04 

SC11A 2,24 1,48E-02 

SHRM3 2,22 2,24E-20 

LAMC1 2,21 3,15E-07 

ACBD5 2,21 3,59E-04 

SYNJ2 2,19 7,60E-07 

RAB5C 2,18 3,67E-03 

CP135 2,17 6,55E-10 

FGF2 2,13 2,93E-05 

CCPG1 2,12 9,68E-36 
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SOX9 would be identified using this approach. Subsequently, we decided not to 

investigate RAB2A, but instead analyzed RAB5C, an early endosomal marker that 

already has been linked to EGF signaling (Miaczynska et al., 2004), which 

participates in the chondrogenesis of CPCs (Janssen et al., 2019).  

First, we generated a CPCRAB5C-/- line, by targeting the flanking introns of RAB5C 

exon 2 using CRISPR/CAS9 (Fig. 2.2E), as confirmed using PCR (Fig. 2.2F). An 

analysis of 2D cultured CPCRAB5C-/-, did not reveal significant changes in SOX9 and 

RUNX2 expression, but RAB5C expression was reduced (Fig. 2.2G). Subsequently, 

successful depletion of the RAB5C protein and an increased level of the SOX9 

protein were observed using Western Blot (Fig. 2.2H). As RAB5C was identified 

using the SOX9-His pull down, in vitro co-localization of SOX9 and RAB5C was 

investigated using ICC. SOX9-RAB5C co-localization was not observed in the 

control, as SOX9 staining was mainly detected in the nucleus, as marked by DAPI 

(Fig. 2.2I). Furthermore, the deletion of RAB5C did not alter the nuclear localization 

of SOX9. The lysosomal degradation of RUNX2 is promoted by SOX9 (Cheng and 

Genever, 2010); therefore, we assessed the co-localization of RUNX2 with the early 

endosomal marker RAB5C (Fig. 2.2J). Co-localization was observed in the cytoplasm 

of CPCControl, but the deletion of RAB5C did not alter the localization of RUNX2. 

Subsequently, we performed an ex vivo migration experiment to determine whether 

the loss of RAB5C prevents CPCs from migrating into late-stage OA cartilage tissue, 

a key feature of manipulated CPCs in future therapeutic interventions. Therefore, 

CPCControl and CPCRAB5C-/- were transfected with GFP and placed on the surface of 

the OA repair tissue. After 4 days, GFP-positive CPCControl and CPCRAB5C-/- were 

observed at a depth of approximately 1800 µm in the OA tissue specimens, 

indicating that the loss of RAB5C did not affect the migratory potential of CPCs (Fig. 

S2.2). In order to elucidate changes in the chondrogenic potential, CPCControl and 

CPCRAB5C-/- underwent chondrogenic differentiated in 3D alginate culture for 28 days. 

We confirmed a significant increase in SOX9 expression, but the expression of 

COL1A1 and COL2A1 remained unchanged (Fig. 2.2K). Moreover, the level of the 

RUNX2 protein was substantially but not significantly (p = 0.08) decreased (Fig. 

2.2L). Finally, because the level of the COL2 protein increased, CPCRAB5C-/- passed 

the first hallmark of our screen for candidates for potential therapeutic interventions 

to ameliorate OA pathogenesis in the future. 
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2.3.4. Loss of RAB5C did not impede proliferation and ECM deposition by CPC 
in a nude mouse model 
We were interested if CPCRAB5C-/- exhibited signs of impaired vitality under conditions 

resembling the in situ environment to evaluate RAB5C as a potential target. Alginate 

beads containing CPCControl or CPCRAB5C-/-, as well as empty alginate beads serving 

as a negative control, were transplanted into skin pockets of nude mice. After 28 

days of nourishment by the tissue fluid instead of chondrogenic medium, the beads 

were retrieved from the mice for further analysis. The histological examination 

revealed the formation of fibrotic capsules enclosing all implanted beads (Fig. 2.3A 

Figure 2.3: Histological examination of alginate beads transplanted into the back of nude mice. (A) HE 

staining of implanted beads did not reveal migration of mouse cells into the beads, as evidenced by 

the empty alginate control and (*) encapsulation of beads. (B) Representative images of HE staining 

of alginate beads carrying CPCControl. (Scale bar: 1 mm). Chondrocyte clusters were observed in 

animals injected with (C) CPCControl and (D) CPCRAB5C-/- (scale bar: 12.5 µm), as along with (E) blood 

vessel formation into the beads (scale bar: 50 µm). (F) Negative control staining and Ki-67, COL1, 

COL2 and ACAN staining on beads containing CPCControl or CPCRAB5C-/- (scale bar: 12.5 µm).  
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and Fig. 2.3B, asterisk). The empty alginate control showed no migration of mouse 

cells into the scaffold after 28 days (Fig. 2.3A). Living and dead cells were observed 

using HE staining in the alginate beads (Fig. 2.3B). Furthermore, the emerging 

formation of chondrocyte clusters was observed in CPCControl (Fig. 2.3C) and 

CPCRAB5C-/- (Fig. 2.3D), as along with blood vessel formation into the beads (Fig. 

2.3E). Subsequently, we examined the cells with IHC (Fig. 2.3F). First, proliferation 

was assessed using KI-67 staining and revealed proliferating cells, particularly in cell 

clusters. When the ECM composition was analyzed, CPCRAB5C-/- deposited COL1 and 

COL2, consistent with the findings from our in vitro experiments. Furthermore, we 

detected positive staining for aggrecan (ACAN), which has a key function in hyaline 

cartilage (Heinegard and Saxne, 2011). 

In conclusion, CPCs were still able to proliferate, despite the deletion of RAB5C. 

Additionally, qualitative IHC staining revealed the deposition of COL2 and ACAN, 

both of which are abundant in articular cartilage. This finding allowed us to continue 

with a deeper analysis of the CPCRAB5C-/-, including additional markers for a possibly 

positive effect for chondrogenesis of CPCs. 

 

2.3.5. Further characterization of CPCRAB5C-/- revealed increased expression of 
chondrogenic markers 
In the next step, we investigated the expression of additional chondrogenic markers 

using RNA-Seq. CPCControl and CPCRAB5C-/- samples were collected on days 0, 3, and 

28 of chondrogenic differentiation in vitro. First, we determined the expression profile 

of all cartilage-related genes during the onset of the chondrogenic differentiation of 

CPCControl and CPCRAB5C-/- by performing an enrichment analysis of genes related to 

the term cartilage morphogenesis using MSigDB (Fig. 2.4A). The initiation of 

differentiation led to increased enrichment of this signature from day 0 to day 3 in 

both cell lines (CPCControl and CPCRAB5C-/-, p<0.001). CPCRAB5C-/- displayed a 

decreased enrichment of signature genes compared to CPCControl on day 3, although 

no difference was observed between CPCControl and CPCRAB5C-/- on day 28. 

Next, we focused on the most important cartilage markers. Fig. 2.4B-D lists all genes 

that displayed a significant difference in expression between CPCControl and 

CPCRAB5C-/- at least at one time point. The increased expression of chondrogenic 

transcription factors and markers (Fig. 2.4B and Fig. 2.4D), as well as the decrease  
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Figure 2.4: Broader analysis of CPCRAB5C-/- marker expression during chondrogenic 

differentiation in vitro. (A) Differential enrichment of genes that are annotated within the category 

Cartilage Morphogenesis in MSigDB. RNA-Seq analysis of the expression of (B) the 

transcription factors SOX5, SOX6, SOX9 and RUNX2, (C) fibrotic markers COL1A1 and 

COL1A2, and (D) cartilage markers ACAN, COL9A2 and COL11A1 in CPCControl and CPCRAB5C-/- 

on days 0, 3 and 28 of chondrogenic differentiation. qPCR analysis of (E) SOX5, SOX6, (F) 

COL1A2, (G) ACAN, COL9A2 and COL11A1 expression.  
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in the expression of fibrotic markers (Fig. 2.4C) in CPCControl is consistent with 

previous studies of 3D alginate cultures (Kumar and Lassar, 2009).  

A detailed analysis of the SOX trio (Fig. 2.4B), which plays a major role in 

chondrogenesis (de Crombrugghe et al., 2001), allowed us to observe higher 

expression of SOX5 in CPCRAB5C-/- than in CPCControl at every time point. Next, higher 

SOX6 expression was detected in CPCRAB5C-/- on days 0 and 28 than in CPCControl. 

Finally, the SOX9 expression level was elevated in CPCRAB5C-/- on every day 

compared to the respective control, consistent with the results shown in Fig. 2K.  

Subsequently, we analyzed the fibrocartilage marker COL1A1 (Fig. 2.4C) and 

observed higher expression in CPCRAB5C-/- compared to CPCControl on day 0, but its 

expression decreased to the level detected in CPCControl on days 3 and 28, consistent 

with the results of the qPCR analysis of COL1A1 on day 28 shown in Fig. 2K. 

Additionally, higher COL1A2 expression was observed on day 0 and day 3 in 

CPCRAB5C-/-, which then decreased on day 28 to the level observed in CPCControl. 

Finally, we investigated markers of hyaline cartilage (Fig. 2.4D). Unfortunately, 

COL2A1 expression was not detected using RNA-Seq. Nevertheless, COL9A2 and 

COL11A1 were examined, as both collagens are related to COL2 regulation and 

organization through crosslinking (Eyre, 1991, Mendler et al., 1989). COL9A2 

expression was increased on day 3 in CPCRAB5C-/- and COL11A1 expression was 

decreased on day 28 in CPCRAB5C-/- compared to the respective control. Finally, we 

observed increased ACAN expression in CPCRAB5C-/- on days 3 and 28 compared to 

the respective control.  

We confirmed the results of the RNA-Seq analysis using complementary qPCR (Fig. 

2.4E-G) to further corroborate the higher chondrogenic potential observed after the 

loss of RAB5C. Consistent with the results presented in Fig. 2.4B and Fig. 2.4D, 

significantly increased SOX5 (Fig. 2.4E) and COL11A1 expression (Fig. 2.4G) were 

detected at least at one time point in CPCRAB5C-/- compared to CPCControl. However, 

SOX6 (Fig. 2.4E) and COL9A2 (Fig. 2.4G) expression were increased in CPCRAB5C-/- 

at every time point investigated, but the differences were not significant. Finally, 

differences in COL1A2 expression were not noticed (Fig. 2.4F), while ACAN 

expression was increased in CPCControl only on day 3 compared to CPCRAB5C-/- (Fig. 

2.4G).  
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Based on these findings, we concluded that the deletion of RAB5C did not lead to 

severe alterations in the expression of all genes related to chondrogenesis, but it 

positively affected the expression of the most important chondrogenic markers. 

Therefore, we were interested in elucidating the mechanism underlying this effect. 

 

2.3.6 Loss of RAB5C deregulates pathways related to chondrogenesis 
Next, we searched for other deregulated genes in CPCRAB5C-/- to find candidates that 

mediate the observed increase in the chondrogenic potential. Thus, we applied a 

statistical model based on the hypothesis that the expression of genes related to 

chondrogenesis will be linear during the course of chondrogenesis. Subsequently, we 

matched those genes with linear expression in CPCControl, but not in CPCRAB5C-/-, to 

identify genes with a possible activating or inhibitory effect on chondrogenesis that 

are deregulated after the loss of RAB5C (Fig. 2.5A and Tab. S2.2). Two members of 

the BMP signaling pathway, BMPR1B and SMAD7, fit the model in CPCControl, but not 

in CPCRAB5C-/-. Furthermore, NOTCH3 and IL4R were deregulated in CPCRAB5C-/-. The 

Figure 2.5: Differential expression of mediators involved in chondrogenesis in CPCRAB5C-/-. (A) Analysis 

of genes identified by RNA-Seq fitting a linear model of expression during chondrogenic differentiation 

(R2=0.8 and p value < 0.05) in CPCControl, but not in CPCRAB5C-/-. (B) qPCR analysis of BMPR1B, IL4R, 

NOTCH3 and SMAD7 expression in CPCControl and CPCRAB5C-/- on days 0, 3 and 28. 
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qPCR analysis confirmed the lower expression levels of BMPR1B on days 3 and 28, 

IL4R on day 3 and NOTCH3 on day 28, but we did not corroborate our finding for 

SMAD7 using qPCR (Fig. 2.5B).  

In addition, regarding our IL4R results, we performed a GSEA of all deregulated 

genes in CPCRAB5C-/-. The analysis of Gene Ontology (GO) and KEGG pathway terms 

revealed a substantial downregulation of genes related to the chemokine signaling 

pathway, response to chemokine and cytokine−cytokine receptor interaction (Fig. 

S2.3 and Tab. S2.3) including other IL(R)s expressed in CPCRAB5C-/- on days 3 and 

28 of chondrogenic differentiation.  

In summary, we identified mediators of pathways involved in chondrogenesis that 

were deregulated at least at one of the time points, and the roles of these proteins 

should be investigated in future studies to further elucidate the pro-chondrogenic 

effect observed on CPCRAB5C-/-. 

In conclusion, an increase of the chondrogenic potential of CPCs is not achieved by 

the complete deletion of RUNX2. We identified RAB5C as a co-regulator of SOX9. 

RAB5C-deficient CPCs exhibited an increased chondrogenic potential in vitro and 

were capable of producing cartilage markers in vivo. Furthermore, an abolishment of 

COL1 synthesis in CPCs to promote COL2 synthesis is not achieved by the simple 

upregulation of chondrogenic transcription factors. Finally, the effects of the deletion 

of RAB5C are likely based on altered BMP, NOTCH and IL signaling events, rather 

than direct interactions between SOX9 and RAB5C. 
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2.4 Discussion 

2.4.1 A minimal amount of RUNX2 enhances the chondrogenic differentiation 
of CPCs 
Several studies elucidated the essential roles of SOX9 in chondrogenic differentiation 

and cartilage development (Bi et al., 1999), while studies on the chondrogenic 

function of RUNX2 have mainly focused on its role in endochondral ossification by 

inducing chondrocyte hypertrophy (Inada et al., 1999). Our previous study reported 

the enhanced chondrogenic potential of CPCsiRUNX2-/- (Koelling et al., 2009), but here, 

we observed that the total absence of RUNX2 negatively affects COL2 synthesis, 

while the level of SOX9, a strong activator of COL2, remained unchanged. The 

assumption that RUNX2 positively modulates pre-hypertrophic chondrogenesis 

independent from SOX9 is further corroborated by the findings of Chen et al. (2014), 

who reported that RUNX2 already plays an important role in earlier stages. The 

COL2a-Cre driven expression of a truncated RUNX2 protein resulted in distorted 

growth plate architecture, including decreased chondrocyte numbers in resting, 

proliferating and pre-hypertrophic regions of mice. However, they did not observe 

differences in the SOX9 level between wildtype and mutant limbs, again indicating 

that RUNX2 modulates chondrogenesis independent of the SOX9 level. 

Nevertheless, neither Chen et al. (2014) nor we investigated whether the RUNX2 

deletion alters the regulation of SOX9 activity by phosphorylation (Huang et al., 2000) 

or translocation (Malki et al., 2005) in addition to the actual level of the SOX9 protein. 

 

2.4.2 RAB5C is a potential target that enhances chondrogenesis in CPCs 
Previous studies have focused on altering the ECM synthesis of chondrocytes and 

CPCs through stimulation with growth factors (Janssen et al., 2019, Gelse et al., 

2008, Wagner et al., 2019). However, the complexity of the underlying mechanisms 

often leads to ambiguous results, as the same ligand may trigger different responses 

(Grafe et al., 2018, Kozhemyakina et al., 2015). Here, we successfully avoided this 

issue by identifying RAB5C as potential co-regulator of SOX9. RAB proteins are 

attractive drug targets (Russell, 2007, Coxon et al., 2005), highlighting our findings 

that the deletion of RAB5C resulted in a substantial increase in the expression of 

several chondrogenic markers, including the SOX trio. Increased expression of 

chondrogenic marker genes has produced promising results in vivo in previous 

studies (Jeong et al., 2020, Im and Kim, 2011). Consistent with the findings from our 

previous study (Koelling et al., 2009), a reduction in RUNX2 expression in CPCRAB5C-
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/-, although it was not significant, correlated with increased expression of 

chondrogenic markers. Furthermore, the loss of RAB5C did not impair ACAN and 

COL2 deposition, cell proliferation and the formation of cell clusters in 3D beads 

retrieved from mice. These clusters are also observed in OA tissue (Poole et al., 

1991), and their formation has been proposed as the initial step of cartilage 

regeneration (Lotz et al., 2010). 

In addition to the increased deposition of COL2, the amount of fibrotic COL1 was not 

affected by the loss of RAB5C. Thus, an upregulation of chondrogenic markers does 

not necessarily suppress the fibrotic traits of CPCs, and therapies simply aiming to 

increase the chondrogenic potential of CPCs would not result in the complete 

absence of fibrocartilage in patients. Nevertheless, the deposition of more 

chondrogenic fibrocartilage would postpone the total loss of joint function and thus 

improve the quality of life of patients. 

 

2.4.3 The loss of RAB5C alters receptor expression in CPCs 
The increased expression of several chondrogenic markers observed after the loss of 

RAB5C indicated an upstream repressor function of RAB5C. The further 

characterization of this interaction did not reveal the co-localization of SOX9 and 

RAB5C in vitro, although RAB5C was identified using the SOX9-His pull down. 

Furthermore, the loss of RAB5C did not alter the localization of RUNX2, a known 

modulator of SOX9 function (Zhou et al., 2006). A limitation of our study is that the 

levels of SOX9 and RUNX2 activity, e.g., phosphorylation, were not measured. As no 

additional literature is available that describes a physical interaction between RAB5C 

and one or both regulators, we assume that the pro-chondrogenic effect results from 

altered signaling events. Although RAB5C has been linked to EGF signaling 

(Miaczynska et al., 2004) and another RAB protein, RAB23, indirectly regulates 

SOX9 through SHH signaling (Yang et al., 2008), our data suggested alterations in 

BMP, Notch and IL signaling in CPCs. 

First, BMP receptors bind to multiple ligands involved in chondrogenesis (Grafe et al., 

2018), and activate SMADs (Mummery, 2001). Interestingly, BMPR1B was described 

to have overlapping functions with BMPR1A in mice, and decreased expression of 

the SOX trio was observed in Bmpr1aCKO; Bmpr1b–/– mice (Yoon et al., 2005). 

However, according to Kaps et al. (2004), BMPR1B is unlikely to play a role in 

chondrogenesis of mesenchymal progenitors. Furthermore, the analysis of SMAD7, a 

downstream target of BMPR signaling, was ambiguous, which may be explained by 
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different methodological biases. Due to its co-localization to early endosomes 

(Rajagopal et al., 2007) and its inhibitory function in BMP signaling (Mummery, 

2001), future studies should include analyses of the levels of the total and 

phosphorylated SMAD7 protein.  

As shown in the study by Green et al. (2015), transient NOTCH signaling is 

necessary for chondrogenesis, as NOTCH receptors are present in 

chondroprogenitors but their spatial expression changes during cartilage 

development. Consistent with this finding, Oldershaw et al. (2008) observed the peak 

level of NOTCH3 in hMSC 2D monoculture, but decreased levels were observed in 

the subsequent 3D chondrogenic pellet culture; thus, this pathway is important for 

initiation of chondrogenesis and must be inhibited after the initial step. In contrast, 

our 3D alginate culture is characterized by few cell-cell contacts on which NOTCH 

signaling usually depends. Therefore, the downregulation of NOTCH3 in confluent 

cells exerts a pro-chondrogenic effect that is usually not observed in 3D alginate 

culture, and the loss of RAB5C in 3D alginate culture mimics this effect through the 

downregulation of NOTCH3. However, soluble ligands of Notch receptors have also 

recently been identified (D'Souza et al., 2008). 

IL4-mediated activation of JAK/STAT signaling has been investigated in 

chondrocytes from healthy and OA cartilage, but the authors of this study proposed 

that the crosstalk with integrins and other cytokine signaling pathways rather than the 

level of IL4R expression play important roles in mechanotransduction and cartilage 

degradation (Millward-Sadler et al., 2006). Assirelli et al. (2014) did not detect 

differences in IL4R expression in healthy and OA cartilage specimens and 

highlighted the difference in the expression level of the ligand IL4. Finally, Vargiolu et 

al. (2010) identified IL4R as susceptibility loci for hand OA. 

Finally, additional studies on the protein levels of the candidate genes are required to 

elucidate the mechanism underlying the effect of RAB5C on the aforementioned 

signaling pathways. The loss of RAB5C potentially affects endosomal processing and 

the downregulation of these pathways, followed by the increased expression of 

chondrogenic markers. On the other hand, the loss of RAB5C may primarily affect 

the expression of major chondrogenic regulators, resulting in the downregulation of 

the aforementioned signaling molecules. 

Taken together, our study highlights the pro-chondrogenic effect of the osteogenic 

regulator RUNX2, whose deletion negatively regulates ECM synthesis in CPCs. 
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Furthermore, RAB5C was newly identified as a candidate protein that enhances 

chondrogenesis. Its deletion enhances the chondrogenic potential of CPCs in vitro, 

an effect that is likely mediated by altered BMP, NOTCH and IL signaling. More 

research on the in vivo phenotype and the underlying signaling pathways is 

necessary to further endorse this candidate as potential target for future OA 

therapies. 
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Supplemental materials 
 

Chapter II 
 

 
Figure S2.1: Comparison of primary and immortalized CPCs using data-independent acquisition mass 

spectrometry (DIA-MS). Analysis of differentially expressed proteins in samples collected after 28 days 

of chondrogenic differentiation. A total of 2449 proteins were detected. Cell lines were grouped 

together (group 1: CPC677 and CPC241hT; group 2: CPC674 and CPC674hT; group 3: CPC678 and 

CPC678hT). Venn diagram of (A) down- and (B) upregulated proteins after immortalization. 
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Figure S2.2: Ex vivo migration potential of CPCControl and CPCRAB5C-/-. GFP-transfected (A) CPCControl 

and (B) CPCRAB5C-/- migrated to a depth of approximately 1800 µm deep in late-stage OA repair tissue 

samples after 4 days. Surface fissures were observed in all specimens. DAPI was used to stain the 

nucleus. The figure is assembled from individual images.  
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Figure S2.3: GSEA analysis of CPCRAB5C-/-. Hierarchical clustering analysis of significantly enriched 

Gene Ontology (GO) terms and KEGG pathways for genes that were differentially expressed at days 

0, 3 and 28 of chondrogenic differentiation between CPCControl and CPCRAB5C-/- samples. Genes are 

derived from the RNA-Seq differential expression analysis and enrichment is calculated as the ratio of 

observed over expected genes and log2 fold change. The magnitude of deregulation in each term is 

displayed in colors ranging from green (downregulated) to red (upregulated).  
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Digital appendix 
 
The following supplemental tables S2.1-S2.4 are available on the following link:  
 
https://owncloud.gwdg.de/index.php/s/pKkj1aGDKq2Nmbu 
 
The password is “JJ_Thesis2020”. 
 
Table S2.1: List of deregulated proteins after immortalization. 
 
Table S2.2: Genes that are assumed to be involved in chondrogenesis and are 
affected by the loss of RAB5C. 
 
Table S2.3: Differentially expressed genes in CPCControl and CPCRAB5C-/- identified by 
the GSEA. 
 
Table S2.4: List of qPCR primers. 
  

https://owncloud.gwdg.de/index.php/s/pKkj1aGDKq2Nmbu
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