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Introduction

Osteoarthritis
Osteoarthritis (OA) is a complex, degenerative disease of the articular joints in which 
the etio-pathophysiology revolves around environmental factors such as injurious 
mechanical strains, obesity, sex, and genetic factors. With a global prevalence of 7.6% 
in 2020 and an increase of 134% of years lived with disability from 1990 to 2020 
(1), OA is now ranked as the 14th disease in terms of years lived with disability. The 
projected increase in the prevalence of knee and hip OA in 2050 is 74.9% and 78.6% 
respectively. The pathological progression of OA involves a gradual deterioration 
of articular cartilage, synovial thickening, osteophyte formation, and alterations in 
subchondral bone structure. Clinically, this manifests as chronic pain, joint stiffness, 
instability, swelling, and narrowing of joint spaces. Together with the societal burden 
of OA increasing, there is a pressing need to understand the underlying mechanisms 
that lead to the onset and progression of OA. Eventually this knowledge will facilitate 
disease-modifying treatment development.

Articular Cartilage in health and disease

Articular cartilage
Articular cartilage covers the ends of long bones which functions, under normal 
physiologic circumstances, as a nearly frictionless load-bearing surface. (2, 3) The 
main constituents of cartilage are water (>70%), an extracellular matrix (ECM), and a 
single cell type the chondrocyte. The ECM consists of a dense type II collagen network 
with proteoglycans, but also several other collagens like collagen type VI and other 
non-collagenous proteins. (4) Generally, collagens contain a triple helical domain of 

Figure 1 | Overview of pathophysiology of Osteoarthritis. Schematic overview of OA pathophysiology 
such as bone remodeling, inflammation, and cartilage degeneration. 
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Gly-X-Y repeats, embedded between other domains such as the Von Willebrand Factor, 
providing binding sites for interaction with other ECM proteins, such as proteoglycans. 
(5, 6) Proteoglycans in cartilage generally consist of a core protein, such as aggrecan, to 
which multiple negatively charged glycosaminoglycans are linked that facilitate trapping 
of water. The chondrocytes are post-mitotic cells that reside in articular cartilage in a 
maturational arrested state, and that are directly surrounded by a pericellular matrix. 
In a healthy steady state, chondrocytes respond to external stimuli, such as mechanical 
loading, by providing minimal turnover of collagens (7) and replacing sGAGs. (8) 
Nonetheless, due to the postmitotic, metabolic resting state, chondrocytes are generally 
ill-qualified to perform repair activities upon injurious environmental events. (4-6)  The 
organizational structure of the articular cartilage ECM differs between the layers of the 
articular cartilage and reflects the various adaptations to mechanical forces (Figure 2A) 
In the superficial layer, the collagen fibers are orientated transversely to resist the shear 
forces during articulation. (9, 10) The intermediate layer is, to a lesser extent, exposed to 
shear forces, and as such the fibers are oriented more randomly to facilitate resistance 
to compressive forces. The deep zone is predominantly exposed to compressive forces 
and as such the collagen fibers are predominantly perpendicularly oriented. (9) The 
negatively charged proteoglycans attract water, thereby creating a structure with unique 
compressive and lubricative properties. Upon compression of the articular cartilage, 
water molecules associated with the negatively charged sGAGs are extruded from the 
ECM, thereby increasing the negative charge density and thus osmotic pressure. When 
the mechanical compression is released, the ECM again attracts water and other soluble 
molecules through the negatively charged sGAGs via osmosis, thereby returning to the 
equilibrium state. As such, under physiological joint loading conditions, chondrocytes 
are exposed to a variety of biomechanical cues such as compression, stretch, shear, and 
pressure, as well as ionic effects. (7, 11)

Figure 2 | Overview of structure and composition of cartilage and the chondron (A) Articular cartilage 
extracellular matrix components and structure. left healthy,  right OA affected (B) Schematic representation 
of the chondrocyte and the pericellular matrix (chondron), containing proteoglycans, collagen type VI, 
Fibronectin interacting with mechanosensors such as integrins, and regulating ion-channels such as TRPV4 
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Pericellular Matrix
The pericellular matrix (PCM) encompasses a region, approximately 2-4 μm thick, 
that directly surrounds chondrocytes, and that is biochemically and biomechanically 
distinct from the ECM (Figure 2B). It is rich in proteoglycans and collagen types II, VI, 
and IX, but defined particularly by the presence of Fibronectin and collagen VI. (12-
14) The PCM with the chondrocyte forms a separate functional unit also referred to 
as the chondron. Together, the chondron controls the transduction of mechanical and 
biochemical cues from the ECM towards the chondrocyte and vice versa. (13-15) It has 
been shown that the transduction of these signals between the chondrocyte and the ECM 
is of critical importance in regulating the development and maintenance of cartilage. 
This is because changes in signal transduction between ECM via PCM to chondrocytes 
are known to have significant effects on proteoglycan metabolism, gene expression, and 
response to growth factors. (16-21) In addition to the biological function of the PCM, it 
also plays an important biomechanical role in articular cartilage. It has been shown to 
function as a mechano-transducer (22, 23), while also modulating the strains imposed 
on chondrocytes upon mechanical loading. (13, 24-26) 

Figure 3 | Schematic representation of collagen VI. (A) the six different collagen VI monomers with their 
respective domains. (B) Assembly of collagen monomers that together form a collagen VI fibril.
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Collagen VI
In healthy articular cartilage, the primary distinguishing characteristic of the PCM is the 
presence of collagen type VI (12, 27) It has been hypothesized that type VI collagen forms 
a flexible network that anchors the chondrocyte to the PCM (15, 23, 28-33) Collagen 
type VI is encoded by six different genes (COL6A1-A6). (34) The domain structures of 
these six collagen VI chains are represented in Figure 3 Generally, the collagen type VI 
subunits contain large globular N-termini comprising von Willebrand Factor A domains. 
Each chain has a 336 amino acid GLy-X-Y repeat triple helix and a globular C-terminus 
composed of several different types of protein modules. Studies on the COLVI alpha 
3 unit show that portions of these N-terminus project away from the triple helical 
structure and are well positioned to interact with other ECM components. (35) Indeed, 
it has been found that collagen VI interacts with other PCM and ECM components such 
as fibronectin and hyaluronan biglycan, decorin, fibromodulin, hyaluronan, fibronectin, 
perlecan, and heparin but has a lower affinity with collagens I and II. (5, 6, 34, 36, 
37) Importantly, collagen VI also interacts with the integrin receptor which is a well-
known mechano-transducer, and as such is likely directly involved in this mechano-
transduction pathway relevant for chondrocyte health. (38-40) In several diseases, 
modification of collagen VI is associated with alterations in tissue biomechanics, (41, 
42) where upregulation of collagen VI is associated with increased tissue stiffness. 
(42-44) Moreover, deletion of collagen VI subunit α1 in mice resulted in a loss of PCM 
properties, altered mechanotransduction, and early-onset hip OA. (15, 23) These 
findings suggest that altered concentrations and arrangement of collagen VI is likely to 
affect the mechanical properties and physicochemical conversion of mechanical strains 
in the PCM. (15) 

Mechanical loading
Mechanical loading plays a critical role in regulating the chondrocytes’ cellular 
differentiation, growth, and balance between anabolic and catabolic signaling. (45, 46) 
The response of chondrocytes depends on a multitude of factors, such as frequency, 
strain, strain rate as well as loading history. Physiological mechanical cues, typically 
within the range of 10-20% compression, are known to contribute to an anabolic 
healthy chondrocyte state (11) enhancing the synthesis of ECM molecules, such as 
proteoglycans and collagens. In contrast, supra- or hyper-physiologic mechanical loading 
fails to enhance matrix production and increases a catabolic response. This catabolic 
response can lead to (micro) damage of articular cartilage (47) thereby disrupting 
the delicate post-mitotic silent phenotype of chondrocytes toward a detrimental 
catabolically active chondrocyte with hypertrophic phenotype. Indeed, chondrocytes 
that have been exposed to an injurious mechanical load, fail to recuperate their anabolic 
response to physiologic mechanical loading. (48) These persistently altered responses 
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to mechanical environmental cues can potentially be explained by an altered epigenetic 
state of chondrocytes in interaction with a loss of mechanical properties of the cartilage. 
Since the chondrocyte has an inherent low repair capability, the mechanical properties 
and structure of cartilage are affected at each damaging event thereby reducing the 
amount of mechanical loading that the cartilage can sustain. (49) While repair processes 
in response to injury are (in part) driven by the release of growth factors that are 
sequestered to the PCM and released upon mechanical loading. (50), hyper-physiologic 
mechanical cues can induce the onset of inflammatory signaling in chondrocytes, 
such as the prostaglandin pathway. (51-54) As such, mechanical forces are a critical 
environmental factor for maintaining joint homeostasis by regulating chondrocyte 
phenotypes and their anabolic, catabolic, and inflammatory responses. 
Mechano-transduction in chondrocytes is in large part mediated by mechanosensitive 
ion channels. Two main ion channels in chondrocytes are the transient receptor 
potential cation channel subfamily V member 4 (TRPV4) and the PIEZO channels, 
piezo-type mechanosensitive ion channel components 1 and 2 ( PIEZO1 and PIEZO2) 
(8, 23, 55-61) that are activated by both mechanical stretching of the cell membrane 
and osmotic pressure. TRPV4 is characterized as a pro-anabolic channel, with a 
relatively low activation threshold whereas PIEZO channels are typically characterized 
as pro-catabolic channels that are activated with higher activation thresholds. (62) 
The mechanical properties of the pericellular matrix (PCM) play a critical role in 
this mechanosensing system by modulating the local strain fields surrounding the 
chondrocyte and, consequently, the activation of these mechanosensitive channels. (13) 

OA Pathophysiology in cartilage
The onset of OA pathophysiology in cartilage is characterized by an increase in water 
content and an irreversible loss of stiffness of the PCM, preceding the loss of stiffness of 
the ECM. (63, 64) Concomitantly, chondrocytes lose their maturational arrested state, 
become activated, and increase synthetic activity and production of proteoglycans. 
(63-65) Once the disease progresses chondrocytes lose their maturational arrested 
state and start to proliferate. (66-68) Thereby, they start to lose their balance between 
anabolic and catabolic signaling, by increasing the expression of catabolic enzymes 
such as matrix metalloproteinases (MMPs) such as MMP13, as well as disintegrin and 
metalloproteinase with thrombospondin motifs such as ADAMTS5, while reducing the 
expression of anabolic proteins such as aggrecan (ACAN) and collagen II (COL2A1). (69) 
The resulting degradation of proteoglycans and collagens progressively compromises 
both ECM and PCM integrity, leading to deteriorating biomechanical properties. This 
creates a detrimental feedback loop where impaired mechanical properties expose 
chondrocytes to excessive strains during normal loading, triggering further catabolic 
responses. Additionally, the normal PCM-restricted distribution of type VI collagen 
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becomes disrupted, with expression found throughout the ECM in osteoarthritic 
cartilage. (30-33) 

Molecular pathophysiology of OA 
Owing to the vast number of joint replacement surgeries, OA-relevant joint tissues 
are readily available. Moreover, with advancing next-generation -omic technology the 
OA pathophysiological process has been characterized at various levels of molecular 
information. A notable study that facilitated such studies is the research in articular 
osteoArthritis research (RAAK) study, in which transcriptome and methylome wide 
landscapes of paired preserved and lesioned OA cartilage were determined. These 
studies enabled the detection of relevant OA disease pathways (69, 70) patient 
stratification (71) as well as target identification for further modeling toward potential 
druggable target identification. (70, 72) 

Figure 4 | Epigenetic regulation of gene expression.  Non-exhaustive overview of mechanisms by which 
gene expression is regulated by DNA methylation, Histone modifications, and lncRNA as well as miRNAs. 

Epigenetics in OA
The postmitotic and metabolically inactive chondrocyte relies heavily on epigenetic 
mechanisms to regulate temporal changes in gene expression in response to 
environmental challenges such as injurious mechanical stress. (73) Epigenetics is 
defined as any acquired change in gene expression that is not accompanied by changes 
in DNA sequence. (74, 75) Important levels of epigenetic regulation include DNA 
methylation, non-coding RNAs, such as micro-RNAs (miRNAs) and long noncoding 
RNAs (lncRNAs) (82–84)suggesting an especially significant role for these small RNAs 
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in pathologic settings. Here, we review emerging principles of miRNA regulation of 
stress signaling pathways and apply these concepts to our understanding of the roles 
of miRNAs in disease. These discussions further highlight the unique challenges and 
opportunities associated with the mechanistic dissection of miRNA functions and the 
development of miRNA-based therapeutics (Figure 4) (76) 

DNA Methylation occurs at cytosine within cytosine-guanine (CpG) dinucleotides and 
is involved in processes that require long-term stable set points of gene expression by 
controlling transcription binding site accessibility.(76) Environmental challenges such 
as disease or injurious mechanical stress have been thought to bring about long-lasting 
alterations in DNA methylation that eventually could impair cellular performance. (77, 
78) While DNA methylation studies in OA have thus far focused on patient stratification 
(79) and differential methylation patterns (80, 81), the RAAK study integrated 
transcriptome- and methylome-wide data from the same OA cartilage samples. (67) 
This allowed to uncovering of transcriptionally active CpG sites that mark the OA 
pathophysiological process in cartilage and revealed that differential methylation 
between preserved and lesioned OA cartilage affects genes involved in the development 
and ECM maintenance, potentially reactivating endochondral ossification. Notable 
examples include CD44, which regulates matrix assembly and mechano-transduction, 
and ITGA5, which mediates cellular responses to mechanical stress. (82-87)

Non-coding RNAs comprise two main classes: microRNAs (miRNAs, <22 nucleotides) 
and long non-coding RNAs (lncRNAs, >200 nucleotides).  MiRNAs play a role in post-
transcriptional regulation of gene expression by binding to complementary sequences 
in the 3’UTR of target mRNAs, thereby inhibiting translation and reducing mRNA 
stability. (88) In the RAAK study we uncovered the miRNA-mRNA interactome of the 
OA pathophysiological process in cartilage by combining transcriptome-wide mRNA 
and miRNA data from the same OA cartilage samples. Subsequent pathway enrichment 
analysis revealed that genes involved in nervous system development are likely 
mediated by miRNA regulatory mechanisms (70)  lncRNAs, on the other hand, are 
highly tissue-specific yet have a much broader set of functions. They are involved in 
gene expression regulation by affecting the stability of mRNAs, but they can also act 
upon the transcriptional machinery by interfering with chromatin modification. (89)

Moreover, they can affect protein stability, and some lncRNAs also act as molecular 
decoys or sponges for miRNAs. (90) Despite the significant advantage of RNA sequencing 
technologies, annotating lncRNAs has been a challenge since their sequence-function 
relationship is poorly understood. (91) By integrating two machine learning methods, 
the coding potential assessment tool (CPAT) and the LncFinder R package, a new RNA 
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sequencing pipeline was established that allowed robust detection and exploration of 
lncRNAs in RnA in OA cartilage samples from the RAAK study. (92) This demonstrated 
that cis-acting lncRNAs represent a substantial portion of known lncRNAs with varying 
positional relationships to their target genes. Moreover, it was shown that in vitro 
functional validation of this cis-regulation of such target genes is effectively studied by 
lnaGAPmers. (92)

Genetic studies of OA
OA has a polygenic genetic component, with many genes contributing to OA disease 
risk. (93) Identification of these OA risk genes may provide valuable insight into the 
underlying disease pathways. (94) To identify which genes determine OA etiology, 
genetic studies have been performed that focus primarily on two types of genetic study 
designs. 

First, comprehensive genome-wide association studies (GWAS) are suited to identify 
common genetic OA risk variants, with relatively low penetrance and effect sizes. These 
SNPs generally cause risk to OA by inducing slight changes in levels of expression of 
positional genes in cis, so-called expression quantitative trait loci (eQTLs). (70, 95) 
Moreover, the majority of functional risk SNPs are located in regulatory regions of gene 
expression and are often modified by methylation at CpG sites. (96, 97) As a result, it is 
generally accepted that genetic risk variants act via subtle changes in gene expression. 
While short-term exposure to these small changes in gene expression may be benign, 
life-long exposure to subtle gene expression changes will increase the risk of developing 
OA. (98-100) The largest GWAS meta-analysis currently performed identified a total of 
100 independent SNPs associated with general OA and different subtypes such as hip 
OA, knee OA, and hand OA. These SNPs were mapped to cartilage-relevant genes such 
as IL11, COL27A1, and TNC. (101) 

Second, genetic linkage studies often combined with exome sequencing are being 
performed in both sibling pair studies (102) and early-onset families. (18, 103, 104) 
In these familial OA cases, OA generally occurs earlier in life and affects multiple joint 
sites simultaneously. (18, 103, 105) Generally, the genetic variants identified are rare 
with high penetrance and co-segregate to the OA phenotype in families via Mendelian 
inheritance patterns. The functional variants in these studies are readthrough, missense, 
or non-sense and directly affect protein function. A notable example is a genetic variant 
in FN1, TNFRSF11B causing early onset in extended early-onset families. (18, 103) 
Affected sibling-pair linkage studies, are particularly suited to identify low-frequency 
variants, with high penetrance. (106) such as the GARP study consisting of affected 
sibling pairs with symptomatic OA at multiple joint sites. (105) A notable example 
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herein is the discovery of a genetic variant in DIO2 (102) where functional follow-up 
studies demonstrated that this gene confers risk to OA via affecting matrix deposition 
and cartilage calcification. (107) 

Functional studies: from genetic susceptibility toward understanding OA 
pathophysiology
While multiple compelling OA susceptibility loci have been identified, only a limited 
amount of these loci have been studied for their biological relevance and functional 
effects, and none have incorporated the interaction of genetic variance with 
environmental risk factors. (108) Identifying and understanding the causal pathways 
by which OA susceptibility loci confer risk to the onset and development of OA requires 
functional follow-up of these genetic studies, preferably in human biomimetic tissue 
models where OA is induced by physiological relevant perturbations.

In  vitro Models
Multiple in vitro model systems are available for studying OA, such as two-dimensional 
cell cultures, three-dimensional pellet cultures, and three-dimensional multi-tissue 
co-cultures. Two-dimensional in vitro models allow for an easy culture of OA-relevant 
cells such as chondrocytes, osteocytes, and bone-marrow-derived mesenchymal 
stromal cells, that can be easily exposed to perturbations such as cytokines, or lentiviral 
induction or inhibition of genes of interest. (108) While regulatory pathways can be 
determined using this approach, the in vivo relevance remains limited as the regulation 
of chondrocytes heavily relies on cellular interaction with cellular niches such as the 
PCM. Additionally, primary cell sources such as human primary articular chondrocytes 
have a tendency to dedifferentiate and lose their tissue-specific cellular phenotype. 
To better maintain chondrocyte phenotype, one can transfer primary chondrocytes to 
a 3D environment either by offering a hydrogel scaffold (8, 11, 62) or allowing cells 
to deposit matrix. (108, 109) In this respect it was shown that primary chondrocytes 
upon centrifugation are prone to in vitro chondrogenesis and readily grow their neo-
cartilage tissue constructs. (109-111) While the precise orientation and structure of the 
ECM and PCM in these models are different from those in vivo, they enable the study of 
chondrocyte-matrix interactions. However, their limited expansion capability restricts 
their use in studying specific genetic variations. To circumvent this issue, one can use 
human induced pluripotent stem cell (hiPSC) derived disease models. These hiPSCs 
are generated by reprogramming adult somatic cells into a pluripotent state capable of 
differentiating into any cell type. (112) For OA disease modeling, hiPSCs provide distinct 
advantages through their unlimited self-renewal capacity, and suitability for genetic 
engineering via CRISPR-Cas9. They also enable the generation of patient-specific cell 
lines and can reliably differentiate into functional chondrocytes. When differentiated 
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using established protocols, hiPSCs can generate neo-cartilage that closely resembles 
tissue produced by primary chondrocytes. (113) Such a hiPSC-derived cartilage model 
has already been used for functional follow-up of a genetic OA susceptibility gene FN1 
that was identified in an early onset family. This study revealed the FN1 variant’s effects 
on both chondrogenic potential and PCM protein interaction.

Ex vivo Models
Human aged ex vivo osteochondral explants using tissues from OA patients undergoing 
joint replacement surgeries are considered a reliable biomimetic preclinical OA model 
at the tissue level. Major strengths of this model are that it constitutes full-thickness 
aged, preserved, human osteochondral explants that retain the interaction between 
bone and cartilage of heterogeneous disease states of OA patients while complying 
with the societal concept of refinement, reduction, and replacement of animal studies. 
Moreover, OA-related damage can be triggered by hypertrophy (T3), inflammation 
(IL1ß), or mechanical injurious stress to explore personalized treatment modalities. 
(54, 114-116) While these are clear advantages of this model, genome engineering to 
e.g. mimic changes in gene expression is not possible, thereby limiting the use of this 
model for functional follow-up studies of genetic risk loci. 

In vivo Models
In vivo models are still being used in OA research as they harbor the complexity of the 
articular tissue and tissue-cross talk at the organism level. A knockout mouse model 
of COL6A1 showed accelerated development of OA joint degeneration, as well as other 
musculoskeletal abnormalities such as delayed secondary ossification and reduced 
bone mineral density (BMD). (15) Additionally, these mice also showed compromised 
PCM mechanical properties, which highlights the need for further follow-up on the 
mechano-transduction pathways related to this PCM protein. Several established in 
vivo animal models examine altered joint loading patterns; anterior cruciate ligament 
(ACL) transection, which increases joint laxity, meniscectomy which alters joint loading 
distribution, and running regimes which cause mechanical overload. Using these models 
upregulation of matrix-degrading enzymes such as ADAMTS5 (117) and MMP13 have 
been identified. (118) Additionally, using a knockout mouse model of DIO2, it has been 
shown that a lack of DIO2 protects against cartilage damage in running-induced OA. 
(119) The disadvantage of these in vivo models is that they lack control over mechanical 
parameters such as strain magnitude, rate, and loading frequency. Additionally, there 
is a societal pressure to reduce the use of animal studies in science. Hence alternative 
models need to be developed that incorporate the complexity of the tissue with methods 
for introducing environmental risk factors.
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Outline of thesis
Multiple genetic studies have found high-impact causal genes and putative OA-
associated genetic loci that have highlighted important etiological OA pathways. This 
thesis aims to bridge the gap between the identification of OA-associated genes and an 
in-depth understanding of disease mechanisms through tailored functional follow-up 
studies. We employ next-generation disease modelling techniques and use multi-modal 
genome-wide -omics data as readout. Moreover, to study gene- and environmental 
risk factor interaction, we incorporated hyper-physiological mechanical loading in our 
models. 

Hereto, in chapter 2, an in vitro model was optimized enabling the implementation 
of mechanical loading in functional follow-up of genetic studies. In chapter 3, we 
identified the optimal cell source for the generation of sustainable hiPSC-derived neo-
cartilage constructs by comparing epigenetically regulated transcriptome between 
hiPSCs derived from different cell types and human primary articular chondrocytes. 
This comparison allowed us to evaluate whether the epigenetic memory of articular 
chondrocytes could result in superior hiPSC-derived in vitro chondrogenesis. In chapter 
4, we identified the effect of mechanical loading on DNA methylation-driven epigenetic 
regulation as a potential long-lasting regulator of transcriptome-wide response to 
environmental stimuli. In chapter 5, we detected and characterized a high-impact 
genetic variant in COL6A3. Using CRISPR-edited hiPSCs we studied both the general 
role of collagen VI in articular cartilage in osteoarthritis and the specific effects of this 
variant. By implementing the model developed in chapter 2, we determined how this 
genetic variant interacts with mechanical loading as an environmental risk factor. 
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