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Chapter 1

1. Osteoarthritis

Osteoarthritis (OA) isa prevalent chronic age-related joint disease. Proper disease management
is amongst others hampered by lack of insight into heterogeneity of disease pathophysiology
[1]. As a result, OA is significantly decreasing quality of life while increasing healthcare costs
and absenteeism from work [3]. It is estimated that 6.8% of Disability Adjusted Life Years
(DALYs) worldwide can be accounted for by the burden of musculoskeletal disorders [4] and
OA is ranked as the fifth disease contributing to DALYs in the Netherlands [5]. In 2019, the
Netherlands counted almost 1.5 million OA cases (8.6% of population), responsible for 1.2
billion euro (1.4%) of total healthcare costs [2]. Prevalence of OA increases with age and affects
more than 21% of men and 34% of women above 70 years (Figure 1A) and it is expected
that cases of OA will keep rising in the coming years, due to the increasing ageing population
(Figure 1B) [6].
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Figure 1 | Prevalence and absolute cases of osteoarthritis reported by GPD in the Netherlands strati-
fied by sex. [A] Prevalence of OA per age groups in 2019. [B] Incidence of OA per year. Data from volkgezonheiden-
zorg.info [2].

The OA disease process itself is characterized by gradual degradation of articular cartilage,
thickening of the synovium, formation of bony spurs termed osteophytes and remodeling
of the underlying subchondral bone (Figure 2A). Clinical symptoms of these processes
include chronic pain, stiffness, joint instability, swelling and joint space narrowing [7]. In
recent years it has become more apparent that OA is a disease of the whole joint, including
the subchondral bone and synovium [8,9]. Pathologic changes in subchondral bone have
even been found in some early-OA cases prior to cartilage degradation [9,10]. Currently, no
treatment is available that stops disease progression and therefore patients are prescribed
pain relief and physiotherapy to reduce symptoms until they are eligible to undergo a joint
replacement surgery. While joint replacement are beneficial for patients, with revision rates
of only 2-10% after 10 years [11,12], there is a considerable increase in revision rate in the
60 years and younger population [13]. Even more, results after revision surgery are worse
than primary implant surgery in this younger population. Therefore a better understanding
of OA pathophysiology is necessary to develop therapeutics that preferably target early
disease triggers and/or processes and prevent this end-stage of OA necessitating arthroplasty
surgery.
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Figure 2 | Schematic overview of OA symptoms and risk factors. [A] Schematic drawing of a healthy knee
(left) and a knee undergoing OA (right) created with BioRender.com. [ B-I] Histological Safranin O staining for proteo-
glycans in articular cartilage taken from osteochondral explants from different areas of one knee joint shows the gener-
al cartilage degradation from mild OA (A) to severe OA (E) at 4x (B-E) and 10x (F-I) magnification. Black scale bar are
200um (B-E) or 100 um (F-I).

2. Healthy joint tissues

Although OA is now commonly considered a whole-joint-disease, for long it primarily referred
to the degeneration of articular cartilage. Articular cartilage is a highly specialized connective
tissue that covers the contact surface of bones in joints and facilitates smooth movement.
Cartilage is mainly composed of type 2 collagen, proteoglycans, chondrocytes and water,
each with a specific function. The collagen fibres enable resistance to tensile stresses and
transmission of mechanical loads, while proteoglycans and water enable osmotic pressure
and elasticity to prevent friction. The sole cell type of cartilage, chondrocyte, makes up only
2-5% of cartilage volume and is retained in an extracellular matrix (ECM) environment
lacking blood vessels, nerves and lymphatics [14]. Each chondrocyte creates and maintains
its own pericellular matrix, preventing migration and limiting direct signal transduction via
cell-to-cell interaction while enabling chondrocytes to respond to a variety of stimuli such
as mechanical loads, hydrostatic pressures, inflammatory factors and growth factors. Low
metabolic activity and limited potential to replicate and migrate contribute to limited intrinsic
repair of articular cartilage in response to injury [15,16].

Directly underneath the articular cartilage is the subchondral bone, consisting of a thin
cortical layer and a thicker trabecular bone layer. The subchondral bone exerts important
shock-absorbing and nutritional functions for cartilage. As the subchondral bone is
metabolically very active, structures are dynamically adapted to mechanical forces across the
joint by bone remodelling [17,18]. Subchondral bone is formed via endochondral ossification
at the secondary ossification centres of bone epiphyses during joint formation (Figure 3A).
Articular cartilage is replaced by bone during endochondral ossification and starts with
chondrocyte proliferation and multicellular cluster formation. Subsequently, these cells
become hypertrophic, dramatically increasing their volume while simultaneously secreting
ECM, which is eventually mineralized. Finally, hypertrophic chondrocytes undergo apoptosis
and their ECM is partially broken down leaving space for entry of blood vessels, osteoclasts
and osteoblasts to initiate ossification [19]. Some of the growth plate chondrocytes escape
this process and populate the joint contact surface of bones to become and maintain articular
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cartilage in a tightly controlled maturational arrested state. Important systemic factors
regulating endochondral ossification are growth hormone (GH), Insulin-like growth factor
(IGF) and thyroid hormone. GH and IGFs are potent stimulators of bone growth and both
stimulate proliferation and initiate chondrocyte hypertrophy [20]. Locally produced IGF-I,
induced by GH, is likely to play a more important role in chondrocytes than systemic IGF-I
[21,22]. Active thyroid hormone, triiodothyronine (T3), induces expression of hypertrophic
markers, such as alkaline phosphatase (ALPL), collagen X (COL10), as well as hypertrophic
morphology and cartilage maturation [23-25].

3. OA pathophysiology
3.1. Histopathology

During OA, cartilage undergoes drastic changes that can be observed by light microscopy.
Figure 2 B-I gives a broad overview of these histological changes occurring from early OA
to late OA. In early OA, some chondrocytes cluster and superficial surface fibrillations form
(Figure 2C and G). This damage progresses to fissures and cracks that reach the middle
zone, loss of proteoglycans and increased chondrocyte clustering (Figure 2D and H). In late
OA, the fissures and cracks reach the deep zone, there is severe loss of cartilage, apoptosis of
chondrocytes, duplication of the calcified layer of cartilage adjacent to the subchondral bone,
termed the tidemark, and remodeling of subchondral bone (Figure 2E and I). This stage
is followed by complete loss of cartilage and severe changes to the underlying bone. During
OA histopathology chondrocytes start to proliferate, become enlarged and eventually go
into apoptosis, resembling growth plate chondrocytes undergoing endochondral ossification
(Figure 3)[26-28]. To better classify these histological changes several grading systems
for OA were developed. For example, Mankin et al [29] developed a histological grading
system that scores from 0-14, based on architectural cartilage surface, cellular, proteoglycan
content and tidemark changes and is often referred to as Histological-Histochemical Grading
System (HHGS). Over the years several other grading systems for in vitro or in vivo OA were
generated, however a modified version of the Mankin score is still one of the most well-known
and validated grading systems [30].

3.2 Molecular pathology

Deregulated signalling pathways in OA have been characterized by comparing genome-wide
differential expression differences between preserved versus end-stage lesioned OA cartilage
[31] and subchondral bone [32]. These studies revealed that OA pathology is marked by
recuperation of growth plate signalling, cell adhesion, extracellular matrix organisation and
skeletal system development, characterized by deregulated expression of, among others, genes
involved in endochondral ossification: BMP3, MGP and FRZB. Similar as during endochondral
ossification, OA chondrocytes start proliferating and differentiate into hypertrophic
chondrocytes, accompanied by expression of ossification related genes such as alkaline
phosphatase (ALPL), collagen X (COL10A1), runt-related transcription factor 2 (RUNX2) and
matrix metallopeptidase 13 (MMP13), resulting in calcium crystal deposition and apoptotic
chondrocyte death in cartilage (Figure 3B) [27,28,33-35]. In addition, two genome-wide
differential expression studies have highlighted inherent differences in preserved OA cartilage

10
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gene expression patterns between individuals using unsupervised clustering, designating clear
subtypes of OA [36,37]. Both studies identified two distinct groups of OA patients, independent
of joint site, with a considerable overlap (45%) of significant differentially expressed genes
between the two clusters [36]. Strikingly, one group was marked by increased expression of
non-chondrogenic genes involved in mechanoreceptors, such as calcium signaling (KCNN3),
ion channels (TRPV4) and cytoskeletal organizers (ACTA2). The study by Coutinho et al [36]
combined their transcriptomic data with radiographic OA data and determined that the non-
chondrogenic group had higher joint space narrowing (JSN) scores and lower osteophyte (OP)
scores. These results suggest that with respect to treatment modalities these subgroups of OA
patients should be taken into account in the study setup. For example, IL-11 is much more
upregulated during OA pathophysiology in one subgroup (FC=60) than in the other OA group
(FC=19) and might therefore be a more attractive therapeutical target for the latter group.
Likewise, some targets such as CCL2 may be more appropriate for the first OA subgroup.
A
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Figure 3 | The overlap between processes occurring in endochondral ossification and osteoarthritis.
[A] During endochondral ossification stem cells differentiate into proliferating chondrocytes. This is followed by hy-
pertrophy, terminal maturation, mineralization and eventually chondrocyte apoptosis to make space for bone. [B] A
similar process is reiterated in osteoarthritis, where chondrocytes escape their resting state and start proliferating,
become hypertrophic and eventually go into apoptosis. Created with BioRender.com.

As crosstalk between articular cartilage and subchondral bone is likely involved in OA
pathophysiology, overlap of differentially expressed genes between cartilage and bone [32]
was investigated and was enriched for processes related to the extracellular matrix,
characterized by the expression of, among others, FRZB, CCN4 (WISP1) and GDF6.
Nonetheless, the preserved versus lesioned study design by definition captures end-stage
pathophysiological OA disease processes and lacks information on early processes triggering
cartilage to its diseased state. In contrast, disease-modifying OA drugs should preferably
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target early OA disease triggers when irreversible damage of cartilage is not yet occurring.
Therefore additional knowledge on the (early) effects of OA relevant stresses should be
gathered from an appropriate model in response to OA-relevant triggers, such as mechanical
stress, hypertrophy or inflammation.

4. Risk factors for OA

Epidemiology studies have identified that OA has a multifactorial aetiology and results from
an interplay between systemic and local risk factors. As shown in Figure 4, factors such as
obesity, age, gender, repeated mechanical stress and joint injury play a role in OA onset [38].
Importance of these risk factors may vary per joint and stage of diseases. For example, obesity
has been associated with both knee and hand OA, indicating that in addition to increased
mechanical forces also aberrant metabolism in obesity play a role in OA risk [39,40].

Joint Bone mineral
deformities density

(Epi)genetic Y Gender
factors 1
® )
Repeated ‘ Obesity/
stress/occupation ‘,“ Diet
V4
| ) N
Joint il .
trauma/injury Smoking
A
‘\\,/,»
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Figure 4 | Risk factor for osteoarthritis. The most common and well-studied risk factors for osteoarthritis. Figure
created with BioRender.com.

4.1 Age

The strongest risk factor for OA in all joints is age, likely due to a combination of cumulative
exposure to risk factors and the natural changes of cartilage and chondrocytes that occur
with ageing [41,42]. With ageing, the articular cartilage matrix changes in amount and
composition, resulting in a stiffer environment correlating with biomechanical dysfunctions
[43], prone to tensile fatigue [44]. One of the changes is the increased glycation of proteins
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(AGESs) [45], likely due to slow turnover of ECM components, increasing cross-linking of
collagen molecules resulting in a stiffer matrix susceptible to injury at lower impact loads [46].
Next to collagens, size of proteoglycan aggregates decreases likely due to proteolytic damage,
greatly affects the permeability of cartilage [47]. Another highly prevalent change in aged
cartilage is the deposition of calcium crystals, such as calcium pyrophosphate (CPP) and basic
calcium phosphate (BCP) [48]. Consequently, these calcium crystals stimulate production
of inflammatory proteins and matrix degrading enzymes, further contributing to onset and
progression of cartilage degradation [49].

In addition to cartilage matrix changes, chondrocytes also undergo ageing-associated changes
conferring OA risk. These include cell depletion [50,51] and impaired responses to extracellular
stimuli [52,53], resulting in a changed gene expression, increased cell differentiation and
cellular senescence [54]. This reduced responsiveness to stimuli such as growth factors
contributes to an imbalance in cartilage homeostasis. For example, IGF-1, important for
chondrocyte survival and matrix synthesis, induces a lower anabolic response [52,53]. This
reduced response is likely partially due to increased production of insulin-like growth factor
binding proteins (IGFBPs) [52]. Another explanation for the changed response to IGF-1 is the
altered signaling observed in aged chondrocytes [55-57]. The increased cellular senescence
found in aged cartilage might also contribute to its reduced anabolic response. Reactive
oxygen species (ROS) production initiated by mechanical stress could be a large contributor
of stress-induced chondrocyte senescence [58,59]. Since senescent cells typically produce
pro-inflammatory cytokines and matrix degrading enzymes, they could greatly contribute to
cartilage degradation [60]. Taken together, these age related changes in the cartilage matrix
lead to a tissue with reduced ability to bear mechanical stress and make it more susceptible
for degeneration.

4.2 Mechanical stress

Physiological mechanical loading is necessary to maintain a healthy state and function of
articular cartilage and subchondral bone [61,62]. Both the proteoglycan content and collagen
patterns are conditioned to local stresses to maintain functionality [63,64]. For example,
the patellar surface of femoral condyles, an area regularly subject to high shear stress levels,
has a thicker superficial zone and higher collagen content than the tibial plateaus, an area
subjected to weightbearing loads and rich in proteoglycans [65,66]. Normal ranges of stresses
in joints have been measured to be between 3 and 10 MPa, but maximum forces of up to 18
MPa are reached in the hip joint [67]. The frequency of these stresses during walking is in the
magnitude of 1 Hz in humans [68] and cartilage height is displaced between 7% and 23% [69].
Higher peak forces are measured during sport activities, such as running, increasing strains up
to 35% [70]. Physiologic levels of cyclical dynamic loading can stimulate anabolic and/or anti-
inflammatory functions of chondrocytes [71-73], while hyper-physiologic levels of dynamic
loading and injurious loading can induce damage via induction of catabolism in chondrocytes
[74-76], and cellular damage, such as apoptosis and necrosis [77,78]. Local biomechanical
factors (e.g. amount of joint loading, joint injury/trauma or joint deformity) influence risk
of degenerative changes of articular cartilage due to wear and tear, especially when they are
repetitive. Approximately 12% of the overall OA burden in hips, knees and ankles arises as
a result of previous joint trauma [79]. Depending on the type of injury, OA development
was estimated to be between 23% [80] and 44% [81] in people after an injury. In addition,

13
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adequate response of chondrocytes to a load depends on parameters such as frequency,
duration, history and age of cartilage. Interesting is also to mention the discrepancy between
the degree of radiographic osteoarthritis and clinical symptoms experienced by patients, as
was previously observed in a cohort of nearly 7000 Dutch patients [82] and later observed in
several other populations [83].

Considering the previously discussed changes occurring during ageing, aged articular cartilage
can likely withstand lesser and shorter mechanical compressions when compared to the more
flexible younger tissues. However, inactivity of middle-aged joints has also been shown to be
unbeneficial for joint health, suggesting that balanced active life style should be initiated from
a certain age on [84]. Nonetheless, little knowledge exists on the inherent dysregulation of
signaling pathways in human aged articular cartilage upon mechanical stress and there is a
knowledge gap on which strains, speed and duration of mechanical stress on aged cartilage is
considered beneficial or actually detrimental that needs to be addressed.

4.3 Genetic risk factors

The genetic component of OA is estimated to be around 40%-60% [85,86], dependent on joint
site. To gain more knowledge on inherent underlying processes in general OA pathophysiology,
research groups have performed candidate and genome wide searches for genetic variants
conferring risk of OA. OA has a complex genetic component in which many genetic variants
with small effects sizes are expected to play a role in OA onset and progression [87-89].
Therefore, functional follow up is very important to confirm causality and has been performed
for several genetic OA risk variants [90-92]. Table 1 summarizes some of the most robust OA
genetic risk variants to date, such as DIO2, MGP and IL11, for which successful and extensive
functional follow up has been performed. These risk genes can be associated to one specific
joint (MGP), or to multiple joints or patients with generalized OA (DIO2).

14
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Table 1 | Summary of some of the most interesting OA genetic risk variants for which functional follow

up has been performed
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5. Functional follow up

The investigation of an OA risk single nucleotide polymorphism (SNP) does not stop at its
identification, but (functional) follow up is necessary to demonstrate causality. Freedman et
al [120] have suggested a systematic strategy for the post-genome wide association studies
(GWAS) functional follow-up to identify causality and the additional hurdles. For complex
diseases such as OA, many SNPs from non-protein coding regions have been associated with
disease risk. These trait-associated alleles likely exert their effects by changing transcription
through different mechanisms. Often, multiple independently associated risk SNPs in a locus
may be functionally linked to the disease and therefore it is important to first identify the
causal allele. After the causal allele has been identified, knowledge on the regulatory landscape
of the risk region can elude how risk alleles affect transcription. For example, if it is in a
regulatory area such as a promotor, enhancer or silencer, altered transcription factor binding
could change efficiency of transcriptional induction. As regulatory sequences are often very
tissue-specific [121], this could explain why common susceptibility alleles often associate with
a specific trait or disease. To identify which transcription factor binds to which DNA region,
chromatin immunoprecipitation followed by sequencing (CHIP-Seq) can be performed. In
addition, reporter gene assays, such as luciferase assays, can be used to provide evidence
whether a SNP is localized in such a regulatory region. To connect SNPs to their target gene,
the association between genotype and local and distant gene expression can be determined.
After causality of an allele has been determined, a next step is to investigate if the SNP and/
or gene affect tissues in appropriate in vitro or in vivo OA models. Examples of some well-
studied OA risk SNPs for which functional follow up was performed are summarized in Table
1. Another approach for which these OA risks SNPs can be used for is to identify common
pathways or mechanisms underlying OA pathophysiology. This knowledge can further
increase our understanding of the onset and progression of OA.

5.1 Common underlying mechanisms in OA based on genomics

Large-scale GWASes have identified reproducible and highly significant OA risk SNPs in
genes involved in OA aetiology. Functional follow-up studies have demonstrated that risk
SNPs frequently modulate pathology by altering transcription of genes in cis in both bone
and cartilage [91,94,97,122]. A striking overlap between many of these OA risk genes is their
involvement in different processes vital in endochondral ossification (Figure 5). For example,
DOT1L, FRZB and TNC are involved in the differentiation of stem cells to chondrocytes; GDF5
and BMP3 initiate hypertrophy in proliferating chondrocytes; DIO2 and MGP are involved in
terminal maturation and mineralization.

5.2 Follow up studies on SNPs function

With the increase of OA tissues being sequenced, generating large mRNA, miRNA and
methylation datasets in combination with freely online expression databases, such as the
Genotype-Tissue Expression (GTEx) Project [123], in silico functional follow up has become
more readily available and allows for investigation of functional effects of intergenic and
intronic variants. In addition, studies have already used such datasets to investigate the
genome wide allelic expression imbalance of SNPs [124] and the epigenetic landscape [125] in
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articular cartilage. Using these tools generates more insight into how OA risk SNPs could
induce a life-long altered expression of a gene. To acquire knowledge on influences of the SNP
on expression or stability of a transcript, researchers have measure expression and methylation
fraction of genes in the vicinity of the SNP per genotype to determine expression quantitative
trait loci (eQTL; Figure 6A), methylation quantitative trait loci (mQTL; Figure 6B) and
allelic expression imbalance (AEI; Figure 6C). These SNPs can affect gene expression by, for
example, influencing binding of transcription factors or influencing methylation fraction of a
region.
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Figure 5 | The overlap between processes occurring in osteoarthritis and endochondral ossification.
Many of the OA risk genes are involved in the different endochondral ossification steps. Some examples and the pro-
cesses these genes are involved in are given. Figure created with BioRender.com.

A notable OA risk gene with strong evidence for allelic imbalance is Matrix Gla protein
(MGP). A SNP in this gene was identified as a strong OA risk SNP for hand OA in a genome
wide association study (GWAS) via rs4764133 [111] with proxy SNPs rs1800801 and rs4236
(Table 1) [126]. Identification was followed up by measuring AEI of rs1800801, showing its
mechanism to be decreased expression of the OA conferring rs1800801-T allele relative to the
rs1800801-C non-risk allele in a range of joint tissues [92,111]. The MGP protein regulates
extracellular calcium levels via high affinity to its y-carboxyglutamic acid (Gla) residues and
inhibits calcification. Prior to identification of MGP as OA risk gene, mgp deficient mice
were shown to have severe and lethal vascular calcifications in combination with abnormal
calcification of growth place cartilage increasing premature bone mineralization resulting in
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reduced bone mass [112,127]. As the OA risk allele leads to a reduced MGP gene expression
[128] and increased vascular calcification [129], this would suggest simultaneous increased
cartilage calcification and a reduced bone mineral density in carriers of the OA risk allele
[112,128,130].
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Figure 6 | Functional follow up of the SNP Methods to investigate how risk SNP affects transcription.
[A] Comparing gene expression for the genotypes of a risk SNP. [B] Comparing methylation fraction of a cg site for
the genotypes of a risk SNP. [C] T-allele ratio of cDNA for the risk SNP in comparison to the reference allele in het-
erozygous individuals. [D] Schematic representation of a cis allelic expression imbalance. Legend: eQTL=expression
quantitative trait loci; mQTL=methylation quantitative trait loci, AEI=allelic expression imbalance; UTR=untranslated
region.

5.3 Functional follow up in OA models

A major problem in the field of OA is the lack of appropriate in vitro and in vivo models for
functional follow up of genetic risk variants and drug screening. In the current models used
to investigate OA, the choice of cell type, species and culture method can greatly influence the
results. Nevertheless, these models are crucial to advance research into the different aspects
of OA pathophysiology and subsequent design and testing for safe drug development. Table 2
summarizes the main advantages and disadvantages of the most commonly used OA models
(Figure 7).
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Figure 7 | Most commonly used OA models. Several models can be applied to investigate OA, ranging from more
easy and cheap models such as 2D cell culture to more complex and expensive models such as animal models. Table 1
summarizes the advantages, disadvantages and applications of these models. Figure created with BioRender.com.

5.3.1 In vitro models

Established cell lines, easy and cheap to obtain and culture, have extensively been used to
perform short term experiments. However, these cell lines are likely to have accumulated
mutations and other stable modifications, increasing the possibility that they might not
reflect a ‘normal’ chondrocyte environment. Therefore, the preferred cell source are primary
chondrocytes that can be isolated from cartilage while maintaining their methylation profile
[131] and can be used to investigate genetic alterations, such as overexpression or point
mutations. To understand the consequences of an OA risk gene, overexpression or silencing
of a gene can help determine if changes in its expression are vital for cartilage formation or
maintenance. For example, AEI determined decreased MGP expression associated with the
OA risk SNP rs1800801. To understand consequences of decreased MGP expression, small
interfering RNA (siRNA) targeting MGP were transfected in monolayer primary human
articular chondrocytes [92]. After 48 hours, MGP depletion resulted in altered expression of
several cartilage markers, including the cartilage degrading enzymes MMP13 and ADAMTS4
and the ossification markers COL1A1, ALPL, COL10A1 and VEGFA. However, a major
downside of experiments with primary chondrocytes in monolayer is that they have limited
proliferation capacity and are prone to change their phenotype into a fibroblastic-like cell type
[132]. Therefore, such short-term experiments in an environment that does not completely
encompass the cartilage environment and thus (expression) changes should be interpreted
carefully.

Another component to consider in OA models is their highly specialized ECM. This ECM
is likely very important in maintaining primary chondrocytes, as studies have observed a
hypertrophic phenotype when cultured in monolayer that is resolved by 3D culture [132,133].
For 3D culture, cells can be pelleted by centrifugation or cultured in a biomimetic environment,
such as a scaffold. Subsequently, stimulating chondrogenesis will enable cells to produce
their own ECM. Some major advantages of these models are the cell-ECM interaction and
the provided structural support. However, as the ECM needs to be produced, this model can
be time consuming and only allows culture of one cell type. For example, the OA associated
risk SNP rs225014 located near DIO2, for which increased expression was the likely culprit
resulting from AEI and gene and protein levels investigation[97], was investigated in a
3D in vitro chondrogenesis model with human bone marrow derived mesenchymal stem
cell (hBMSC). Lentiviral overexpression of D2 in this model confirmed increased DIO2 to
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be unbeneficial for cartilage homeostasis, as observed by greatly reduced expression of
articular cartilage genes (COL2A1, ACAN and COL10A1) and upregulation of hypertrophic
and breakdown markers (MMP13, ADAMTS5, RUNX2 and EPAS1) [90]. In addition, such
(mature) 3D pellet cultures can be used to investigate the effects of stimulation or inhibition
of a target. For example, 14 day old 3D pellets were treated with active thyroid hormone
(T3) or iopanoic acid (IOP), to respectively simulate increased and decreased D2 enzyme
functionality [90]. Another OA risk gene for which functional follow up was performed in 3D
cultures is increased WISP1 expression associated with decreased methylation via rs6982341
[134,135]. Addition of recombinant human WISP1 to 3D in vitro pellet cultures from primary
aged human chondrocytes resulted in reduced proteoglycan content, pellet size and matrix
component production, suggesting that indeed increased WISP1 levels are detrimental for
cartilage [134].

5.3.2 In vivo models

The most accurate reflection of the whole-joint are in vivo animal models. Animals, especially
small animals such as mice and rats, have been extensively used for genetic manipulation
and subsequently to investigate the effects of knockout or knock-in to model gene expression
changes from conception to birth and during ageing. There are also techniques creating
tissue-specific overexpression in animals, which can be very useful to investigate diseases.
For example, in a forced running OA model, Dio27/- mice did not show a different phenotype
but these mice were protected from cartilage degradation when compared to their wild-type
littermates [98]. In line with this, Nagase et al [99] observed that transgenic rats with cartilage-
specific overexpression of human DIO2 (hD2Tg) had no articular cartilage defects, however,
upon increasing the biomechanical burden by applying an injury-induced OA model, hD2Tg
rats had increased cartilage damage when compared to their wild-type littermates.

It should be taken into account, however, that animal models can be difficult to manipulate
and the shift towards the 3Rs on refining, reducing and replacing makes them less desirable.
On another note, small animals such as mice are used because they are cheaper and easier
to house, but due to their smaller size contain less material for biochemical assays. Another
factor to consider is that animal joints are not fully translatable to the human situation
given the different structure and biomechanical loading [136], and spontaneous OA is often
absent. Currently, most experiments are performed in relative young animals subjected to
a hyper-physiological trigger such as collagenase or DMM to initiate OA pathophysiology,
likely not completely representing the slow progressive OA occurring in aged human tissues.
Larger animals, such as bovine are likely more suited to study OA due to their larger joints
and longer life-span, however they are also a lot more expensive and come with more ethical
considerations. Therefore, careful conclusions should be taken from results obtained in OA
animal studies and species, animal strains and OA triggers used should be critically reviewed
prior to initiating investigation in human clinical studies.
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5.3.3 Ex vivo models

As increasing evidence show crosstalk between multiple tissues to be involved in OA, systems
such as co-cultures or osteochondral explants might be more suitable to study treatment
modalities. The advantage that explants have over co-culture systems is that it retains
chondrocytes in their natural ‘aged’ ECM, likely representing age-related joint tissues prone
to enter the OA process upon disease-initiating cues. However, genetic manipulation studies
cannot be performed in this model, limiting its purpose to investigation of OA relevant
triggers and treatment modalities. The osteochondral explant model typically encompasses
both the cartilage and bone compartments and therefore allows a readily investigation
of the interplay between articular cartilage and the underlying subchondral bone. The
finding that IL-1f treatment induced TNF-a production only in cartilage explants and not
in osteochondral explants is an example highlighting that this interplay between tissues is
important to take into account when investigating OA pathophysiology [137]. Most commonly
used explant-based models thus far were often derived of bovine origin and applied a hyper-
physiological perturbing factor of either a fierce inflammatory cytokines treatment [138-140]
or mechanical loading [74,75,141] to induce detrimental signaling. Next to inflammation and
mechanical loading, recapitulation of endochondral ossification and thereby hypertrophy is
also thought to be one of the major mechanisms driving the processes in OA [142]. In cartilage
explants, active thyroid hormone triiodothyronine (T3) induced expression of hypertrophic
markers (ALPL, COL10), hypertrophic morphological changes and cartilage degradation
and formation [143]. Even though the closest human OA-like model would be the use of
human osteochondral explants obtained from macroscopically preserved areas of OA joints
or cadavers, some limitations are that their number is limited, with high dependency on
surgeries, ethical issues, heterogeneity between patients and difficulty to maintain tissues
in long-term culture. Nevertheless, once the experimental set-up is achieved, these models
can greatly benefit knowledge of OA pathophysiology and treatment modalities in the OA
field. In addition, since ageing is the largest risk factor partially due to ECM and chondrocyte
changes, using older tissues for research could be an important extra step to predict if a drug
can be used to treat OA, thereby reducing the number of failing clinical studies. For example,
treatment of IGF-1 greatly increased cartilage synthesis in calf explants [144]. Contrarily, in
an aged human explant model, IGF-1 only slightly increased COL2A1 and cell viability, and
failed to abolish trauma-induced MMP13 secretion and type II collagen breakdown, likely due
to desensitization to IGF-1 in aged tissue [145].

5.3.4 DIO=2

An example of an OA susceptibility gene following many of these functional follow up steps is
the previously mentioned deiodinase iodothyronine type II (D2) gene (DIO2). Genetic linkage
studies identified an association of rs225014 (Table 1) located in the DIO2 gene (DIO2),
with generalized OA [96]. D2 activates thyroid hormone intracellularly by converting the
prohormone thyroxine (T4) into active triiodothyronine (T3). To determine the direction of
effect, AEI was measured and a 30% increased expression of the OA risk associated rs225014-C
allele, likely due to loss of epigenetic silencing, was identified as the underlying risk mechanism
[90]. This was followed up by investigating the role of DIO2 and D2 in OA tissues. In human
lesioned OA articular cartilage, a marked higher amount of DIO2 expression and D2 staining
was observed relative to healthy cartilage [90,146]. However, it should be noted that the
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still macroscopically healthy looking preserved OA cartilage also has these increased DIO2
levels. Therefore it was hypothesised that high D2 was not enough for cartilage breakdown,
but that an additional trigger, such as mechanical stress, is necessary to initiate OA [142]. In
vitro functional follow up in a 3D in vitro chondrogenesis model of hBMCs confirmed that
increased expression of DIO2 was an OA risk by determining detrimental effects of lentiviral
overexpression of D2 [90]. Furthermore, in the same 3D model after ECM was established,
pellets were treated with T3 or IOP, to simulate increased and decreased D2 activity,
respectively. The results found herein confirmed the hypothesis that increased D2 activity
was detrimental for cartilage homeostasis, while reducing its activity was beneficial [90]. In
vivo animal functional follow up experiments were performed in a forced running OA mouse
model and an injury-induced OA rat model. Dio27- mice did not show a different phenotype
but were protected from running induced cartilage damage when compared to their wild-
type littermates [98]. In rats with cartilage-specific overexpression of human DIO2 also no
phenotypical differences were observed. However, upon increasing the biomechanical burden
by applying an injury-induced OA model, hD2Tg rats had increased cartilage damage when
compared to their wild-type littermates [99]. Before clinical studies should be initiated there
is still a missing step in this line of work. Since species and age are such important factor in
the mechanisms of cartilage response, a logical follow up step is to investigate if inhibition of
D2 activity can prevent mechanical stress induced detrimental signaling in an aged human
osteochondral explant model.
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6. Current clinical trials

Another problem in the OA field is incorrect usage of OA models for drug testing prior to
clinical trials. Next to the arising evidence of subtypes between OA patients that is often not
taken into account when starting a clinical trial, drugs are often tested in non-human non-
aged models subjected to a hyper-physiological trigger. Examples of trials that likely failed
partially due to being based on unrepresentative models are given in Table 3. The most
recent example is the failed phase II clinical trial of the ADAMTS5-inhibitor GLPG1972. Their
evidence of functionality was mainly based on mouse cartilage explants subjected to high
levels of IL-1 treatment [155], while IL-1 OA synovial fluid levels are variable between patients
but much lower in comparison to the experimental condition [156,157]. As mentioned earlier,
it is already known that aged chondrocytes respond differently to certain stimuli [52,53],
showing the importance of including older tissues in the pre-clinical development. In addition,
changing the focus of drug targets in OA towards those based on functional data of OA risk
genes and their pathways could increase chances of developing effective disease modifying
OA drugs, given that genetically supported drug targets have been shown to double clinical
success rate [158,159]. Therefore we advocate that for clinical trials to have a higher chance
of success, OA models that represent the human aged-chondrocyte environment should also
be included and may even be prioritized in the pre-clinical screening and clinical trials should
target drugs based on genetically supported data.

Table 3 | Examples of clinical trials for OA therapies with discouraging findings that had promising

results in pre-clinical in vitro and/or in vivo studies.

Drug Name Druggable target Evidence underlying drug Outcome clinical trial

GLPG1972/S201086 ADAMTS5-Inhibitor Reduction of glycosaminoglycan release Phase II clinical trial: No differ-
after interleukin-1 stimulation in mouse ence of cartilage thickness with
cartilage explants [155]. Reduced carti- placebo [NCT03595618]
lage structural damage and bone sclerosis
in mice and rat OA models [160]

PG-116800 MMP inhibitor Reduced joint damage induced by iodoac- ~ Terminated in phase II trial due
etate injection into rat knees [161] to musculoskeletal toxicity [162]

Risedronate Bisphosphonates Reduced cartilage degeneration and no phase III trial: No reduction of
osteophyte formation in a rat anterior radiographic progression com-
cruciate ligament transection (ACLT) pared to placebo [164]
model [163]; Inhibited bone resorption
and some chondroprotective effects in a
papain rabbit model [164]

Anakinra IL-1 receptor antagonist Protected from surgery induced OA in No clinical effect [167]
rabbits [165] and dogs [166]

Adalimumab Tumor necrosis fac- Inhibits progression in a number of No effect in erosive hand OA

tor-alpha arthritic diseases, including rheumatoid patients on pain, synovitis or
arthritis and psoriatic arthritis [168] bone marrow lesions [169]
Tocilizumab 1L-6 receptor Slowed the progression of experimental No effect on pain relief in

OA in mice [170,171]

patients with hand OA and more
adverse events than placebo
[172]

Legend: ADAMTS5=A disintegrin and metalloproteinase with thrombospondin motifs 5; MMP=Matrix
metalloproteinase; IL-1=Interleukin 1; IL-6=Interleukin 6; OA=osteoarthritis.
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~. Outline of this thesis

This thesis aims to increase the understanding of human OA pathophysiology by developing
reliable biomimetic ex vivo human osteochondral explant models and focussing on the role
of injurious mechanical stress and interacting genetic factors for developing increasingly
necessary treatment targets in these models. Human aged joint tissues used for the studies
performed in this thesis were collected as part of the Research in Articular Osteoarthritis
Cartilage (RAAK) biobank [173], containing patients that undergo a joint replacement surgery
for symptomatic end-stage OA.

To add to existing knowledge of OA pathophysiological processes, in chapter 2 aged human
ex vivo osteochondral explants were subject to three OA relevant triggers, being inflammation,
hypertrophy and injurious mechanical stress. Subsequently, a range of output measures were
investigated to determine specific mechanisms of the different OA triggers.

In chapter 3, knowledge on early initiating processes occurring in mechano-pathology was
generated by applied RNA-sequencing to cartilage of aged human osteochondral explants
subjected to injurious mechanical stress.

To show that the human osteochondral explant model could also be used for genetic interaction
studies, we investigated expression of the OA risk gene MGPin relation to rs1800801 genotypes
in chapter 4. By combining information from RNA-sequencing datasets of cartilage and
bone with OA-relevant triggers in cartilage and bone explants we investigated the role of MGP
and vitamin K in OA.

Lastly, the ex vivo osteochondral explant model was exploited in chapter 5 to determine
the efficiency and effectivity of inhibition of the OA risk gene DIO2 produced protein D2 by
iopanoicacid (IOP) treatment either by burst or prolonged release by PLGA-PEG nanoparticles
in preventing injurious mechanical induced stress.
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Chapter 2

Abstract

Introduction

Likely due to ignored heterogeneity in disease pathophysiology, osteoarthritis (OA) has
become the most common disabling joint disease without effective disease modifying
treatment causing a large social and economic burden. In this study we set out to explore
responses of aged human osteochondral explants upon different OA-related perturbing
triggers (inflammation, hypertrophy and mechanical stress) for future tailored biomimetic
human models.

Methods

Human osteochondral explants were treated with IL-1p (10 ng/ml) or triiodothyronine (T3; 10
nM) or received 65% strains of mechanical stress (65% MS). Changes in chondrocyte signalling
were determined by expression levels of nine genes involved in catabolism, anabolism and
hypertrophy. Breakdown of cartilage was measured by sulphated glycosaminoglycans (sGAGs)
release, scoring histological changes (Mankin score) and mechanical properties of cartilage.

Results

All three perturbations (IL-1B, T3 and 65% MS) resulted in upregulation of the catabolic
genes MMP13 and EPAS1. 1L-1f3 abolished COL2A1 and ACAN gene expression and increased
cartilage degeneration, reflected by increased Mankin scores and sGAGs released. Treatment
with T3 resulted in a high and significant upregulation of the hypertrophic markers COL1A1,
COL10A1, and ALPL. However, 65% MS increased sGAG release and detrimentally altered
mechanical properties of cartilage.

Conclusion

We present consistent and specific output on three different triggers of OA. Perturbation with
the pro-inflammatory IL-1f mainly induced catabolic chondrocyte signalling and cartilage
breakdown, while T3 initiated expression of hypertrophic and mineralization markers.
Mechanical stress at a strain of 65% induced catabolic chondrocyte signalling and changed
cartilage matrix integrity. The major strength of our ex vivo models was thatthey considered
aged, preserved, human cartilage of a heterogeneous OA patient population. As a result, the
explants may reflect a reliable biomimetic model prone to OA onset allowing for development
of different treatment modalities.

Keywords
cartilage, osteochondral explants, osteoarthritis, human biomimetic model, mechanical
stress, hypertrophy, inflammation.
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Introduction

Osteoarthritis (OA) is the most prevalent chronic age-related joint disease, causing pain and
disability [1]. Likely due to ignored heterogeneity in disease pathophysiology, osteoarthritis
has become the most common disabling joint disease without effective disease-modifying OA
drugs (DMOADs) causing great social and economic burdens. As a result, OA significantly
decreases quality of life while increasing absenteeism from work, and healthcare costs [2].

The OA disease process itself is characterized by unfavourable dynamic regulation of
chondrocytes upon environmental perturbations such as age or mechanical stress, likely in
interaction with genetic variants that cause subtle changes in expression of OA risk genes. The
OA pathophysiological process itself has been linked to enhanced metabolic activity of articular
chondrocytes, resembling growth plate chondrocytes undergoing endochondral ossification
[3]. OA chondrocytes enter a cascade of proliferation and hypertrophic differentiation,
accompanied by expression of genes such as alkaline phosphatase (ALPL), collagen X
(COL10A1) and matrix metallopeptidase 13 (MMPi13), resulting in apoptotic death and
mineralization of cartilage [4-8]. Other hallmarks of the OA disease pathophysiology include
new bone formation at the joint margins, limited inflammation and changes in subchondral
bone structure. Together, these OA risk factors impose a persistent, yet variable, negative
influence on joint tissue homeostasis throughout life, inevitably leading to progressive joint
tissue destruction with age [9].

To address shortcomings of translational research and the challenges of translating data from
in vitro models and a preclinical animal model to humans and increase efficiency of effective
and safe drug development, while being compliant with the guiding principles of reduction,
refinement and replacement of animal experiments, validated human models mimicking the
different aspects of OA pathophysiology are required. Nonetheless, preclinical models thus far are
limited to post-traumatic animal models or analyses of cell signalling in 2D and 3D in vitro
cultures of neo-cartilage derived from human articular chondrocytes or stem cells. However,
none of these models reliably recapitulate the osteochondral compartment, let alone faithfully
representing age-related joint tissues prone to enter the OA process upon disease-initiating
cues.

Osteochondral explant-based models allow investigation of both bone and cartilage
compartments at the same time. The major advantage of such a model is that the cell response
can be determined in their natural environment and they are relatively simple and easy to
produce. Most commonly used explant-based models thus far were of bovine origin and
applied a super-physiological perturbing factor of either a fierce inflammatory cytokines
treatment [10-12] or cartilage loading [13-15]. Next to inflammation and mechanical loading,
recapitulation of endochondral ossification and thereby hypertrophy is also thought to be one
of the major mechanisms driving the processes in OA [16].

The aim of the current study is to explore and compare responses of aged human osteochondral
explants triggered by three different physiological perturbing cues: inflammation (IL-13)
[17,18], hypertrophy (triiodothyronine (T3)) [19,20] and mechanical stress (65% strain) [21].
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We determined different output measures related to catabolic, anabolic and hypertrophic
chondrocyte signalling, sGAGs released into the media, cartilage structure by histology and
changes in mechanical properties. The presented models enable in-depth studies on how such
cues interfering with homeostasis of aged cartilage contribute to human OA onset. They also
allow for personalized testing of new treatment regimes in a validated human model including
interaction of joint tissues and essential environmental cues.

Material and Methods
Osteochondral explant cultures

Osteochondral explants were obtained from joints included in the Research in Articular
Osteoarthritis Cartilage (RAAK) study. The RAAK study was approved by the medical
ethics committee of the Leiden University Medical Center (P08.239/P19.013) and informed
consent was obtained from subjects. Osteochondral explants were harvested from the
macroscopically preserved area of knee joints of human OA patients, within 2 hours of joint
replacement surgery. Donor characteristics are summarized in Table S1. Osteochondral
explants containing both cartilage and bone (8 mm diameter) were washed in sterile PBS
and equilibrated in serum-free chondrogenic differentiation medium (DMEM (high glucose;
Gibco, Bleiswijk), supplemented with ascorbic acid (50 pg/ml; Sigma-Aldrich; Zwijndrecht,
The Netherlands), L-proline (40 pg/ml; Sigma-Aldrich), sodium puryvate (100 pg/ml; Sigma-
Aldrich), dexamethasone (0.1 pM; Sigma-Aldrich), ITS+ and antibiotics (100 U/ml penicillin;
100 ug/ml streptomycin; Gibco)) in a 5% (v/v) CO, incubator at 37°C.

Application of physiological relevant cues

Three days after extraction, explant tissue was treated with IL-1 (10 ng/ml) or triiodothyronine
(T3, 10 nM). After 6 days, dynamic unconfined compression was applied to explant tissue
using the Mach-1 mechanical testing system on 4 subsequent days (Biomomentum Inc., Laval,
QC, Canada). Physiological loading at a strain of 30% or 65% was applied to explants at a
frequency of 1 Hz. The thickness of the cartilage was measured prior to loading and used to
determine the strain for each explant. Media of explants was refreshed every 3-4 days. To
investigate lasting effects of treatment, explants were harvested 3 days after the last treatment.
Cartilage and bone were separated using a scalpel, snap-frozen in liquid nitrogen and stored
at -80 °C for RNA isolation.

RNA isolation, Reverse Transcription and quantitative Real-Time PCR

RNA was extracted by pulverizing the tissue using a Mixer mill 200 (Retch, Germany)
and homogenizing in TRIzol reagent (Invitrogen, San Diego, CA). RNA was extracted with
chloroform, precipitated with ethanol and purified using the RNeasy Mini Kit (Qiagen, GmbH,
Hilden, Germany). Genomic DNA was removed by DNase (Qiagen, GmbH, Hilden, Germany)
digestion and the quantity of RNA was assessed using a Nanodrop spectrophotometer (Thermo
Fischer Scientific Inc., Wilmington, DE, USA). Synthesis of cDNA was performed using 200
ng of total mRNA with the First Strand ¢cDNA Synthesis Kit (Roche Applied Science, Almere,
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The Netherlands) according to the manufacturer’s protocol. Gene expression was determined
with the Roche Lightcycler 480 IT (Roche Applied Science) using Fast Start Sybr Green Master
mix (Roche Applied Science). Primer sequences are listed in Table S2.

Sulphated glycosaminoglycan (sGAGs) measurement

Sulphated glycosaminoglycans (sGAGs) concentration was measured with the photometric
1.9 dimethylene blue (DMMB; Sigma-Aldrich) dye method [22]. Shark chondroitin sulphate
(Sigma-Aldrich) was used as reference standard. To measure concentrations, absorbance at
525 and 595 was measured in a microplate reader (Synergy HT; BioTek, Winooski, VT, USA).

Histology

Osteochondral explants were fixed in 4% formaldehyde and decalcified using EDTA (12.5%,
pH=7.4), dehydrated with an automated tissue processing apparatus and embedded in
paraffin. Tissue sections of 5 um were stained with haematoxylin and eosin (H&E) or toluidine
blue (Sigma-Aldrich) and mounted with Pertex (Sigma-Aldrich). Quantification of OA related
cartilage damage was scored according to Mankin et al [23].

Mechanical properties

The fibril-network-reinforced biphasic model of cartilage in unconfined compression was
used to measure the mechanical properties of explants [24]. After a 10% precompression 5
subsequent ramps of 2% were performed and each ramp was allowed to continue until the
relaxation rate was < 0.05 N/min. The tensile stiffness of the fibril network (E,), equilibrium
modulus (E ) and hydraulic permeability (k) were determined using MACH-1 software
(Biomomentum Inc., Laval, QC, Canada).

Statistical analysis

Statistics were performed for all data in IBM SPSS statistics 23. In the absence of perfect
pairs, the significance of mean difference in gene expression between controls and treated
explants was estimated by the generalized estimating equation (GEE) with robust variance
estimators to account for donor effects. RT-PCR data were normalized using the housekeeping
gene SDHA. We used SDHA, as this gene was previously identified as a stable housekeeping
gene in cartilage and particularly not responsive to mechanical stress [25,26]. Fold changes
were calculated according to the 224°T method. Significance was declared at P<0.05.
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Results
Baseline characteristics of donors of the osteochondral explants

As shown in Table S1, age and BMI are comparable across donors in the three different
perturbations applied; IL-1f3, T3 and 65% mechanical stress (65% MS). Of note, IL-13 was
applied by chance in explants from females only. Prior to applying our models we explored
effects of 30% stress to osteochondral explants as compared to controls and IL-1 or T3
treatment. As shown in Figure S1 and Figure S2 and Table S2 and Table S3, 30%
mechanical stress as compared to controls had no significant effect on gene expression levels,
Mankin score or sGAG concentrations (data not published). To enlarge our sample sizes for
the remaining analysis, the 30% stressed control samples were pooled with controls of the IL-
1P and T3 treated groups.

Changes in chondrocyte signaling across the three models

As shown in Table 1, applying the three different perturbations (IL-1B, T3 and 65% MS)
resulted in significant upregulation of the catabolic genes MMP13 and EPAS1 as compared
to controls (Figure 1). Upregulation of MMP13 (Figure 1C) was modest in response to
T3 (FC=3.7; P=3.0x103) relative to that with IL-1p (FC=12.7; P=3.6x107?, Figure 1A) and
65% MS (FC=10.3; P=1.4x102, Figure 1B). Upregulation of EPAS1 was highly significant in
response to IL-1f, 65% MS and T3 treatment (FC=4.6; P=3.6x102, FC=1.8; P=1.8x10"° and
FC=1.8, P=1.0x103, respectively Figure 1). Notable is the observed absence in expression
changes of the aggrecanase ADAMTS5 in all three perturbations (Table 1 and Figure 1).
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Figure 1 | Gene expression of catabolic markers after treatment with IL-13, mechanical stress (MS) or
T3. RT-PCR analysis of MMP13, ADAMTS5 and EPAS1 after [A] IL-1f (1ong/ml; n=6), [B] 65% MS (n=19-23) or [C]
T3 (10nM; n=21) treatment. Data is presented in a boxplot depicting the median, lower and upper quartiles and each
dot represents a single explant. P-values of mean differences in gene expression between controls and treated explants
were estimated by generalized estimating equations (GEE) with robust variance estimators to account for donor effects.
*P<0.05, **P<0.01, ***P<0.001.
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Regarding the matrix genes known to be responsible for a substantial part of the matrix
deposition, we showed that COL2A1 and ACAN expression was almost absent in the IL-
1B treated osteochondral explants with a FC=0.01; P=2.6x10"? and FC=0.03; P=1.1X1079,
respectively (Figure 2A). 65% MS resulted in a slight, non-significant, downregulation of
COL2A1 (FC=0.9; P=8.7x10%, Figure 2B) and no changes in ACAN expression. In contrast,
treatment with T3 resulted in a highly significant upregulation of COL2A1 (FC=3.5; P=2.4x107°,
Figure 2C). As shown in Table 1 and Figure 3C, treatment with T3 resulted in a high
and significant upregulation of the hypertrophic markers COL1A1 (FC=144.7; P= 0.3x1073),
COL10A1 (FC=5.0; P=6x1073), and ALPL (FC=665.8 P=7.4x10"°) compared to controls.
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Figure 2 | Gene expression of anabolic markers after treatment with IL-1$, mechanical stress (MS) or
T3. RT-PCR analysis of COL2A1 and ACAN after [A] IL-1f (1ong/ml; n=6), [B] 65% MS (n=19-23) or [C] T3 (10nM;
n=21) treatment. Data is presented in a boxplot depicting the median, lower and upper quartiles and each dot rep-
resents a single explant. P-values of mean differences in gene expression between controls and treated explants were
estimated by generalized estimating equations (GEE) with robust variance estimators to account for donor effects.
*P<0.05, **P<0.01, ***P<0.001.
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Figure 3 | Gene expression of hypertrophic and mineralization markers after treatment with IL-1f3,
mechanical stress (MS) or T3. RT-PCR analysis of COL1A1, COL10A1 and ALPL after [A] IL-1f (10ong/ml; n=6),
[B] 65% MS (n=19-23) or [C] T3 (10nM; n=21) treatment. Data is presented in a boxplot depicting the median, lower
and upper quartiles and each dot represents a single explant. P-values of mean differences in gene expression between
controls and treated explants were estimated by generalized estimating equations (GEE) with robust variance estima-

tors to account for donor effects. *P<0.05, **P<0.01, ***P<0.001.

Table 1 | Summary of the different outcome parameters in response to perturbation with IL-13, T3 or

65% mechanical stress (MS).

Outcome measure IL-1$ T3 65% MS
'FC Pvalue*  FC Pvalue  FC'  Pvalue®
Gene expression
Catabolism
MMP13 12.66 3.60x10 3.74 3.00X1073 10.27 1.40X10°*
ADAMTS5 1.26 NS 0.74 NS 1.04 NS
EPAS1 4.56 3.60x10 1.83 1.00X1073 1.77 1.80x102°
Anabolism
ACAN 0.03 1.08x10™ 0.97 NS 1.18 NS
COL2A1 0.01 2.56x1072 3.45 2.40X107° 0.91 NS
Hyperthrophy
COL1A1 0.22 NS 144.68 3.00x1073 1.91 NS
COL10A1 0.23 NS 5.04 6.11x1073 3.82 NS
ALP 2.80 NS 665.82 7.42 X107 2.73 NS
RUNX2 0.68 5.00X107 1.18 NS 1.78 NS
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Outcome Measure IL-1p T3 65% MS

P value® Beta™ P value® Beta™ P value®

Histology

Mankin score

Cartilage structure 0.83 8.12x103 0.45 NS 0.20 NS
Cellularity 0.36 NS 0.09 NS 0.04 NS
Toluidine blue 0.79 3.15X1073 -0.07 NS 0.16 NS
Tidemark integrity ~ -0.02 NS 0.06 NS 0.10 NS
Mankin Score 1.95 5.47X10 0.53 NS 0.50 NS
sGAG
Medium
Day 4 -0.10 NS 23.19 NS 10.21 NS
Day 6 60.51 7.87x102 -1.95 NS 1.56 NS
Day 10 26.48 6.01x1073 2.59 NS 7.85 NS
Day 13 59.09 4.85x10°8 1.27 NS 10.31 NS

Cartilage tissue
Day 13 -1.95 NS 0.04 NS 2.72 NS
Mechanical properties

Fibril network mod-

ulus
Day 6 -0.11 NS 0.01 NS -0.07 NS
Day 10 -0.04 NS 0.21 NS -0.48 2.57X1072
Day 13 -0.03 NS 0.19 NS -0.35 NS
Equilibrium Modulus
Day 6 -0.02 NS 0.05 NS -0.02 NS
Day 10 -0.02 NS 0.02 NS -0.10 2.68x10*
Day 13 -0.01 NS 0.08 NS -0.07 NS
Permeability
Day 6 6.44 NS 0.93 NS 0.84 NS
Day 10 3.62 NS 4.17 NS 2.46 NS
Day 13 0.71 NS -2.62 NS 1.45 NS

*FC is determined by the 2*4°T method and compared to its respective controls. **Beta is determined by the GEE
during the modelling and represents the difference between the perturbation and control groups. $ significance of
mean difference in gene expression between controls and treated explants were estimated by generalized estimating
equation (GEE) with robust variance estimators to account for donor effects. Legend: MS= Mechanical stress; NS= not
significant; sSGAG=sulphated glycosaminoglycans
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SGAG release following cartilage perturbation

To explore breakdown of cartilage, we measured sGAG released by the cartilage in the media
on day 3, day 6, day 10 and day 13. In Figure S3 we outlined the accumulation of SGAG
release from explants to the medium between day 3 and 6, and in Figure 4 between day 6
and 13, representing early and late release, respectively. IL-1f3 significantly increased release
of sGAG into the medium at day 6 relative to day 3 (19% increase from 194.4 ug/ml to 426.1
ug/ml versus 194.5 pg/ml to 366.0 ug/ml ; P=0.03; Figure S3A) compared to controls. This
increased release was prolonged at a significant and higher rate at day 10 (52% increase of
51.4 pug/ml versus 77.8 ug/ml; P=6.0x103; Figure 4A) and day 13 (99% increase of 59.8
ug/ml versus 118.9 ug/ml; P=4.9x10°%; Figure 4A). Although some increased sGAG release
after 65% MS and T3 treatment was observed at day 13, there was no significant difference as
compared to controls (30% increase of 32.3 ug/ml versus 42.6 ug/ml; P=0.09 and 4% increase
of 28.8 ug/ml versus 30.0 ug/ml; P=0.8, respectively; Figure 4B and 4C).

Changes of the cartilage integrity observed by histology

To evaluate the microscopic changes in the cartilage tissue quality, we applied Mankin scoring
to control and perturbed explants at day 13. As shown in Figure 5A and Table 1, IL-1§
significantly increased the overall Mankin score (2.7 vs 4.1; P=6.3x10%) compared to controls.
Upon investigating the different components of the Mankin score separately (cartilage
structure, cellularity, loss of SGAG and integrity of tidemark), it appeared that the difference
observed for IL-1§3 treatment was mainly driven by differences in cartilage structure such as
fibrillations and fissures and loss of sSGAGs by toluidine blue staining (1.2 vs 2.0, P=8.1x103
and 0.4 vs 1.3, P=3.2x1073, respectively Table 1, Figure 5D and Figure S4). Although we
observed visible fissures and surface deformations only in explants upon 65% MS (Figure
S5), suggesting cartilage breakdown, this was not reflected by a significant change in the
Mankin scores (Table 1 and Figure 5C).

Changes in mechanical properties of the cartilage

To explore the mechanical properties of cartilage in response to the treatments, we determined
three different aspects of mechanical properties available at the MACH1 apparatus on day 6,
day 10 and day 13. These aspects were the fibril network modules (E,), the equilibrium modulus
(E_) and hydraulic permeability (k), reflecting the tensile stiffness, elastic coefficient (Young’s
modulus) and water retention respectively. As shown in Figure 6, 65% MS significantly
negatively affected the fibril network modulus (0.9 vs 0.5 MPa; P=2.6x107?; Figure 6A) and
equilibrium modulus (0.2 vs 0.1 MPa; P=2.7x102; Figure 6B) at day 10 while simultaneously,
though not significantly, increasing the hydraulic permeability of the cartilage by 300%
(control vs 65% MS; 0.8 vs 3.2 mm?/MPa-s; P=0.2; Figure 6C). No significant differences in
mechanical properties were detected for IL-1p3 and T3 treated osteochondral explants.
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Figure 6 | Mechanical properties of cartilage of osteochondral explants on day 10. Mechanical proper-

ties of cartilage was determined after perturbation with IL-1p (n=3), 65% MS (n=19/21) or T3 (n=19/23) using the
fibril-network-reinforced biphasic model to calculate the [A] Fibril Network modulus, [B] Young’s Modulus and [C]
hydraulic permeability. Data is represented as mean + s.e.m. P-values of mean differences between controls and treated
explants were estimated by generalized estimating equations (GEE) with robust variance estimators to account for
donor effects. *P<0.05, **P<0.01.

Discussion

We present human ex vivo osteochondral explants as a model system to study OA related
changes after three known pathophysiological perturbations. We applied IL-153, T3, and
65% MS as relevant perturbing factors and studied a variety of output measures including
chondrocyte signalling, cartilage structure and breakdown, and mechanical properties. Our
data provide a relevant personalized human model for research on OA, which can be used for
target identification and/or drug efficacy testing. The biomimetic model also complies with
the guiding principles of reduction, refinement and replacement of animal experiments.

An increased catabolic response was measured after perturbation in all three models. The
highest increase in MMP13 gene expression was measured in response to IL-1f (FC=12.7),
followed by mechanical stress (FC=10.3), while the lowest increase was observed after T3
treatment (FC=3.7). Strikingly, none of the treatments induced a significant increase in
ADAMTS5 gene expression. Moreover, we measured a greatly significant increase of EPAS1
in all three OA models, indicating its sensitivity to a perturbed cartilage homeostasis.
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The EPAS1 gene encodes HIF-2a and its role in the onset of OA in humans is unclear as both
increased [27,28] and decreased [29] expression has been reported in human OA cartilage.
Functionally, HIF-2a has been shown to regulate endochondral ossification in mouse studies
by inducing expression of genes mediating chondrocyte hypertrophy (Colioa1), matrix
degradation (Mmp13) and vascular invasion (Vegfa) [27].

We observed that the three different perturbations were diverse in the other outcome
measures. The most severe cartilage breakdown was observed after treatment with the pro-
inflammatory IL-1f and this breakdown was also characterized by an increased chondrocyte
cell signalling of catabolism (MMP13 and EPAS1, Figure 1A) and abolishment of anabolic
cell signalling (ACAN and COL2A1, Figure 2A). Gene expression of COL2A1 and ACAN was
downregulated by IL-1f, 100 and 33 times respectively, suggesting a very low expression of
these normally highly expressed cartilage genes. This shift in chondrocyte signalling towards
catabolism is confirmed by cartilage breakdown, as measured by a stark 99% increased release
of sGAG from cartilage (Figure 4A) and by a 1.95 times increased Mankin score (Figure
5A). Upon investigation of the different subcategories of the Mankin scoring we observed
that IL-1f greatly reduced cartilage quality as measured by a 3.2 times reduction of staining
for sGAG (Figure S4C) and 1.7 times increased cartilage surface damage (Figure S4A).
These results of high cartilage breakdown in response to IL-1 are in line with many previous
studies, which often observed an increased release of matrix metalloproteinases (MMPs)
and other degradative enzymes, production of nitric oxide and inhibition of the synthesis of
matrix proteins [17,30]. This model might be most suitable to study interventions aimed at a
subgroup of OA patients that have more inflammatory characteristics and might even suffer
from rheumatic arthritis.

The perturbation with 65% MS can be considered a posttraumatic model, triggering modest
OA related changes particularly via catabolism, as reflected by the consistent yet particular
effect on MMP13 and EPAS1 (FC=1.8; P=1.8x10"*° and FC=10.3; P=1.4x107?, respectively). In
addition, we showed a slight decrease in cartilage anabolism as measured by reduced COL2A1
gene expression (FC=0.9; p=8.7x102). At the protein level we measured a 30% increase of
SGAG released from cartilage (Figure 4C) after 65% MS, corresponding with the measured
slightly higher scoring for SGAG loss in toluidine blue staining (Figure S4C). Macroscopically
we observed more macrocracks on the cartilage surface (Figure S5) of explants receiving
65% MS and this damage was reflected in a substantial unbeneficial change of mechanical
properties of the cartilage (Figure 6). Compared to controls, explants receiving 65% MS had
a 48% reduced tensile stiffness (Figure 6A), 55% reduced Young’s modulus (Figure 6B) and
a 300% increased hydraulic permeability (Figure 6C). These results suggest that the cartilage
extracellular matrix is damaged after 65% MS has been applied as it no longer appears to have
the normal elastic properties and water-retaining capabilities that allow cartilage to withstand
high loads. We hypothesize that this mechanism of function could be similar to exceeding the
injury threshold of mechanical loading during one’s life [31]. Exceeding this threshold could
occur when the mechanical load is suddenly increased or when the joint has lost its natural
mechanoprotective properties.

It is generally accepted that biomechanical loading is necessary for the maintenance of
cartilage homeostasis, as evidenced by the rapid loss of proteoglycans in joints that are
immobilised or in disuse [32]. However, abnormal, altered or injurious loading is associated
with inflammatory and metabolic imbalances that may eventually lead to OA-like damage
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[13,15,33-35]. Moreover, ex vivo cartilage explants subjected to these magnitudes of stress
exhibit a significant suppression of metabolic activity, and particularly biosynthesis of
aggrecan and collagen is affected [13,15,33,34,36] similar to the in vivo situation [37].
Consistent upregulation of catabolic genes such as RUNX2, MMP1, MMP3, MMP13 and
ADAMTS5 has been found in several mechanical injury models using either chondrocytes or
cartilage explants [14,15,38-40]. The literature has shown that levels of measured genes can
vary greatly, depending on the magnitude of force, speed, age of cartilage, and at which time
point gene expression is measured [41-43]. In our model we measured targeted genes and in
follow-up studies it would be interesting to measure the whole genomic transcript using RNA-
sequencing to identify different pathways modulating the lasting response to mechanical
stress. Our model applying 65% MS might be most suitable to study interventions aimed at
post-traumatic OA patients who would benefit most from a reduction of the (early) response
of cartilage to mechanical stress.

In our third model we showed that in response to T3, chondrocyte signalling increased
expression of the early hypertrophic markers COL10A1 and MMP13 (FC=5.0; P=6.1x10% and
FC=3.7; P=3.0x1073, respectively), while also greatly increasing the mineralization markers
COL1A1 and ALPL (FC=144.7; P=3.0x10% and FC=665.8; P=7.4x107, respectively). Together,
these results suggest that T3 induces terminal differentiation towards bone in chondrocytes.
Treatment with T3 also induced a greatly consistent increased gene expression of COL2A1
(FC=3.5; P=2.4x10"°), but did not affect ACAN expression. Nonetheless, upregulation of
COL2A1 does not necessarily mean that T3 induces a beneficial response of chondrocytes, as
COL2A1 is also upregulated in response to damage. In addition, a microarray study has shown
that COL2A1 gene expression is upregulated in preserved compared to healthy cartilage,
suggesting that there might be an early role for COL2A1 in the OA process when the cartilage
is still trying to repair matrix damage [44]. To understand downstream transcriptional effects
of T3 we measured RUNX2 and EPAS1, two critical transcription factors hallmarking OA
and acting downstream of T3. We measured an upregulation of both EPAS1 and RUNX2
(FC=1.8; P=1.0x103 and FC=1.2; P=7.1x10?, respectively), suggesting a possible role for both
transcription factors as downstream targets of T3. The changes in chondrocyte signalling
after T3 perturbation did not lead to significant changes of cartilage matrix integrity. Our
results indicate that hypertrophy was induced by T3 in our explant model and that this was
not necessarily detrimental to the cartilage matrix. T3 can induce changes in chondrocyte
signalling directly, by binding to specific thyroid responsive elements (TREs) on the DNA
whereby it regulates transcription, or more indirectly by activating the transcription of
another transcriptional regulator such as RUNX2. However, which genes are transcriptionally
regulated by T3 needs to be elucidated and regulation has been shown to be very tissue-specific
because of the different levels and isotypes of thyroid hormone receptors present in different
cell types. It is possible that T3 is able to induce multiple genes such as MMP13 in cartilage
via binding to TREs. For example, in trf crispant tadpoles, T3 did not induce MMP13 gene
expression suggesting that T3 acts via Trf3 on inducing transcription [45].

Other researchers have seen similar effects using T3 and T4, with T3 being a more potent
inducer of collagen production [46,47]. However, these two studies did not observe an increase
in hypertrophic markers such as COL10 and COL1, and this could be due to the cell type and
concentration used in their experiments. On the contrary, in an in vitro chondrogenesis
model using human bone marrow-derived stem cells (hBMSCs), perturbation with T3
increased chondrocyte cell signalling of terminal maturation markers (ALPL, COL1A1) [37].
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Overexpression of DIO2, encoding for the D2 enzyme which converts T4 into T3, in the same
model had even more detrimental effects. This explant model perturbated by T3 might be
most suitable to study interventions aimed at investigating mild types of OA that are more
characterized by occurrence of hypertrophy and mineralization of cartilage.

The observation that we did not measure a response of ADAMTS5 in our three models was
unexpected. Possible explanations could be that in general expression levels of ADAMTS5
were too low to be accurately assessed or that ADAMTS5 expression was too heterogeneous
between patients to lead to concluding results. A more biological explanation could be the
temporal and tight regulation of ADAMTS5 gene expression, peaking 10 hours after injury and
declining thereafter [42].

A major strength of our models is that they consider aged, yet preserved, human osteochondral
explants of a heterogeneous OA patient population. As a result cartilage explants may reflect
a reliable biomimetic model, prone to OA onset. Moreover, despite the heterogeneous
patient population we present consistent output specific for three different relevant triggers
of OA, allowing for development of different treatment modalities. Some weaknesses of the
models concern the scalability and dependency of patients undergoing joint replacement
surgery. In addition, we only measured changes of the overall cartilage matrix and not
changes of specific proteins that make up the articular cartilage, such as collagen type II.
Nonetheless, we advocate that focusing clinical development on directly counteracting these
specific unbeneficial responses of chondrocytes upon these OA triggers will facilitate further
personalized development and testing of desperately needed disease modifying OA drugs. Our
data provide a reference for development of advanced 3D in vitro model systems of cartilage,
bone or osteochondral models aiming towards a joint on a chip using the sensitive changes in
gene expression. Moreover, our model offers a next step opportunity for in depth molecular
exploration with and without perturbations, e.g., by RNA sequencing in bulk or at the single-
cell level.

Conclusions

Our study demonstrates that it is possible to set up personalized human OA disease models
reflecting different relevant aspects (inflammation, hypertrophy and mechanical stress) of
OA pathophysiology. The different perturbing factors and their variety in downstream effects
could facilitate the development of novel targeted treatment modalities reflecting different
aspects of the OA pathophysiology. Applying the here presented aged human explant model
could result in a paradigm shift for biomedical research and the pharmaceutical industry
leading to new ways to identify desperately needed effective drugs for OA.
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Supplementary Tables

Table S1 | Baseline information of the donors included in the three perturbations. Characteristics of
donors included in the three different perturbation models. The table represents the age, sex, and BMI per treatment

group on the day of joint replacement surgery. Age and BMI are represented as average with standard deviations.

IL-1p T3 65% mechanical
stress (MS)
N (donors) 3 8 9
F/M 3/0 4/4 3/6
(% F) 100% 50% 33%
Mean age 62.3 £ 9.0 66.6 + 9.5 65.1 + 8.8
(range) 5575 53-81 53-81
Mean BMI 28.9 £ 7.9 25.9+ 2.4 27.9 + 3.4
(range) 22.5-40.1 22.5-31.2 24.8-35.1

Legend: F=Females, M=Males; age given in years

Table S2 | Primer sequence used to determine gene expression levels in real-time PCR.

Gene Forward (F) and reverse (R) primers (5’to 3°)

F: TGGAGCTGCAGAACCTGATG

SDHA

R: TGTAGTCTTCCCTGGCATGC

F: TTGAGCTGGACTCATTGTCG
MMP13

R: GGAGCCTCTCAGTCATGGAG

F: TGGCTCACGAAATCGGACAT
ADAMTS5

R: GCGCTTATCTTCTGTGGAACC

F: ACAGGTGGAGCTAACAGGAC
EPAS1

R: CCGTGCACTTCATCCTCATG

F: CTACCCCAATCCAGCAAACGT
COL2A1

R: AGGTGATGTTCTGGGAGCCTT

F: AGAGACTCACACAGTCGAAACAGC
ACAN

R: CTATGTTACAGTGCTCGCCAGTG

F: GTGCTAAAGGTGCCAATGGT
COL1A1

R: ACCAGGTTCACCGCTGTTAC

F: GGCAACAGCATTATGACCCA
COL10A1

R: TGAGATCGATGATGGCACTCC

F: CAAAGGCTTCTTCTTGCTGGTG
ALPL

R: CCTGCTTGGCTTTTCCTTCA

F: CTGTGGTTACTGTCATGGCG
RUNX2

R: AGGTAGCTACTTGGGGAGGA
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Table S3 | Gene expression after treatment with IL-1p in combination with 30% loading.
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Supplementary Figures
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Figure S1 | Gene expression after treatment with IL-1p in combination with 30% mechanical loading.
RT-PCR analysis of MMP13, ADAMTS, COL2A1 and ACAN after [A] IL-1f (10 ng/ml; n=3), 30% loading (n=3) and
1L-1$+30% loading (10 ng/ml; n=3), [B] Control and 30% loading merged (n=6) versus IL-1f and IL-1$+30% loading
merged (10 ng/ml; n=6). RT-PCR analysis of COL1A1, COL10A1, ALPL and EPAS1 after [C] IL-1f (10 ng/ml; n=3),
30% loading (n=3) and IL-1B+30% loading (10 ng/ml; n=3) [D] Control and 30% loading merged (n=6) versus IL-1
and IL-1B+30% loading merged (10 ng/ml; n=6). Data is presented in a boxplot depicting the median, lower and upper
quartiles and each black dot represents a single explant. *P<0.05, **P<0.01, ***P<0.001.
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Figure S2 | Gene expression after treatment with T3 in combination with 30% mechanical loading. RT-
PCR analysis of MMP13, ADAMTS, COL2A1 and ACAN after [A] T3 (10 nM; n=12), 30% loading (n=6) and T3+30%
loading (10 nM; n=9), [B] Control and 30% loading merged (n=21) versus T3 and T3+30% loading merged (10 nM;
n=21). RT-PCR analysis of COL1A1, COL10A1, ALPL and EPAS1 after [C] T3 (10 nM; n=12), 30% loading (n=6) and
T3+30% loading (10 nM; n=9) [D] Control and 30% loading merged (n=21) versus T3 and T3+30% loading merged
(10 nM; n=21). Data is presented in a boxplot depicting the median, lower and upper quartiles and each black dot
represents a single explant. *P<0.05, **P<0.01, ***P<0.001.
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Figure S4 | Sub categories of the Mankin Score of cartilage after treatment with either IL-1f3, T3 or 65%
mechanical stress. Cartilage damage was assessed after perturbation with IL-1p (n=6), 65% MS (n=16/24) or T3
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s.e.m and each black dot represents a single explant. *P<0.05, **P<0.01., ***P<0.001.
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Control

65% MS

Figure S5. Macroscopical pictures of osteochondral explants after 65% mechanical stress (65% MS) is
applied and controls. Prior to harvest on day 13, pictures were taken of the cartilage surface of all osteochondral
explants. [A and B] Photograph of control osteochondral explants show no major abnormalities on the cartilage
surface. [C and D] Photograph of 65% mechanical stressed osteochondral explants. Arrows indicate visible cartilage
fissures and cracks.
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Chapter 3

Abstract

Background

Failing of intrinsic chondrocyte repair after mechanical stress is known as one of the most
important initiators of osteoarthritis. Nonetheless, insight into these early mechano-
pathophysiological processes in age related human articular cartilage is still lacking. Such
insights are needed to advance clinical development. To highlight important molecular
processes of osteoarthritis mechano-pathology, the transcriptome-wide changes following
injurious mechanical stress on human aged osteochondral explants were characterized.

Methods
Following mechanical stress at a strain of 65% (65%MS) on human osteochondral explants
(n =14 versusn_ =14), RNA sequencing was performed. Differential expression analysis

65%MS
between control and 65%MS was performed to determine mechanical stress-specific changes.

Enrichment for pathways and protein-protein interactions was analyzed with Enrichr and
STRING.

Results

We identified 156 genes significantly differentially expressed between control and 65%MS
human osteochondral explants. Of note, IGFBP5 (FC=6.01; FDR=7.81x103) and MMP13
(FC=5.19; FDR=4.84x10%) were the highest upregulated genes, while IGFBP6 (FC=0.19;
FDR=3.07x10%) was the most downregulated gene. Protein-protein interactions were
significantly higher than expected by chance (P=1.44x10"5with connections between 116 out
of 156 genes). Pathway analysis showed, among others, enrichment for cellular senescence,
insulin-like growth factor (IGF) I & II binding, and focal adhesion.

Conclusions

Our results faithfully represent transcriptomic wide consequences of mechanical stress in
human aged articular cartilage with MMP13, IGF binding proteins, and cellular senescence as
the most notable results. Acquired knowledge on the as such identified initial, osteoarthritis
related, detrimental responses of chondrocytes may eventually contribute to the development
of effective disease-modifying osteoarthritis treatments.

Keywords
Osteoarthritis, cartilage, chondrocytes, mechanical stress, mechanopathology, RNA-
sequencing, cellular senescence, IGF-1 signalling, MMP13

64



Elucidating mechano-pathology of osteoarthritis

Introduction

Osteoarthritis (OA) is an age-related joint disease, affecting diarthrodial joints [1,2]. Despite
the fact that OA is the most prevalent and disabling disease among elderly, resulting in high
social and economic burden, no effective treatment exists except for lifestyle changes, pain
medication and eventually a joint replacement surgery at end stage-disease [3,4].

To characterize deregulated signalling pathways in OA cartilage, comprehensive differential
expression analyses have been performed comparing preserved versus end-stage lesioned OA
cartilage [5]. These studies revealed that OA pathology is marked by recuperation of growth
plate signaling, wound healing, and skeletal system development, while also highlighting
inherent differences in OA pathophysiology between patient subtypes based on gene expression
changes [5-7]. Nonetheless, the preserved versus lesioned study design by definition captures
end-stage pathophysiological OA disease processes and gives no information on early initial
processes triggering cartilage to become diseased. In contrast, disease-modifying OA drugs
should preferably target early OA disease triggers when irreversible damage of cartilage has
not yet taken place. Therefore more knowledge on the initial response of chondrocytes to OA
relevant stresses, such as mechanical trauma, should be investigated in an appropriate model.

In this regard, failing of intrinsic chondrocyte repair after mechanical stress is known to
impact the integrity of articular cartilage via cell apoptosis [8], increased catabolic gene
expression [9], and reduced matrix production [10] and is, as such, an important trigger to
OA onset. Nonetheless, little knowledge exists on the inherent dysregulation of signaling
pathways initiating repair responses in human aged articular cartilage upon mechanical
stress. To gain some insight, several in vivo animal studies have investigated the effect of
joint overuse or trauma on gene expression in cartilage [11-16]. Some examples of non-
invasive in vivo mechanical loading studies are Bomer et al. [11], reporting on involvement
of metabolic processes and skeletal system development pathways upon physiological forced
running in 6-month-old mice, Chang et al. [12], reporting on involvement of cell proliferation
and chondroitin sulfate proteoglycan metabolic process upon injurious tibial compression
in 16-weeks-old mice and Sebastian et al. [13], reporting on single-Cell RNA-seq upon
tibial compression in 10-week-old mice. Thus far, one study has investigated genome-wide
expression consequences of an impact injury in porcine explants and identified involvement
of genes associated with matrix molecules, protein biosynthesis, skeletal development, and
cell proliferation [17]. Nevertheless, most studies were performed using relatively young
animal tissues and likely do not cover the biological response to a trauma in adult (human)
tissue [18]. More recently, global gene expression profiling in 14-month-old mice subjected
to non-invasive injurious tibial compression identified genes involved in inflammation and
matrix regeneration to be involved in the response of aged tissue [14].

A more appropriate model to identify which molecular processes are initiated in response to
mechanical stress in humans would comprise of aged human ex vivo osteochondral explants.
Injurious compression reaching strains above 50% induced catabolic processes in cartilage
and eventually led to cell death [19]. In aged human osteochondral explants, injurious cyclic
mechanical stress at a strain of 65% (65%MS), mimicking trauma, was previously shown
to induce OA like damage [20]. In the current study we therefore exploited our previously
established ex vivo osteochondral explant model by performing RNA sequencing on explants
subjected to injurious mechanical stress in comparison to controls. The hypothesis free,
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transcriptome wide approach presented here contributes to further understanding the
debilitating response of aged chondrocytes to mechanical injury and how this affects their
propensity to enter an OA disease state.

Material and Methods
Sample description

To generate osteochondral explants, biopsies (diameter of 8 mm) were punched from the
macroscopically preserved load-bearing area of femoral condyles of human knee joints
obtained within the Research in Articular Osteoarthritis Cartilage (RAAK) biobank containing
patients that undergo a joint replacement surgery as a consequence of OA [21]. For this study,
a total of 60 osteochondral explants were investigated originating from nineteen independent
donors in which multiple explants were taken from each donor. This difference between the
amount of samples taken per donor was dependent on several factors. Among them were size
of the knee condyle, size of the preserved area, surgical damage area, and other simultaneous
experiments this donor was used for. RNA-sequencing was performed on samples from
nine donors, while the remaining ten donors were used for replication purposes. All donor
characteristics are given in Table S1 and were equal between mechanical stressed and control
explant donors.

Application of mechanical stress

Explants of nineteen donors were equilibrated in serum-free chondrogenic differentiation
medium (DMEM, supplemented with Ascorbic acid (50 pg/ml; Sigma-Aldrich; Zwijndrecht,
The Netherlands), L-proline (40 pg/ml; Sigma-Aldrich), sodium pyruvate (100 pg/ml; Sigma-
Aldrich), dexamethasone (0.1 uM; Sigma-Aldrich), ITS+ and antibiotics (100 U/ml penicillin;
100 pg/ml streptomycin) in a 5% (v/v) CO2 incubator at 37°C. As depicted in Figure 1a,
after a six day period, dynamic unconfined compression was applied to explants (diameter of
8 mm) using the Mach-1 mechanical testing system on four subsequent days (Biomomentum
Inc., Laval, QC, Canada). In short, osteochondral explants were placed under an indenter
(diameter of 10 mm) attached to a 250N MACH-1 load cell (Figure 1a) and unconfined
cyclic compression was applied at a strain of 65% of cartilage height at a frequency of 1 Hz
(1 compression cycle per second), mimicking walking speed, during 10 minutes, long enough
to be injurious and short enough for chondrocytes to survive, at strains suggested to be
detrimental [22]. Dynamic (cyclic) compression means that a force was applied that varied
over time to simulate a more cyclic compression such as walking. To investigate lasting effects
of mechanical stress, four days after mechanical stress, the cartilage and bone were separated,
snap-frozen in liquid nitrogen and stored at -80 °C.

Determining cartilage integrity
Histology

A sagittal section of the osteochondral explant was fixed in 4% formaldehyde for one week and
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decalcified using EDTA (12.5%, pH=7.4) during two weeks, dehydrated with an automated
tissue processing apparatus and embedded in paraffin. Tissue sections were cut at a thickness
of 5 um, deparaffinized, rehydrated, subsequently stained for 1 minute in a toluidine blue
solution with a pH of 2.5 (Sigma-Aldrich) and mounted with Pertex (Sigma-Aldrich) to
investigate cartilage integrity as quantified by applying Mankin Score [23].

Sulfated glycosaminoglycan (sGAG) measurement

Sulfated glycosaminoglycan (sGAG) concentrations in conditioned media collected from
osteochondral explants were measured with the photometric 1.9 dimethylene blue (DMMB;
Sigma-Aldrich) dye method [24]. Shark chondroitin sulfate (Sigma-Aldrich) was used as
the reference standard. The concentration of SGAG was determined in conditioned media
collected on day 13, by measuring absorbance at 525nm and 595nm in a microplate reader
(Synergy HT; BioTek, Winooski, USA).

RNA sequencing

RNA from cartilage was extracted by pulverizing the tissue and subsequently homogenizing
the powder in TRIzol reagent (Invitrogen, San Diego, CA) using a Mixer mill 200 (Retsch,
Germany). RNA was extracted using chloroform, followed by precipitation using ethanol, and
purified with the RNeasy Mini Kit (Qiagen, Chatsworth, CA). Genomic DNA was removed
by DNase digestion. Paired-end 2x150 base pair RNA sequencing (Illumina TruSeq mRNA
Library Prep Kit, Illumina HiSeq X ten) was performed. Strand specific RNA-sequencing
libraries were generated which yielded on average 14 million reads per sample. Data from the
Ilumina platform was analysed with an in-house pipeline as previously described [5]. The
adapters were clipped using Cutadapt vi.1. RNA-seq reads were then aligned using GSNAP
against GRCh38 [25]. Read abundances per sample were estimated using HTSeq count vo.11.1
[26] with Ensembl gene annotation version 94. Only uniquely mapping reads were used for
estimating expression. The quality of the raw reads and initial processing for RNA-sequencing
was checked using MulitQC v1.7 [27]. Samples containing >50% genes with zero values and
average read count <10 were removed from further analysis. To identify outliers, principal
component analysis (PCA) was applied. For further analysis, samples not in the main cluster
were removed, resulting in n=28 samples from 9 unique donors. In total, 58735 unique
genes were detected by RNA sequencing of which 6509 were protein-coding genes that were
included in further analyses.

Differential expression analysis, protein-protein interactions and pathway en-
richment

Differential expression analysis was performed in 65%MS cartilage compared to control
cartilage obtained from osteochondral explants using DESeq2 R package version 1.24 [28] on
6509 protein-coding genes. A general linear model assuming a negative binominal distribution
was applied and followed by a Wald-test between control and 65%MS samples in which donor
number was added as a random effect to correct for inter-individual differences. In all analyses,
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control samples were set as reference. To correct for multiple testing the Benjamini-Hochberg
method was used, as indicated by the false discovery rate (FDR) in which a significant cutoff
value of 0.05 was used. Furthermore, the comprehensive gene set enrichment analysis web
tool Enrichr [29] was used to identify enrichment for gene ontologies (Cellular Component,
Biological Process, Molecular Function) and pathways (KEGG and Reactome). For protein-
protein interactions, analysis was performed using the online tool STRING version 11.0 [30].

Real-time quantitative PCR (RT-qPCR) validation

250 ng of RNA was processed into ¢cDNA using the First Strand ¢cDNA Synthesis Kit (Roche
Applied Science, Almere, The Netherlands). RT-qPCR was performed on 10 paired 65%MS
samples with matched controls included in the RNA-sequencing (Technical validation) and 10
novel paired 65%MS samples with matched controls (Biological validation) to determine the
expression of six downregulated (IGFBP6, CNTFR, WISP2, FRZB, COL9A3, and GADD45A)
and four upregulated genes (IGFBP5, PTGES, TNC, and IGFBP4). Primer sequences are listed
in Table S2. The relative gene expression was normalized for two endogenous reference
genes, SDHA and YWHAZ, to determine -ACT values. To determine effect sizes, fold changes
(FC) were calculated according to the 224°T method, in which expression of 65%MS was
extracted from controls (-AACT). These two endogenous reference genes were chosen based
on literature stating the stability of these genes in response to mechanical stress, which was
confirmed by our RNA-sequencing [31,32].

Statistical analysis

Analysis on RNA-sequencing data was performed in R as described above. Statistical analysis
for RT-qPCR and sGAG concentrations were performed using IBM SPSS statistics 25. The
P-values were determined by applying a linear generalized estimating equation (GEE) to
effectively adjust for dependencies among donors of the explants by adding a random effect
for the sample donor as we did not have perfect pairs for each analysis [33]. The following GEE
was fitted in which gene expression was the dependent variable and treatment the covariate:
Gene expression ~ Treatment + (1|donor). To determine differences in sGAG concentration on
day 13, another linear GEE model was fitted with sGAG concentration as dependent variable
and treatment as covariate: SGAG concentration ~ Treatment + (1|donor).
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Results

Prior to RNA-sequencing, cartilage tissue integrity of human osteochondral explants was
characterized by performing histology and measuring sGAG concentrations in conditioned
media. Mechanical strains at 65% cause detrimental changes to cartilage integrity as previously
shown [20] (Figure 1B) and these effects were further explored in a larger samples size
(0, 00=31 nés%Ms=28), where an increased sGAG release was measured in 65%MS cartilage
when compared to controls (Figure 1C).

A
*Q 4\ 4,\“) Outcome measures:
= * T T & T * o
Cartilage I T N I MR M A | =/GENEeXpIEssIon
(_Start ) | LA B S S B s s s s e | End - Matrix (Histology)
e ”;\; * ¥ ¥ ¥ - Matrix breakdown (DMMB)
Bone

Donor 2

Control

sGAG (pg/ml)

Control 65%MS

65%MS

I 2
Figure 1 | Study setup of human osteochondral explants receiving 65% MS. [A] osteochondral explants
were punched from preserved areas of knee joints and medium is refreshed on indicated days (T). [B] Damage in
our mechanical stress model was confirmed by degradation of sGAG in cartilage by toluidine blue staining (histology
of two independent donors) and measuring [C] sGAG release in conditioned media on day 13 (ncontrol=31 versus
n65%MS=28). Figure 1C shows the average + 95%CI and each dot represents a sample. To adjust for donor variation,
P-values were estimated by performing logistic generalized estimation equations, with sGAG concentration as depen-
dent variable and treatment as covariate: SGAG concentration ~ Treatment + (1|Donor). **P<0.01. Legend: 65%MS=
65% mechanical stress, DMMB= dimethylmethylene blue, sGAG= sulphated glycosaminoglycans.

Differential expression of genes responsive to injurious mechanical stress

To characterize the response of cartilage to mechanical stress at a strain of 65% indentation
in aged articular cartilage, we performed RNA-sequencing on control (n=14 samples) and
65% mechanically stressed (n=14 samples) articular cartilage samples obtained from
macroscopically preserved osteochondral explants of human patients that underwent a knee
replacement surgery due to OA. Baseline characteristics of donors of the RNA-sequencing
dataset are depicted in Table Sia. We found 156 genes to be significantly differentially
expressed (DE) (FDR <0.05) with absolute fold changes (FC) ranging between 1.1 and 6.0
(Figure 2, Table S3). Among these 156 DE genes, 46 (29%) were upregulated and 110
(71%) were downregulated. The 20 genes with the highest absolute FC, and their respective
direction of effect previously identified in OA cartilage [5], are shown in Table 1. Notable
among the upregulated genes were IGFBP5 (FC=6.01; FDR=7.81x103), MMP13 (FC=5.19;
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FDR=4.84x10?), TNC (FC=2.80; FDR=8.51x103), and PTGES (FC=2.92; FDR=8.29x1073).
Notable genes among the downregulated genes were IGFBP6 (FC=0.19; FDR=3.07x10),
CNTEFR (FC=0.27; FDR=1.44x10?), WISP2 (FC=0.31; FDR=1.08x103), and FRZB (FC=0.32;
FDR=8.51x1073).

4 -

IGFBP&
o

IGFBP5
°

1 -

Log, fold change

Figure 2 | Volcano plot of differentially expressed genes. Dots represent genes expressed in mechanically
stressed cartilage in comparison to control osteochondral explant cartilage. Red dots represent significantly differen-
tially expressed (DE) genes that have an absolute fold change (FC) of =2, blue dots represent significantly DE genes,
green dots represent genes that have an absolute FC of >2 but are not significantly DE and grey dots represent genes
not DE expressed between controls and 65% mechanically stressed cartilage. The FC presented here is the gene expres-
sion of 65% mechanically stressed relative to control cartilage.

Validation of differentially expressed genes with mechanical stress

For validation and replication of the differentially expressed genes identified, a set of
samples for technical (n=10 pairs) and biological (n=10 pairs) replication was selected for
RT-qPCR. Baseline characteristics of donors in the replication dataset are depicted in Table
S1b. Replication was performed for ten genes (Figure 3), of which six were upregulated
(IGFBP6, CNTFR, WISP2, FRZB, COL9A3, and GADD45A) and four were downregulated
(IGFBPs5, PTGES, TNC, and IGFBP4). Technical replication showed a significant difference
for all ten genes between controls and 65%MS cartilage, with similar direction and size of
effects. Biological replication also showed the same direction of effects and similar effect sizes
as identified in the RNA-sequencing data. For GADD45A, however, the difference was not
significant (P-value=0.12). Taken together, technical and biological replication confirmed the
robustness of our RNA-sequencing results.
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Table 1 | Top 20 genes with the highest absolute FC in 65% mechanically stressed cartilage compared

to controls.

Ensemble ID Gene name FC FDR* Differential expression in OA cartilage[5]"
ENSG00000115461 IGFBP5 6.01 7.81x1073

ENSG00000137745 MMP13 5.19 4.84x10

ENSG00000204103 MAFB 2.97 4.66x107 N
ENSG00000148344 PTGES 2.92 8.29x1073 N
ENSG00000041982 TNC 2.80 8.51x103 N
ENSG00000141753 IGFBP4 2.59 3.50X107° N
ENSG00000160111 CPAMDS8 0.39 4.98x10® N
ENSG00000166165 CKB 0.38 1.04X102 ™
ENSG00000106258 CYP3A5 0.38 3.62x102

ENSG00000107736 CDH23 0.37 6.88x1073

ENSG00000187720 THSD4 0.35 1.44X102

ENSG00000144908 ALDH1L1 0.33 2.22X1073 N
ENSG00000092758 COL9A3 0.32 4.89x10*

ENSG00000162998 FRZB 0.32 8.51x103 N
ENSG00000170891 CYTL1 0.32 4.11X10?

ENSG00000064205 WISP2 0.31 1.08x1073 N
ENSG00000082196 C1QTNF3 0.30 3.64x10 N
ENSG00000122756 CNTFR 0.27 1.44X102 N
ENSG00000165966 PDZRN4 0.26 1.44X107® N
ENSG00000167779 IGFBP6 0.19 3.07x10%

2 To correct for multiple testing, the Benjamini-Hochberg method was applied to p-values and reported as the false
discovery rate (FDR). ® Gene expression changes measured in RNA-sequencing data between preserved and lesioned
OA articular cartilage, with preserved as reference [5]. Legend: FC=fold change; FDR= false discovery rate.
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Figure 3 | Technical and biological validation of the highest up- and downregulated genes was per-
formed using RT-qPCR. Expression of six downregulated (IGFBP6, CNTFR, WISP2, FRZB and GADD45A) and
four upregulated IGFBP5, PTGES, TNC and IGFBP4) genes was measured in n=10 paired technical and n=10 paired
biological osteochondral explants. Figures show connected paired samples and -ACT of each independent sample is
depicted by crosses (control) or open squares (65%MS) in the graphs. Statistical differences between gene expression
in control and 65% mechanically stressed was determined with a linear generalized estimation equation (GEE) with
mRNA level as dependent variable. *P<0.05; ***P<0.001. Legend: 65%MS: 65% mechanical stress, RT-qPCR: reverse
transcriptase-quantitative PCR.
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In silico exploration of differentially expressed genes

To explore whether significant DE genes (N=156 genes) were involved in particular pathways,
they were further analyzed using Enrichr. Gene enrichment was observed, among others,
for insulin-like growth factor I & II binding (GO:0031995; GO:0031994, Padj=1.83x107;
Padj=2.89x10?, involving IGFBP4, IGFBP5, and IGFBP6), cellular senescence (hsa0o4218,
Padj=1.15x102, involving 8 genes, e.g. GADD45A, MYC, SERPINE1, and FOXO1) and focal
adhesion (GO:0005925; hsao4510, Padj=2.54x102; Padj=1.33x102, involving 11 and 6 genes,
respectively, e.g. TNC, CAV1, and TLN2) (Table 2; Table Sga).

Table 2 | Gene ontology and pathway enrichment analysis of differentially expressed genes in

mechanically stressed cartilage.

Term Entry Overlap Adj P-value® Odds Ratio Genes

Cellular senescence hsaog4218 8/160 1.15X10% 6.41 GADD45A, MYC, SERPINE1, AKT3,
EIF4EBP1, SLC25A5, ETS1, FOXO1

Focal adhesion hsaog510 8/199 1.33X107 5.15 SHC4, CAV1, ITGA10, AKT3,
LAMAS, TNC, COL9A3, TLN2

Insulin-like growth factor ~ GO:0031995 3/7 1.83x10 54.95 IGFBP5, IGFBP4, IGFBP6

11 binding

Focal adhesion G0:0005925 11/356 2.54X10° 3.96 ENAH, EHD3, GSN, CAV1, TNC,
CDog, TLN2, RPL10A, DCAF6,
RHOB, ENG

Insulin-like growth factor ~ GO:0031994 3/13 2.89x10°* 29.59 IGFBP5, IGFBP4, IGFBP6

I binding

2 Enrichr uses a modified Fishers exact test to compute enrichment and this is reported as the adjusted p-value [29].
Legend: Adj P-value= adjusted P-value.

To visualize interacting proteins, the online tool STRING was used. Among the 156

genes, 116 of the encoded proteins showed significant protein-protein interactions

(PPI) (P=1.44x107%; Figure 4). Among these proteins we found several that have

many connections with other proteins in the DE gene network, such as GAPDH with 35
connections, IGFBP5 with 12 connections and the in cellular senescence involved genes
MYC and FOXO1 with respectively 26 and 13 connections to other DE genes. Moreover,

two clusters of genes are observed that correspond with two of the pathways identified. One
cluster corresponds with genes found mainly in the cellular senescence pathway (Figure 4,
dotted circle), while the other cluster consists of proteins that are involved in IGF-1 signaling
(Figure 4, black circle).
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Figure 4 | Protein-protein interaction network in STRING of proteins encoded by differentially ex-
pressed genes. Only connected (N=116 genes) genes that were identified to be differentially expressed between
mechanically stressed and control cartilage of osteochondral explants are shown. Two clusters with high interactions
were identified upon studying connections within String. One cluster corresponds with genes found in the cellular
senescence pathway (dotted circle), while the other cluster consists of proteins that are involved in IGF-1 signaling
(black circle).

Comparison between mechanical stress genes and OA responsive genes.

To investigate to what extend the genes DE with mechanical stress (DE,,) coincide with OA
pathophysiology, we next compared the DE , genes (Table S3) to previously identified genes
DE between preserved and lesioned OA cartilage (DE_,) [5]. Of the 156 DE, ( genes, 64 were
previously identified with OA pathophysiology and their majority (48 genes, 75%) had the
same direction of effect (Table 1 and Table S5a, Figure S1). Notable genes coinciding with
OA pathophysiology and showing the same direction of effect are the highly downregulated
FRZB, WISP2, and CNTFR and the upregulated PTGES and CRLF1.

Next, we selected for exclusive mechanical stress responsive genes i.e. DE ¢ genes, not
overlapping with previously identified DE_, genes [5]. This resulted in 92 genes that were
differentially expressed exclusively in response to mechanical stress (DE .5, Table S6;
Figure S1). Notable DE_ , . = genes are the downregulated IGFBP6, ITGA10, and COL9A3
and the upregulated IGFBP5, MMP13, and GAPDH. Subsequent pathway analyses showed
gene enrichment among genes involved in focal adhesion (GO:0005925, Padj=0.02, 9 genes,
e.g. CD9, RPL10A, and ENAH) and kinase inhibitor activity (GO:0019210, Padj=0.01, 5 genes,
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e.g. CDKN1C, SOCS3, and SOCS5) (Table S4b). Upon exploring protein-protein interactions
between the 92 DE_ , . genes using STRING, a highly significant enrichment for PPI was
identified (P=1.07x10%; Figure S2), indicating that these genes act together or respond in
concert to detrimental mechanical stress.

OA risk genes responding to mechanical stress

Finally, to investigate which OA risk genes are represented among the mechanically stress
responsive genes in cartilage, we checked N=90 genes previously recognized as strong OA risk
genes [34] identified in recent genome-wide association studies (GWAS) [35,36]. As shown in
Table S7, two of our identified DE, ; genes were also shown to be an OA risk gene in previous
studies. These genes were TNC, encoding for tenascin C, which was highly increased (FC=2.80;
FDR=8.5x1073) upon 65%MS and SCUBE1, encoding for signal peptide, CUB domain and EGF
like domain containing 1, which was decreased (FC=0.53; FDR=0.04) upon 65%MS.

Discussion

To our knowledge we are the first to report genome-wide differentially expressed mRNAs
in articular cartilage following repeated exposure to 65% mechanical stress using a human
ex vivo osteochondral explant model. Since injurious loading is considered a major trigger
in the initiation of OA onset, the results presented in our manuscript contribute important
insight into how injurious stress affects the propensity of aged human articular chondrocytes
to lose their steady state towards a debilitating OA disease state. Notable genes identified
were different members of the insulin-like growth factor I & II binding family (IGFBP6,
IGFBP5, and IGFBP4) and the catabolic gene MMP13. Gene enrichment analyses showed that
cellular senescence (GADD45A, MYC, SERPINE1, and FOXO1) and focal adhesion (ITGA1o0,
TLN2, and CAV1) processes are significantly changing in articular cartilage with injurious
loading. Together, identified genes and pathways facilitate clinical development by exploring
ways to counteract these initial unbeneficial responses to injurious loading by supplementing
or inhibiting of key genes. Moreover, we advocate that here identified specific responsive
genes to injurious loading can function as sensitive markers facilitating the development of
scientifically founded strategies with respect to preventive or curative exercise OA therapy
among elderly.

Among the highest FDR significantly upregulated genes with 65% mechanical stress we
identified MMP13, encoding matrix metallopeptidase 13 (FC=5.19; FDR=4.84x102) [20].
MMP13 is involved in the detrimental breakdown of extracellular matrix in articular cartilage
by cleaving, among others, collagen type II. Despite the well-known role of MMP13 in collagen
type II breakdown, it should be noted that the MMP13 gene is not found to be responsive
with end-stage OA pathophysiology, i.e., not consistent and not among the genes highest
differentially expressed between preserved and lesioned OA cartilage (Table 1) [5,21,37].
We therefore advocate that MMP13 expression could specifically mark initial responses
to cartilage damage and not that of a chronic degenerative OA disease state. Henceforth,
abrogating the MMP13 signaling shortly after an injurious cartilage event could prevent the
detrimental downstream enzymatic breakdown of extracellular matrix proteins. Moreover,
and as indicated above, MMP13 may be a suitable candidate sensitively marking injurious
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loading of aged human articular cartilage independent of other physiological factors such as
OA disease state.

Four out of seven members of the insulin growth factor binding proteins (IGFBP4, IGFBPs5,
IGFBP6, and IGFBPy7; Table S8), were found to be FDR DE. IGFBP1-6 have an equal or
greater affinity for binding IGF-1 when compared to IGF-1R; hence most of IGF-1 in the
body is bound to IGFBPs, antagonizing IGF-1 signaling [38-41]. On the other hand, IGFBP7
has a low affinity for IGF and therefore more likely affects cell metabolism via binding to
activin A, influencing the growth-suppressing effects of TGF-f, and antagonizing bone
morphogenetic protein (BMP) signaling [42,43]. IGFBP4 and IGFBP5 can also function as
transporter and bring IGF-1 close to its receptor, where IGF-1 is released via cleavage by
proteins such as pregnancy-associated plasma protein-A (PAPPA), HtrA Serine Peptidase 1
(HTRA1) and disintegrin and metalloproteinase domain-containing protein 12 (ADAM12)
[44-46]. Additionally notable in this respect is that three genes, HTRA1, ADAM12 and STC2
[47], involved in IGF-1 cleavage were found among the FDR significant upregulated genes
in our dataset (Table S3). IGFBPs can also affect cells via IGF-independent mechanisms.
The most noteworthy IGF-independent mechanism is observed for the highly upregulated
IGFBP5, being induction of cell proliferation and apoptosis [48,49]. In summary our data
showed that, despite the fact that the mechanical stress applied affected cartilage integrity
(Figure 1), the upregulation of IGFBP4 and IGFBP5 in combination with the upregulation
of its cleaving proteins might reflect an anabolic response of chondrocytes to initiate repair by
increasing bio-availability of IGF-1. Two studies support our suggestion that IGF-1 signaling
might be a beneficial anabolic response to mechanical stress. In an OA dog model, increasing
intact IGFBPj5 proteins resulted in increased IGF-1 levels and reduced destruction of cartilage
[50]. While in a human explant model, addition of IGF-1 after mechanical stress increased
COL2A1 gene expression and slightly increased cell viability [51]. Our results in combination
with those previously found, suggest that addition of IGFBP4 and/or IGFBP5 would be an
interesting therapy to further explore in combatting the catabolic response.

To identify upstream processes and to put our results in a broader perspective, we investigated
connections between genes on the protein level in STRING (Figure 4) and determined
pathway enrichment (Table 2) of the differentially expressed genes. Based on this pathway
analysis, we identified enrichment for proteins involved in cellular senescence. DE genes
with mechanical stress in this pathway have already been linked to aging and OA, such as
GADD45A, SERPINE1, MYC, and FOXO1. Notable are the two transcription factors, MYC and
FOXO1, showing many connections to other proteins (Figure 4) and previously shown to be
dysregulated in OA chondrocytes [52,53]. FOXO1 is an essential mediator of cartilage growth
and homeostasis and its expression is decreased in aged and OA cartilage [52]. In addition,
FOXO1 was shown to be an antagonist of MYC and prevents, among others, ROS production
[54,55]. Our results suggest that reduced expression of FOXO1 could be one of the reasons for
increased expression of MYC. As one of the known responses of chondrocytes to mechanical
stress is ROS production, this would be a promising target to follow up on in future research.
Next to genes in this pathway, lookup of our DE  genes in a proteomic atlas of senescence-
associated secretory phenotype (SASP) identified 35 of our DE,, genes to have previously
been found in different senescent cells (Figure S3)[56]. Taken together, the upregulation of
MYC in combination with upregulation of several important SASP protein markers suggests
increased cellular damage is occurring upon mechanical stress likely driving cells to go into
senescence. As cellular senescence is a factor that is thought to play a significant role in the OA
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pathophysiology, our model could provide more knowledge on how this pathway is involved in
the onset of OA and how therapeutics could be used to minimize this response [57].

To investigate whether OA risk loci could confer risk via modifying response to mechanical
stress, we compared DE,, genes to strong OA risk genes identified in the most recent
GWAS [35,36]. This resulted in the identification of two OA risk genes, TNC and SCUBE1
present in our dataset (Table S7). Based on allelic imbalanced expression and linkage
disequilibrium, the TNC OA risk allele rs1330349-C, in high linkage disequilibrium with the
transcript SNP rs2274836-T, appeared to act via decreasing expression of TNC [58]. For that
matter, the observed high upregulation of TNC expression with mechanical stress (FC=2.80;
FDR=8.51x103) as well as, the previously observed upregulation with OA pathophysiology
(FC=1.41; FDR=1.09x10%?) [5] is likely a beneficial response to rescue or maintain articular
cartilage integrity. This is further confirmed by animal studies showing that addition of
exogenous TNC reduced cartilage degeneration and repaired cartilage [59,60]. In contrast,
for the intronic OA risk SNP located in the vicinity of SCUBE1 (rs528981060) we were not able
to determine a transcript proxy SNP, hence potential AEI of SCUBE1 could not be explored.

With regard to overlap with in vivo animal models, we compare our DE genes to those found
in physiological [11], surgical destabilization of the medial meniscus (DMM) [18] and non-
invasive tibial compression (TC) models [12,14]. The most striking overlap in DE genes (46
genes) was found between our model and the non-invasive TC model using gene expression
data of 14 month old mice 1 week after injury. Among the overlapping genes we confirmed
involvement of all IGFBPs, HTRA1, ADAMi12 and of OA associated genes such as, FRZB, TNC
and SCUBE1 in both models [14]. As also shown by other studies [14,18], age of animals used
in these models can greatly influence results. This could also, next to a difference in species,
partially explain why there is little overlap with other injurious mechanical stress studies.

A strength of our aged human ex vivo osteochondral model is that it allowed us to investigate
the chondrocyte response to an OA-relevant trigger in its natural environment. In addition,
our model comprises aged cartilage, which is likely more vulnerable to OA onset, and hence,
results are relevant to the population at risk. Another strong point in our model is that we
measure the changes in gene expression that are measured 4 days post-injury as such reflecting
representative lasting changes in chondrocyte signaling rather than acute stress responses
only. On the other hand, our data could facilitate treatment strategies, prior to irreversible
damage of OA affected cartilage. Some limitations of our study are the relatively low sample
size of 14 explants per condition, hence limiting our power. As a result we may have missed
subtle gene expression changes in response to detrimental mechanical stress. Another point
of our study to address is the heterogeneity of preserved cartilage collected from OA patients
with Mankin scores ranging from o to 7. Although such heterogeneity may also have affected
the power of our study, hence the total number of differentially expressed genes with injurious
loading, we want to highlight that despite the differences in Mankin scores we were able to
consistently detect (at the genome-wide significant level) 156 differentially expressed genes
reflecting strong and/or very consistent mechano-pathological processes triggered after
mechanical stress. Moreover, due to the heterogeneity in eligible waste articular cartilage
after joint replacement surgery (i.e., osteochondral explants) we were not able to generate a
RNA-sequencing dataset of perfect control — mechanically stressed sample pairs. Henceforth,
to adjust for dependencies among control and/or mechanically stressed samples we added
donor as random effect during differential expression analyses. Adding to the validity of this
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approach was the fact that we successfully replicated expression changes for ten genes in ten
novel independent perfectly paired samples. A final limitation of our study is that we have
focused on exploring gene expression changes following mechanical stress and have not
studied changes at the protein level. However, we advocate that chondrocyte signaling at the
gene expression level is a more sensitive measure of underlying ongoing processes.

Conclusions

To conclude, our results faithfully represent transcriptomic wide consequences of injurious
loading in human aged articular cartilage with MMP13, IGF binding proteins, and cellular
senescence as the most notable results. Since injurious loading is considered a major trigger
of OA onset, these findings provide important insight into how injurious stress affects
the propensity of aged human articular chondrocytes to lose their steady state towards a
debilitating OA disease state. Exploring ways to counteract the initial unbeneficial responses
to injurious loading may facilitate clinical development prior to the onset of irreversible
damage. Moreover, we advocate that the here identified unique responsive genes to injurious
loading, such as MMP13, can function as a sensitive marker to strategically develop preventive
and/or curative exercise therapy for OA independent of other physiological factors. Preferably
such an endeavor would exploit our established ex vivo osteochondral model while applying
variable mechanical loading regimes.
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Supplementary Tables

Supplementary Table S1 | [A] Donor characteristics of samples for which RNA was sequenced. [B] Donor

characteristics of independent samples used for replication of RNA-sequencing findings.

A
Control 65%MS All samples
(N=8 donors) (N=7 donors) (N=9 donors)
Age (Average + stdev) 61.88 + 6.06 64.29 + 9.05 63.78 + 8.04
Age (Range) 53-70 53-79 53-79
Sex (M/F) 3/5 3/4 3/6
% Female 63% 57% 67%
BMI (Average + stdev) 30.36 £ 4.90 28.42 + 3.68 29.88 + 4.80
BMI (range) 24.9-39.2 24.9-35.11 24.9-39.2
B

All samples (N=10 donors)

Age (Average + stdev) 66.90 + 12.11
Age (Range) 52-85
Sex (M/F) 4/6
% Female 60%
BMI (Average + stdev) 20.09 + 4.47
BMI (range) 24.78-38.06

83



Chapter 3

Supplementary Table S2 | Primer sequences used for replication and validation by RT-qPCR.

Gene name

Forward (5°-3°)

Reverse (5-3°)

SDHA
YWHAZ
TNC
IGFBP4
IGFBP5
IGFBP6
CNTFR
WISP2
FRZB
COL9A3
GADD45A

PTGES

TGGAGCTGCAGAACCTGATG

CTGAGGTTGCAGCTGGTGATGACA

TGTCATCTCCTACACAGGCG

ATCGAGGCCATCCAGGAAAG

GTGCTGTGTACCTGCCCAAT

GTCTACCGAGGGGCTCAAAC

AAGGGCTTCTACTGCAGCTG

ATGAGAGGCACACCGAAGAC

ATTGACTTCCAGCACGAGCC

AAGTATCTGCCCGCCAGGTC

GCGAGAACGACATCAACATCC

GGAAGAAGGCCTTTGCCAAC

TGTAGTCTTCCCTGGCATGC

AGCAGGCTTTCTCAGGGGAGTTCA

TCGAGGTCGGTCAGAGCATA

CTGAAGCTGTTGTTGGGGTG

CGTCAACGTACTCCATGCCT

GACTTGCCCATCCGATCCAC

CATGTAGCGAATGTGGCAGC

TGGGTACGCACCTTTGAGAG

CGAGTGGCGGTACTTGATGAG

TCCCTTGAACCCTGGCATTC

AATGTGGATTCGTCACCAGCA

AGACGAAGCCCAGGAAAAGG
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Supplementary Table S3 | Genes differentially expressed in 65%MS (DE, ) cartilage compared to

control cartilage of human osteochondral explants.

Ensembl ID Gene Name log2FC FC pvalue FDR

ENSG00000167779 IGFBP6 -2.37 0.19 4.72E-08 3.07E-04
ENSG00000114126 TFDP2 -0.56 0.68 1.07E-07 3.48E-04
ENSG00000100906 NFKBIA -0.59 0.66 2.51E-07 5.44E-04
ENSG00000064205 WISP2 -1.68 0.31 9.97E-07 1.08E-03
ENSG00000116717 GADD45A -0.75 0.59 6.73E-07 1.08E-03
ENSG00000171914 TLN2 -1.11 0.46 8.39E-07 1.08E-03
ENSG00000134324 LPIN1 -0.87 0.55 2.79E-06 1.79E-03
ENSG00000140105 WARS 0.53 1.44 2.23E-06 1.79E-03
ENSG00000157514 TSC22D3 -0.77 0.58 2.66E-06 1.79E-03
ENSG00000163453 IGFBP7 -1.24 0.42 2.05E-06 1.79E-03
ENSG00000179051 RCC2 0.90 1.87 3.03E-06 1.79E-03
ENSG00000102760 RGCC -0.87 0.55 3.57E-06 1.94E-03
ENSG00000196305 IARS 0.43 1.35 4.36E-06 2.18E-03
ENSG00000144908 ALDH1L1 -1.62 0.33 4.78E-06 2.22E-03
ENSG00000068383 INPP5A -0.77 0.58 5.60E-06 2.43E-03
ENSG00000126803 HSPA2 -0.85 0.55 7.74E-06 2.65E-03
ENSG00000143416 SELENBP1 -1.09 0.47 7.67E-06 2.65E-03
ENSG00000148498 PARD3 -0.78 0.58 6.56E-06 2.65E-03
ENSG00000159461 AMFR -0.54 0.69 6.98E-06 2.65E-03
ENSG00000204103 MAFB 1.57 2.97 1.43E-05 4.66E-03
ENSG00000119408 NEK6 1.18 2.26 1.91E-05 5.86E-03
ENSG00000142871 CYR61 -0.65 0.64 1.98E-05 5.86E-03
ENSG00000138356 AOX1 -1.06 0.48 2.18E-05 6.10E-03
ENSG00000155324 GRAMD2B -0.80 0.58 2.25E-05 6.10E-03
ENSG00000107736 CDH23 -1.44 0.37 2.72E-05 6.88E-03
ENSG00000150907 FOXO01 -0.68 0.62 2.86E-05 6.88E-03
ENSG00000163686 ABHD6 -1.05 0.48 2.96E-05 6.88E-03
ENSG00000167191 GPRC5B -0.87 0.55 2.94E-05 6.88E-03
ENSG00000100612 DHRS7 -0.48 0.71 3.97E-05 7.81E-03
ENSG00000115461 IGFBP5 2.59 6.01 3.54E-05 7.81E-03
ENSG00000115468 EFHD1 -0.80 0.57 3.73E-05 7.81E-03
ENSG00000134107 BHLHE40 1.00 2.00 4.08E-05 7.81E-03
ENSG00000146122 DAAM2 -0.95 0.52 4.08E-05 7.81E-03
ENSG00000173641 HSPB7 -0.89 0.54 3.81E-05 7.81E-03
ENSG00000135069 PSAT1 1.03 2.04 4.52E-05 8.29E-03
ENSG00000148344 PTGES 1.55 2.92 4.58E-05 8.29E-03
ENSG00000166348 USP54 -0.76 0.59 4.79E-05 8.43E-03
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ENSG00000139514
ENSG00000041982
ENSG00000162998
ENSG00000132970
ENSG00000103257
ENSG00000104324
ENSG00000166165
ENSG00000168918
ENSG00000129757
ENSG00000143878
ENSG00000183864
ENSG00000053747
ENSG00000145246
ENSG00000101825
ENSG00000122756
ENSG00000117020
ENSG00000134954
ENSG00000165966
ENSG00000169116
ENSG00000187720
ENSG00000113739
ENSG00000180354
ENSG00000185630
ENSG00000117151
ENSG00000136997
ENSG00000080546
ENSG00000198755
ENSG00000080298
ENSG00000114166
ENSG00000127528
ENSG00000106991
ENSG00000100242
ENSG00000100029
ENSG00000185201
ENSG00000111640
ENSG00000173848
ENSG00000138336
ENSG00000101782
ENSG00000159322

ENSG00000111885
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SLC7A1
TNC
FRZB
WASF3
SLC7A5
CPQ
CKB
INPP5D
CDKN1C
RHOB
TOB2
LAMA3
ATP10D
MXRA5
CNTFR
AKT3
ETS1
PDZRN4
PARM1
THSD4
STC2
MTURN
PBX1
CTBS
MYC
SESN1
RPL10A
RFX3
KAT2B
KLF2
ENG
SUN2
PES1
IFITM2
GAPDH
NET1
TET1
RIOK3
ADPGK

MAN1A1

0.57
1.48
-1.63
-0.41
0.89
-0.46
-1.39
-1.25
-1.23
-0.61
-0.71
-1.15

-0.49

-1.88
-0.44
0.46
-1.97
-1.08
-1.53
-1.07
-0.60
-0.70
-0.44
0.79
-0.84
0.34
-0.58
-0.65
-1.18
0.59
-0.82
0.44
0.72
0.58
-0.90
-0.47
-0.44
0.35

-0.99

1.48

0.72
0.38
0.42
0.43
0.66
0.61
0.45
0.71

2.32

0.66
0.62

0.73

1.27

0.50

4.93E-05
5.15E-05

5.23E-05
5.36E-05
6.44E-05
6.58E-05
7.19E-05

7.13E-05

7.90E-05
8.05E-05
7.96E-05
9.40E-05
9.96E-05
1.11E-04

1.15E-04

1.26E-04
1.26E-04
1.26E-04
1.26E-04
1.18E-04

1.39E-04
1.37E-04
1.41E-04

1.53E-04
1.56E-04
1.78E-04
1.88E-04
1.99E-04
2.09E-04
2.15E-04
2.31E-04
2.39E-04
2.49E-04
2.46E-04
2.53E-04
2.65E-04
2.75E-04
2.81E-04
2.83E-04

2.94E-04

8.44E-03
8.51E-03
8.51E-03
8.51E-03
9.96E-03
9.96E-03
1.04E-02
1.04E-02
1.09E-02
1.09E-02
1.09E-02
1.25E-02

1.30E-02
1.42E-02
1.44E-02
1.44E-02
1.44E-02
1.44E-02
1.44E-02
1.44E-02
1.53E-02

1.53E-02

1.53E-02

1.63E-02
1.64E-02
1.84E-02
1.91E-02

1.99E-02
2.06E-02
2.09E-02
2.21E-02
2.25E-02
2.28E-02
2.28E-02
2.29E-02
2.36E-02
2.42E-02
2.43E-02
2.43E-02

2.48E-02
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ENSG00000089220
ENSG00000005022
ENSG00000137699
ENSG00000166033
ENSG00000184205
ENSG00000143382
ENSG00000062716
ENSG00000067141
ENSG00000078596
ENSG00000096060
ENSG00000134109
ENSG00000148180
ENSG00000157600
ENSG00000143164
ENSG00000071205
ENSG00000079691
ENSG00000131844
ENSG00000168874
ENSG00000106624
ENSG00000154380
ENSG00000253293
ENSG00000006016
ENSG00000106366
ENSG00000141753
ENSG00000179532
ENSG00000106258
ENSG00000082196
ENSG00000164106
ENSG00000151332
ENSG00000187840
ENSG00000132824
ENSG00000135506
ENSG00000148848
ENSG00000013016
ENSG00000101439
ENSG00000179941
ENSG00000104714
ENSG00000106351
ENSG00000158825

ENSG00000184557

PEBP1
SLC25A5
TRIM29
HTRA1
TSPYL2
ADAMTSL4
VMP1
NEO1
ITM2A
FKBP5
EDEM1
GSN
TMEM164
DCAF6
ARHGAP10
CARMIL1
MCCC2
ATOHS8
AEBP1
ENAH
HOXA10
CRLF1
SERPINE1
IGFBP4
DNHD1
CYP3A5
C1QTNF3
SCRG1
MBIP
EIF4EBP1
SERINC3
0S9
ADAM12
EHD3
CST3
BBS10
ERICH1
AGFG2
CDA

SOCS3

-0.62
0.48
-1.13
0.95
-0.75
-0.66
0.60
-0.80
-1.00
-0.64
0.33
-0.60
-0.73
-0.22
-0.47
-0.55
-0.89
-0.91
0.79
0.53
-0.36
0.76
1.02
1.38
-0.51
-1.40
-1.73
-0.89
-0.40
1.06
-0.32
-0.33
0.62
0.42
-0.74
-0.57
-0.46
-0.68
-1.07

0.78

0.65

1.40

0.60
0.86
0.72

0.68

2.59
0.70
0.38

0.30

0.80
0.80
1.54

1.34

0.60
0.67
0.73
0.63
0.48

171

3.04E-04
3.16E-04
3.18E-04
3.17E-04
3.42E-04
3.58E-04
3.89E-04
4.24E-04
4.18E-04
4.07E-04
4.20E-04
4.16E-04
4.28E-04
4.34E-04
4.57E-04
4.51E-04
4.58E-04
4.53E-04
4.98E-04
4.97E-04
4.97E-04
5.15E-04
5.33E-04
5.44E-04
5.53E-04
5.74E-04
5.86E-04
5.87E-04
6.10E-04
6.04E-04
6.54E-04
6.48E-04
6.63E-04
6.75E-04
6.77E-04
6.83E-04
7.07E-04
6.97E-04
7.07E-04

7.07E-04

2.54E-02
2.56E-02
2.56E-02
2.56E-02
2.71E-02
2.81E-02
3.01E-02
3.10E-02
3.10E-02
3.10E-02
3.10E-02
3.10E-02
3.10E-02
3.10E-02
3.14E-02
3.14E-02
3.14E-02
3.14E-02
3.31E-02
3.31E-02
3.31E-02
3.38E-02
3.47E-02
3.50E-02
3.53E-02
3.62E-02
3.64E-02
3.64E-02
3.71E-02
3.71E-02
3.91E-02
3.91E-02
3.92E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02

3.93E-02
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ENSG00000162627
ENSG00000136295
ENSG00000092445
ENSG00000010278
ENSG00000049860
ENSG00000165795
ENSG00000170891
ENSG00000187514
ENSG00000112559
ENSG00000159307
ENSG00000144857
ENSG00000131067
ENSG00000171150
ENSG00000112306
ENSG00000119938
ENSG00000164237
ENSG00000090530
ENSG00000106617
ENSG00000112118
ENSG00000117868
ENSG00000141258
ENSG00000143127
ENSG00000149485
ENSG00000162804
ENSG00000169184
ENSG00000169902
ENSG00000185634
ENSG00000130635
ENSG00000004799
ENSG00000105974
ENSG00000131389
ENSG00000137745
ENSG00000172348
ENSG00000172493
ENSG00000187151
ENSG00000100814
ENSG00000092758
ENSG00000160111

ENSG00000170776

SNX7
TTYH3
TYRO3
CDg
HEXB
NDRG2
CYTL1
PTMA
MDFI
SCUBE1
BOC
GGT7
SOCS5
RPS12
PPP1R3C
CMBL
P3H2
PRKAG2
MCM3
ESYT2
SGSM2
ITGA10
FADS1
SNED1
MN1
TPST1
SHC4
COL5A1
PDK4
CAV1
SLC6A6
MMP13
RCAN2
AFF1
ANGPTL5
CCNB1IP1
COLoA3
CPAMDS8

AKAP13

-0.56

0.77
-0.80
-0.46
-0.72
-1.65
0.49
0.76
-0.93
-1.08
-0.54
-0.40
0.26
-0.71
-0.57
-1.17
-0.51
0.39
-0.18
-0.87
-0.47

-0.65

-0.80

0.36

0.96
-0.88
-0.51
0.98
2.38
-0.88
-0.39
-1.18
-0.33
-1.62
-1.37

-0.41

0.73
0.61
0.32
1.40

1.69

0.47
0.69
0.76

1.19

0.70
1.31

0.88
0.55

0.72

0.70
1.97

519

0.80
0.32
0.39

0.75

7.13E-04
7.27E-04
7.45E-04
7.82E-04
7.79E-04
7.65E-04
7.72E-04
8.00E-04
8.45E-04
8.50E-04
8.75E-04
8.90E-04
8.85E-04
9.15E-04
9.54E-04
9.56E-04
1.02E-03
1.01E-03
1.01E-03
9.79E-04
1.01E-03
9.98E-04
1.04E-03
1.04E-03
1.04E-03
1.04E-03
9.91E-04
1.06E-03
1.13E-03
1.12E-03
1.12E-03
1.13E-03
1.10E-03
1.09E-03
1.11E-03
1.14E-03
1.16E-03
1.19E-03

1.19E-03

3.93E-02
3.97E-02
4.04E-02
4.11E-02
4.11E-02
4.11E-02
4.11E-02
4.17E-02
4.36E-02
4.36E-02
4.45E-02
4.45E-02
4.45E-02
4.54E-02
4.68E-02
4.68E-02
4.71E-02
4.71E-02
4.71E-02
4.71E-02
4.71E-02
4.71E-02
4.71E-02
4.71E-02
4.71E-02
4.71E-02
4.71E-02
4.78E-02
4.84E-02
4.84E-02
4.84E-02
4.84E-02
4.84E-02
4.84E-02
4.84E-02
4.84E-02
4.89E-02
4.98E-02

4.98E-02

Legend: Log2FC, Iog2 fold change; FC, fold change; FDR, False discovery rate
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Supplementary Table S4 | Gene enrichment found in Enrichr. Enrichment for [A] 156 DE, , genes in and [B]

92 DE
pathways: KEGG 2019 human and reactome.

A

‘ExclusiveMS

for the gene ontology terms: biological process, molecular function and cellular component 2018, and

Term Overlap P-value Adj Odds Combined Genes
P-value Ratio Score

endoplasmic reticulum  12/270 1.44E-06 6.42E-04 5.70 76.64 CST3;IGFBP5;COL5A1;089;1G-

lumen (GO:0005788) FBP4;ADAMTSL4;STC2;T-
NC;P3H2;IGFBP7;COL9A3;CYR61

negative regulation 17/534 9.82E-07 5.01E-03 4.08 56.46 TSPYL2;CDA;WARS;-

of cellular process CAV1;P3H2;ETS1;-

(GO:0048523) CYR61;WISP2;RHOB;KAT2B;RG-
CC;FRZB;MYC;BHLHE40;CD9;IG-
FBP7;IGFBP6

Cellular senescence 8/160 3.75E-05 1.15E-02 6.41 65.33 GADD45A;MYC;SERPINE1;AK-
T3;EIF4EBP1;SLC25A5;ETS1;-
FOXO1

protein kinase 7/107 2.08E-05 1.20E-02 8.39 90.40 CDKN1C;SOCS3;GPRC5B;RGCC; M-

regulator activity BIP;PRKAG2;SOCS5

(G0:0019887)

Insulin resistance 6/108 2.03E-04 1.25E-02 7.12 60.55 NFKBIA;SOCS3;PPP1R3C;AK-
T3;PRKAG2;FOXO1

Focal adhesion 8/199 1.72E-04 1.33E-02 5.15 44.67 SHC4;CAV1;ITGA10;AK-
T3;LAMA3;TNC;COL9A3;TLN2

Longevity regulating 6/102 1.49E-04 1.53E-02 7.54 66.47 SESN1;AKT3;EIF4EBP1;PRK-

pathway AG2;HSPA2;FOXO1

Insulin signaling 7/137 1.01E-04 1.56E-02 6.55 60.26 SHC4;SOCS3;PPP1R3C;AKT3;EIF-

pathway 4EBP1;PRKAG2;FOXO1

Chronic myeloid 5/76 3.20E-04 1.64E-02 8.43 67.87 SHC4;NFKBIA;GADD45A;MY-

leukemia C;AKT3

insulin-like growth 3/7 1.59E-05 1.83E-02 54.95 607.02 IGFBP5;IGFBP4;IGFBP6

factor II binding

(G0O:0031995)

focal adhesion 11/356 1.14E-04 2.54E-02 3.96 35.97 ENAH;EHD3;GSN;CAV1;T-

(G0O:0005925) NC;CD9;TLN2;RPL10A;D-
CAF6;RHOB;ENG

insulin-like growth 3/13 1.26E-04 2.89E-02 29.59 265.73 IGFBP5;IGFBP4;IGFBP6

factor I binding

(G0O:0031994)

insulin-like growth 3/14 1.59E-04 3.05E-02 27.47 240.28 IGFBP5;IGFBP4;IGFBP6

factor binding

(G0O:0005520)

kinase binding 12/418 1.11E-04 3.20E-02 3.68 33.51 SHC4;KAT2B;GPRC5B;RGC-

(G0:0019900) C;WARS;GADD45A;CAV1;RC-
C2;NEK6;PEBP1;PRKAG2;RHOB

extracellular ma- 10/229 1.30E-05 3.31E-02 5.60 62.99 SCUBE1;MMP13;COL5A1;ITGA10;-

trix organization SERPINE1;ADAM12;LAMA3;T-

(G0:0030198) NC;HTRA1;COL9A3

Vitamin B6 metabolism 2/6 8.88E-04 3.42E-02 42.74 300.26 PSAT1;A0X1
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Small cell lung cancer 5/93 8.10E-04 3.56E-02 6.89 49.06 NFKBIA;GADD45A;MYC;AKT3;LA-
MA3
kinase inhibitor activity  5/59 9.65E-05 3.70E-02 10.86 100.45 CDKN1C;SOCS3;WARS;MBI-
(GO:0019210) P;SOCS5
protein alpha-1,2-de- 4/24 3.35E-05 4.27E-02 21.37 220.16 0S9;EDEM1;AMFR;MAN1A1
mannosylation
(G0O:0036508)
negative regulation 12/363 2.88E-05 4.90E-02 4.24 44.31 CDKN1C;KAT2B;RGCC;WARS;IG-
of cell proliferation FBP5;FRZB;MYC;BHL-
(GO:0008285) HE40;P3H2;IGFBP7;IGFBP6;ETS1
B
Term Overlap P-value Adj P-value Odds Combined Genes
Ratio Score
kinase inhibitor activity  5/59 7.59E-06 8.74E-03 18.42 217.17 CDKN1C; SOCS3;WARS; M-
(G0:0019210) BIP ;SOCS5
focal adhesion 9/356 3.84E-05 1.71E-02 5.50 55.88 ENAH;EHD3;GSN;C-

(G0:0005925)

D9;TLN2;RPL10A;D-
CAF6;RHOB;ENG
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Supplementary Table S5 | DE, ¢ genes coinciding with previously reported DE genes in OA

pathophysiology (DE,). [A] DE  genes with same direction of effect as DE , genes. [B] DE  genes with opposite
direction of effect as DE, genes.
A 65%MS versus control cartilage (n=14/ Lesioned versus Preserved OA cartilage (n=35/
group) group)
Gene Name log- FC pvalue FDR log- FC pvalue FDR
2FC 2FC

TFDP2 -0.56 0.68 1.07E-07 3.48E-04 -0.23 0.85 2.02E-03 2.27E-02
WISP2 -1.68 0.31 9.97E-07 1.08E-03 -1.20 0.44 1.48E-04 3.06E-03
ALDH1L1 -1.62 0.33 4.78E-06 2.22E-03 -1.02 0.49 5.56E-09 7.24E-07
INPP5A -0.77 0.58 5.60E-06 2.43E-03 -0.31 0.81 1.69E-03 1.99E-02
GRAMD2B -0.80 0.58 2.25E-05 6.10E-03 -0.30 0.81 1.18E-04 2.54E-03
GPRC5B -0.87 0.55 2.94E-05 6.88E-03 -1.02 0.49 2.10E-09 3.32E-07
DAAM2 -0.95 0.52 4.08E-05 7.81E-03 -0.50 0.71 2.40E-04 4.48E-03
EFHD1 -0.80 0.57 3.73E-05 7.81E-03 -0.40 0.76 2.37E-03 2.54E-02
FRZB -1.63 0.32 5.23E-05 8.51E-03 -1.88 0.27 4.07E-12 1.87E-09
TOB2 -0.71 0.61 7.96E-05 1.09E-02 -0.26 0.84 4.72E-05 1.22E-03
CNTFR -1.88 0.27 1.15E-04 1.44E-02 -1.69 0.31 3.32E-12 1.56E-09
PDZRN4 -1.97 0.26 1.26E-04 1.44E-02 -1.37 0.39 2.70E-05 7.76E-04
PARM1 -1.08 0.47 1.26E-04 1.44E-02 -0.65 0.64 2.63E-05 7.61E-04
STC2 -1.07 0.48 1.39E-04 1.53E-02 -1.03 0.49 1.05E-08 1.24E-06
MTURN -0.60 0.66 1.37E-04 1.53E-02 -0.42 0.75 3.76E-06 1.58E-04
KAT2B -0.65 0.64 2.09E-04 2.06E-02 -0.33 0.80 1.33E-03 1.66E-02
ADAMTSL4 -0.66 0.63 3.58E-04 2.81E-02 -0.42 0.75 1.26E-03 1.61E-02
ITM2A -1.00 0.50 4.18E-04 3.10E-02 -0.60 0.66 8.86E-05 2.02E-03
NEO1 -0.80 0.58 4.24E-04 3.10E-02 -0.32 0.80 1.38E-03 1.71E-02
FKBP5 -0.64 0.64 4.07E-04 3.10E-02 -0.20 0.87 5.39E-03 4.59E-02
ATOHS8 -0.91 0.53 4.53E-04 3.14E-02 -0.48 0.72 1.67E-03 1.97E-02
HOXA10 -0.36 0.78 4.97E-04 3.31E-02 -0.36 0.78 2.32E-04 4.37E-03
AGFG2 -0.68 0.63 6.97E-04 3.93E-02 -0.30 0.81 5.47E-03 4.64E-02
NDRG2 -0.72 0.61 7.65E-04 4.11E-02 -0.70 0.62 1.67E-08 1.83E-06
CYTL1 -1.65 0.32 7.72E-04 4.11E-02 -0.46 0.73 4.94E-03 4.31E-02
SCUBE1 -0.93 0.53 8.50E-04 4.36E-02 -1.26 0.42 2.03E-08 2.15E-06
BOC -1.08 0.47 8.75E-04 4.45E-02 -0.70 0.62 3.96E-07 2.54E-05
CMBL -0.57 0.67 9.56E-04 4.68E-02 -0.41 0.75 1.34E-07 1.02E-05
RCAN2 -0.88 0.54 1.10E-03 4.84E-02 -2.03 0.25 8.20E-15 9.19E-12
CPAMDS8 -1.37 0.39 1.19E-03 4.98E-02 -1.19 0.44 2.90E-09 4.23E-07
IARS 0.43 1.35 4.36E-06 2.18E-03 0.40 1.32 1.35E-04 2.85E-03
BHLHE40 1.00 2.00 4.08E-05 7.81E-03 0.30 1.23 4.89E-04 7.78E-03
PSAT1 1.03 2.04 4.52E-05 8.29E-03 0.77 1.70 1.14E-03 1.49E-02
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PTGES 1.55 2.92 4.58E-05 8.29E-03 1.61 3.06 2.33E-15 3.61E-12

SLC7A1 0.57 1.48 4.93E-05 8.44E-03 0.53 1.44 1.43E-06 7.10E-05
TNC 1.48 2.80 5.15E-05 8.51E-03 0.50 1.41 7.53E-04 1.09E-02
SLC7A5 0.89 1.86 6.44E-05 9.96E-03 0.99 1.99 2.91E-10 6.25E-08
MXRA5 1.21 2.32 1.11E-04 1.42E-02 0.53 1.44 3.42E-04 5.94E-03
HTRA1 0.95 1.93 3.17E-04 2.56E-02 1.26 2.39 1.80E-14 1.65E-11

EDEM1 0.33 1.26 4.20E-04 3.10E-02 0.23 1.17 2.38E-03 2.55E-02
CRLF1 0.76 1.69 5.15E-04 3.38E-02 1.60 3.04 4.59E-13 2.96E-10
SERPINE1 1.02 2.03 5.33E-04 3.47E-02 1.57 2.97 3.22E-13 2.24E-10
IGFBP4 1.38 2.59 5.44E-04 3.50E-02 0.67 1.60 2.27E-03 2.47E-02
ADAM12 0.62 1.54 6.63E-04 3.92E-02 0.99 1.98 4.58E-06 1.85E-04
TYRO3 0.77 1.71 7.45E-04 4.04E-02 0.94 1.92 1.19E-11 5.00E-09
SHC4 1.05 2.07 9.91E-04 4.71E-02 1.07 2.10 1.43E-11 5.87E-09
COL5A1 0.96 1.95 1.06E-03 4.78E-02 0.46 1.38 4.94E-03 4.31E-02
SLC6A6 0.98 1.97 1.12E-03 4.84E-02 0.60 1.51 1.13E-04 2.45E-03

Legend: Log2FC, log2 fold change; FC, fold change; FDR, False discovery rate

B Control versus 65% MS cartilage Lesioned versus Preserved OA cartilage (n=35/
(n=14/group) group)
Gene Name log2FC FC pvalue FDR log2FC FC pvalue FDR
TMEM164 -0.73 0.60 4.28E-04 3.10E-02 0.24 1.18 5.09E-03 4.41E-02
FOXO1 -0.68 0.62 2.86E-05 6.88E-03 0.29 1.22 6.52E-04 9.72E-03
CAV1 -0.51 0.70 1.12E-03 4.84E-02 0.33 1.25 4.58E-03 4.07E-02
AKAP13 -0.41 0.75 1.19E-03 4.98E-02 0.33 1.26 1.11E-04 2.42E-03
CDA -1.07 0.48 7.07E-04 3.93E-02 0.39 1.31 2.31E-03 2.50E-02
IGFBPy7 -1.24 0.42 2.05E-06 1.79E-03 0.47 1.38 3.42E-03 3.30E-02
RGCC -0.87 0.55 3.57E-06 1.94E-03 0.47 1.39 1.59E-05 5.13E-04
AKT3 -0.44 0.74 1.26E-04 1.44E-02 0.52 1.43 1.01E-04 2.25E-03
SNX7 -0.56 0.68 7.13E-04 3.93E-02 0.53 1.45 3.24E-04 5.67E-03
C1QTNF3 -1.73 0.30 5.86E-04 3.64E-02 0.60 1.52 9.93E-04 1.35E-02
CKB -1.39 0.38 7.19E-05 1.04E-02 0.63 1.55 1.37E-03 1.70E-02
TSC22D3 -0.77 0.58 2.66E-06 1.79E-03 0.67 1.59 2.81E-09 4.16E-07
TRIM29 -1.13 0.46 3.18E-04 2.56E-02 0.78 1.72 1.48E-05 4.85E-04
P3H2 -1.17 0.44 1.02E-03 4.71E-02 1.69 3.23 0.00E+00 0.00E+00
MAFB 1.57 2.97 1.43E-05 4.66E-03 -0.69 0.62 1.32E-03 1.66E-02
MDFI 0.76 1.69 8.45E-04 4.36E-02 -0.42 0.75 5.76E-03 4.82E-02

Legend: Log2FC, log2 fold change; FC, fold change; FDR, False discovery rate
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Supplementary Table S6 | Exclusive mechanical response genes (DE

ExclusiveMS) M

Gene name log2FC FC pvalue FDR
IGFBP6 -2.37 0.19 4.72E-08 3.07E-04
NFKBIA -0.59 0.66 2.51E-07 5.44E-04
TLN2 -1.11 0.46 8.39E-07 1.08E-03
GADD45A -0.75 0.59 6.73E-07 1.08E-03
RCC2 0.90 1.87 3.03E-06 1.79E-03
WARS 0.53 1.44 2.23E-06 1.79E-03
LPIN1 -0.87 0.55 2.79E-06 1.79E-03
AMFR -0.54 0.69 6.98E-06 2.65E-03
PARD3 -0.78 0.58 6.56E-06 2.65E-03
SELENBP1 -1.09 0.47 7.67E-06 2.65E-03
HSPA2 -0.85 0.55 7.74E-06 2.65E-03
CYR61 -0.65 0.64 1.98E-05 5.86E-03
NEK6 1.18 2.26 1.91E-05 5.86E-03
AOX1 -1.06 0.48 2.18E-05 6.10E-03
ABHD6 -1.05 0.48 2.96E-05 6.88E-03
CDH23 -1.44 0.37 2.72E-05 6.88E-03
HSPB7 -0.89 0.54 3.81E-05 7.81E-03
IGFBP5 2.59 6.01 3.54E-05 7.81E-03
DHRS7 -0.48 0.71 3.97E-05 7.81E-03
USP54 -0.76 0.59 4.79E-05 8.43E-03
WASF3 -0.41 0.75 5.36E-05 8.51E-03
CPQ -0.46 0.72 6.58E-05 9.96E-03
INPP5D -1.25 0.42 7.13E-05 1.04E-02
RHOB -0.61 0.66 8.05E-05 1.09E-02
CDKN1C -1.23 0.43 7.90E-05 1.09E-02
LAMA3 -1.15 0.45 9.40E-05 1.25E-02
ATP10D -0.49 0.71 9.96E-05 1.30E-02
THSD4 -1.53 0.35 1.18E-04 1.44E-02
ETS1 0.46 1.38 1.26E-04 1.44E-02
PBX1 -0.70 0.62 1.41E-04 1.53E-02
CTBS -0.44 0.73 1.53E-04 1.63E-02
MYC 0.79 1.73 1.56E-04 1.64E-02
SESN1 -0.84 0.56 1.78E-04 1.84E-02
RPL10A 0.34 1.26 1.88E-04 1.91E-02
RFX3 -0.58 0.67 1.99E-04 1.99E-02
KLF2 -1.18 0.44 2.15E-04 2.09E-02
ENG 0.59 1.50 2.31E-04 2.21E-02
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SUN2
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PPP1R3C -0.71 0.61 9.54E-04 4.68E-02
TPST1 0.36 1.28 1.04E-03 4.71E-02
MN1 -0.80 0.58 1.04E-03 4.71E-02
SNED1 0.87 1.83 1.04E-03 4.71E-02
FADS1 -0.65 0.64 1.04E-03 4.71E-02
ITGA10 -0.47 0.72 9.98E-04 4.71E-02
SGSM2 -0.87 0.55 1.01E-03 4.71E-02
ESYT2 -0.18 0.88 9.79E-04 4.71E-02
MCM3 0.39 1.31 1.01E-03 4.71E-02
PRKAG2 -0.51 0.70 1.01E-03 4.71E-02
ANGPTL5 -1.18 0.44 1.11E-03 4.84E-02
AFF1 -0.39 0.76 1.09E-03 4.84E-02
MMP13 2.38 5.19 1.13E-03 4.84E-02
PDK4 -0.88 0.54 1.13E-03 4.84E-02
CCNB1IP1 -0.33 0.80 1.14E-03 4.84E-02
COL9A3 -1.62 0.32 1.16E-03 4.89E-02

Legend: Log2FC, log2 fold change; FC, fold change; FDR, False discovery rate
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Supplementary Table S7 | Previously reported OA risk loci present in our DE gene dataset.

Control versus 65%MS Lesioned versus Pre- Risk Loci (GWAS)
cartilage (n=14/group) served OA cartilage
(N=35/group)
Gene name FC FDR FC FDR Risk SNPs OR Suggested
mechanism
TNC 2.80 8.51E-03 1.41 1.09E-02 1513321, 1s2480930 1.09 Allelic expression
and rs1330349 imbalance (AEI)

SCUBE1 0.53 4.36E-02 0.42 2.15E-06 15528981060 1.68

Legend: Log2FC, log2 fold change; FC, fold change; FDR, False discovery rate

Supplementary Table S8 | All insulin growth factor binding proteins (IGFBPs) and related DE genes

identified in our analysis.

Gene name log2FC FC pvalue FDR

IGFBP4 1.38 2.59 5.44E-04 3.50E-02
IGFBP5 2.59 6.01 3.54E-05 7.81E-03
IGFBP6 -2.37 0.19 4.72E-08 3.07E-04
IGFBP7 -1.24 0.42 2.05E-06 1.79E-03
HTRA1 0.95 1.93 3.17E-04 2.56E-02
STC2 -1.07 0.48 1.39E-04 1.53E-02
ADAM12 0.62 1.54 6.63E-04 3.92E-02

Legend: Log2FC, log2 fold change; FC, fold change; FDR, False discovery rate
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Supplementary Figures

DEys DEoa
genes genes

Supplementary Figure S1 | Venn diagram of coinciding genes between differentially expressed genes in mechani-
cally stressed versus control cartilage from osteochondral explants (DE, ) and previously identified differentially ex-
pressed genes in preserved versus lesioned OA cartilage (DE,,) [1].
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Supplementary Figure S2 | Protein-protein interaction network in STRING of proteins encoded by differentially
expressed genes (N=92 genes) not coinciding with OA pathophysiology (DE,

ExclusiveMS) N
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Supplementary Figure S3 | Heat-map of proteins present in SASP. The heat-map depicts the log2 fold
change (Log2FC) of gene expression changes in response to mechanical stress (Cart MS; first column) and proteins
changes to several senescence inducing treatments found in the SASPatlas [2]. Abbreviations: cart, cartilage; MS, Me-
chanical stress; Fibro, fibroblasts; IR, X-irradiation; RAS, oncogenic RAS overexpression; ATV, atazanavir treatment;
Epi, epithelial.
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Chapter 4

Abstract

Objective

We here aimed to characterize changes of Matrix Gla Protein (MGP) expression in relation
to its recently identified OA risk allele rs1800801-T in OA cartilage, subchondral bone and
human ex vivo osteochondral explants subjected to OA related stimuli. Given that MGP
function depends on vitamin K bioavailability, we studied the effect of frequently prescribed
vitamin K antagonist warfarin.

Methods

Differential (allelic) mRNA expression of MGP was analyzed using RNA-sequencing data of
human OA cartilage and subchondral bone. Human osteochondral explants were used to study
exposures to interleukin 1 beta (IL-1f; inflammation), triiodothyronine (T3; Hypertrophy),
warfarin, or 65% mechanical stress (65%MS) as function of rs1800801 genotypes.

Results

We confirmed that the MGP risk allele rs1800801-T was associated with lower expression
and that MGP was significantly upregulated in lesioned as compared to preserved OA tissues,
mainly in risk allele carriers, in both cartilage and subchondral bone. Moreover, MGP
expression was downregulated in response to OA like triggers in cartilage and subchondral
bone and this effect might be reduced in carriers of the rs1800801-T risk allele. Finally,
warfarin treatment in cartilage increased COL10A1 and reduced SOX9 and MMP3 expression
and in subchondral bone reduced COL1A1 and POSTN expression.

Discussion & conclusions

Our data highlights that the genetic risk allele lowers MGP expression and upon OA relevant
triggers may hamper adequate dynamic changes in MGP expression, mainly in cartilage.
The determined direct negative effect of warfarin on human explant cultures functionally
underscores the previously found association between vitamin K deficiency and OA.

Keywords
Osteoarthritis, Articular cartilage, Subchondral bone, Matrix Gla Protein, Warfarin, Vitamin
K, Genetic risk
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Introduction

Osteoarthritis (OA) is the most common degenerative disease of joints and its incidence is
rising with increasing obesity and age, resulting in a high social and economic burden on
society. Interacting risk factors for OA include obesity, age, sex, abnormal loading and genetic
factors. The genetic component of OA is estimated to be in the range of 40%-60% [1,2]. For
that matter, large-scale genome wide association studies (GWAS) have identified strong, in
other words highly significant and reproducible, OA risk genes involved in the aetiology of
OA, whereas follow-up studies have shown that risk single nucleotide polymorphisms (SNPs)
frequently modulate pathology due to altering transcription of the genes in cis both in bone
and cartilage [3-6].

In this regard Matrix Gla protein (MGP) via rs4764133 [7] with proxy SNPs rs1800801 and
rs4236 [8], was previously identified as strong OA risk gene for hand OA with the OA conferring
allele associated with lower expression of MGP relative to the non-risk allele [7] in a range of
joint tissues but its effect was most profound in cartilage and subchondral bone [7,9]. On
the other hand, these studies could not identify significant differential expression of MGP in
OA pathophysiology in macroscopically lesioned OA compared to preserved cartilage [7] nor
in macroscopically preserved cartilage compared to healthy cartilage [9]. These differential
expression analyses were, however, determined in a relatively small sample size.

MGP regulates extracellular calcium levels via high affinity to its y-carboxyglutamic acid (Gla)
residues. Low MGP levels results in higher calcification of cartilage tissue and a reduced bone
mineral density [10-12]. As the OA risk allele (rs1800801) has been associated with a reduced
MGP gene expression [12] and with increased vascular calcification [13], this would suggest
increased cartilage calcification in carriers of the OA risk allele. The latter was further justified
by recapitulating downregulation of MGP in cartilage chondrocytes resulting in pro-catabolic
(ADAMTS4, MMP13), as well as pro-hypertrophic (COL10A1, VEGFA) mRNA signalling [9].
The MGP protein is produced by the cell in inactive form and is dependent on vitamin K for
activation, via carboxylation (c-MGP). As such, low vitamin K levels have been hypothesized
to play a role in OA pathogenesis [14,15]. Similarly, vitamin K antagonists such as warfarin,
that are frequently prescribed for the prevention of thromboembolic events in patients with
atrial fibrillation [16], have been suggested to predispose to OA [17]. Nonetheless, the direct
effect of warfarin on human articular cartilage tissue homeostasis has not been assessed.

Here we set out to explore MGP gene expression in relation to the OA risk allele rs1800801-T,
in a large RNA-sequencing dataset containing both macroscopically preserved and lesioned
cartilage [18] and subchondral bone [19] as well as in our recently established full thickness
human ex vivo osteochondral explant model [20]. The latter allowing us to study the effect
of the OA risk allele on the dynamic MGP response to different OA related stimuli, such as
inflammation (Interleukin 1 beta (IL-1B)), hypertrophy (Triiodothyronine (T3)) and 65%
mechanical stress (65%MS). Moreover, we used the human ex vivo explant model to study the
direct effect of vitamin K antagonist, warfarin, on articular cartilage and subchondral bone
homeostasis.
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Figure 1 | Schematic representation of different perturbations applied to osteochondral explants. Os-
teochondral explants were punched from the still macroscopically preserved looking knee condyle area and taken into
culture. [A] Explants were subjected to treatment with IL-1B (10 ng/ml), triiodothyronine (T3; 10 nM) or warfarin (50
uM). [B] Explants received mechanical stresses at a strain of 65% for 10 minutes per day on four subsequent days. On
day 13, cartilage and bone was separated, snap frozen and stored at -80C. [C] Schematic representation of the dynamic
(cyclic) compression applied to osteochondral explants. Legend: N=Newton; h=height.

Sample description

Human material was obtained from the Research in Articular Osteoarthritis Cartilage (RAAK)
biobank as previously described in detail [21]. The RAAK study is approved by the medical
ethics committee of the Leiden University Medical Center (P08.239/P19.013). In this study,
RNA-sequencing data was included of paired macroscopically preserved and lesioned OA car-
tilage of N=35 participants [18] and subchondral bone of N=24 participants [19] for which
sample characteristics have previously been described. In total 136 osteochondral explants
were harvested from the macroscopically preserved condyle knee joints of N=18 participants
and divided over the different experiment (Supplementary Figure 1). Multiple osteochon-
dral explants containing both cartilage and bone (diameter of 8 mm) were extracted per par-
ticipant and washed in sterile PBS before taking into culture. Donor characteristics of osteo-
chondral explants are described in Supplementary Table 1 and study design is described in
Supplementary Figure 1. For additional details on neo-cartilage deposition, RNA and

104



Dynamic expression of Matrix Gla Protein in osteoarthritis

DNA isolations, TagMan genotyping, RNA sequencing data of cartilage and subchondral
bone, unconfined dynamic (cyclic) compression, expression quantitative trait loci (eQTL), Al-
lelic Expression Imbalance (AEI) and data analysis, see the Supplementary Methods.

Treatment of osteochondral explants

Explants were cultured in 24 wells plates (Greiner CELLSTAR; Sigma) supplement-
ed with 1.5 ml CDM in a 5% (v/v) CO, incubator at 37°C. Three days after extraction, ex-
plants were treated with either IL-1B (10 ng/ml), trilodothyronine (T3, 10 nM; Sigma) or
warfarin (50 uM; Sigma), depicted in Figure 1A. Six days after extraction, dynamic un-
confined compression was applied to explant tissues using the Mach-1 mechanical test-
ing system (Biomomentum Inc., Laval, QC, Canada) on four subsequent days (Figure
1B). Mechanical stress was applied at a strain of 65% of cartilage height and at a frequen-
cy of 1 Hz, mimicking walking speed (Figure 1C). Cartilage and bone were separated us-
ing a scalpel, snap-frozen in liquid nitrogen, and stored at -80°C for RNA isolation.

Reverse transcription and Real-Time PCR

Real-Time PCR for gene expression was performed with QuantStudio 6 Real-Time
PCR system (Applied Biosystems) using Fast Start Sybr Green Master mix (Roche
Applied Science). Primer sequences (Table 1) used were tested for linear amplification
and missing datapoints for genes are summarized in Supplementary Table 2
and 3. Details on normalization can be found in the Supplementary Methods.

Table 1. Primer sequence used to determine gene expression levels in real-time PCR.

Gene name Forward 5’-3° Reverse 5°-3°

SDHA TGGAGCTGCAGAACCTGATG TGTAGTCTTCCCTGGCATGC
MGP CGCCCCCAGATTGATAAGTA TCTCCTTTGACCCTCACTGC
SOX9 CCCCAACAGATCGCCTACAG CTGGAGTTCTGGTGGTCGGT
ACAN AGAGACTCACACAGTCGAAACAGC CTATGTTACAGTGCTCGCCAGTG
COL2A1 CTACCCCAATCCAGCAAACGT AGGTGATGTTCTGGGAGCCTT
RUNX2 CTGTGGTTACTGTCATGGCG AGGTAGCTACTTGGGGAGGA
ALPL CAAAGGCTTCTTCTTGCTGGTG CCTGCTTGGCTTTTCCTTCA
COL1A1 GTGCTAAAGGTGCCAATGGT ACCAGGTTCACCGCTGTTAC
COL10A1 GGCAACAGCATTATGACCCA TGAGATCGATGATGGCACTCC
MMP3 GAGGCATCCACACCCTAGGTT TCAGAAATGGCTGCATCGATT
MMP13 TTGAGCTGGACTCATTGTCG GGAGCCTCTCAGTCATGGAG
ADAMTS5 TGGCTCACGAAATCGGACAT GCGCTTATCTTCTGTGGAACC
comp ACAATGACGGAGTCCCTGAC TCTGCATCAAAGTCGTCCTG
OMD GGACACAACAAATTGAAGCAAGC TGGTGGTAATGTAGTGGGTCA
BGLAP CCCTCCTGCYYGGACACAAA CACACTCCTCGCCCTATTGG
OGN TGATGAAATGCCCACGTGTC TTTGGTAAGGGTGGTACAGCA
SPP1 GCCAGTTGCAGCCTTCTCA AAAAGCAAATCACTGCAATTCTCA
TNFRSF11B TTGATGGAAAGCTTACCGGGA TCTGGTCACTGGGTTTGCATG
BMP2 TCCATGTGGACGCTCTTTCA AGCAGCAACGCTAGAAGACA
POSTN TACACTTTGCTGGCACCTGT TTTAAGGAGGCGCTGATCCA
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Statistical analyses

Differential MGP expression analyses between preserved and lesioned OA cartilage and bone
including false discovery rates (FDR) as multiple testing correction for the genome wide
analyses were reproduced from Coutinho [18] and Tuerlings [19], respectively. Description on
their study design and sample numbers are in Supplementary Methods. To assess allelic
expression imbalance (AEI) we applied our previously published methodologyin R [22] to RNA
sequence data of MGP in the larger dataset of cartilage [18] and a dataset of bone [19] which is
further outlined in Supplementary Methods. To test expression quantitative trait analyses
(eQTL) and differential expression of MGP in genotype strata in the current manuscript,
we used the variance stabilizing transformation (VST) normalized MGP expression levels
of these RNA sequencing datasets and used generalized estimating equations (GEE) [23] to
effectively adjust for dependencies of genotypes among donors by adding a random effect
for sample donor. Details of the models applied are outlined in Supplementary Methods.
MGP expression by RT-qPCR in the in vitro 3D-neo cartilage formation was estimated using a
generalized linear mixed model (GLMM) using MGP levels (-ACT) as dependent variable and
time as repeated measure: MGP level ~ Time + (1| Donor). In the osteochondral explant models
fold changes (FC) of RT-qPCR expression were determined by calculating the log 2 of the -AACt
for each sample (224T) where FC>1 is upregulation and FC<1 is downregulation of treated
samples compared to control samples. The reported P-values were determined by applying
GEE to -ACT values to effectively adjust for dependencies among donors of the explants by
adding a random effect for sample donor as we did not have perfect pairs for each analysis.
We followed a linear GEE model, with MGP level as dependent variable, treatment as factor
and exchangeable working matrix: MGP level ~ Treatment + (1|Donor) [24]. Differences in
effect sizes between strata was determined by performing unpaired student’s t-test on the fold
changes corrected for control samples. Warfarin treated osteochondral explants samples were
paired hence a paired sample t-test was performed to determine between-group differences
and p-values. Except for AEI, Statistical analyses were performed in SPSS statistics 23 (IBM).
Outliers were investigated using Grubbs’s test and normal distribution was determined using
Shapiro-Wilk test and visually inspecting Q-Q plots. The boxplots represent 25th, 50th and
75th percentiles, and whiskers extend to the 95%CI.

Results

Expression patterns of MGP in previous established RNA sequencing datasets
of preserved and lesioned OA cartilage and subchondral bone

We used our previously established RNA sequencing dataset of macroscopically preserved
and lesioned OA cartilage samples (N=35 pairs [18]) and subchondral bone (N=24 pairs
[19]), to examine differential MGP expression with OA tissue status and with the OA risk
SNPs (see Supplementary Methods and Figures). An increased expression of MGP
in lesioned compared to preserved OA cartilage was observed (FC=1.45, 95%CI[1.24;1.61],
P-value=1.78x103) and this increase of MGP was genome wide significant (FDR=0.021).
Similarly, MGP was upregulated in lesioned compared to preserved OA subchondral bone
(FC=1.53, 95%CI[1.22;1.64] , P-value=0.023), but this was not genome wide significant
(FDR=0.12). Together, these results show a robust upregulation of MGP expression with
ongoing OA pathophysiology.
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Here we studied whether the MGP differential expression between preserved and lesioned
OA tissues was affected by MGP OA risk allele carriership. As shown in Figure 2A, the MGP
upregulation occurs particularly among risk allele carriers rs1800801-T in lesioned compared
to preserved OA cartilage independent of age and sex of donors (OR=2.70, 95%CI[1.16;6.29],
P-value=0.021). Notably however, the overall MGP expression remains lower among risk
allele carriers rs1800801-T as compared to carriers of the reference allele rs1800801-C. The
same effect was observed in subchondral bone, where MGP was found to be upregulated in
lesioned compared to preserved tissue only in risk allele carriers rs1800801-T (OR=3.04,
95%ClI[1.24;7.45], P-value=0.015) independent of age and sex of donors (Figure 2B).
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Figure 2 | MGP expression as function of the transcript and OA risk SNP rs1800801. [A] Variance
stabilizing transformation (VST) normalized MGP expression levels extracted from the RNA sequencing dataset in
preserved and lesioned OA cartilage stratified for rs1800801 genotype CC (n, =19 versusn . .=16) and CT+TT

(N qeveq=36 Versus n, . =27). [B] Variance stabilizing transformation (VST) normalized MGP expression levels

extracted from the RNA sequencing dataset in preserved and lesioned OA subchondral bone stratified for rs1800801
genotype CC (n,,......=5 versus n, . =5) and CT+TT (n, _ .,=9 versusn, . .=9). The boxplots represent 25th, 50th
and 75th percentiles, and whiskers extend to the 95%CI. Independent samples are depicted by black dots in each graph.
To adjust for donor variation, P-values were estimated by performing logistic generalized estimation equations, with
tissue status as dependent variable and MGP level, age and sex as covariate: Tissue status ~ MGP level + age + sex +
(1|Donor). * P<0.05.

Next, we attempted to replicate the previously shown AEI of MGP in association with the OA
risk SNP rs1800801 [7] in heterozygous individuals in this larger RNA sequencing dataset of
preserved and lesioned OA cartilage [18] and a novel dataset of OA subchondral bone [19].
Additionally, we explored whether the effect size in AEI differed in these tissues between
preserved and lesioned areas. As shown in Supplementary Figure 2A we confirmed AEI
expression of MGP in preserved OA cartilage with the risk-conferring allele rs1800801-T
associated to a reduced MGP expression of 10% (95%CI[2.24;18.64]) relative to the reference
allele rs1800801-C. In lesioned OA cartilage the AEI was very comparable with rs1800801-T
associated to a reduced MGP expression of 11% (95%CI[2.25;19.49]) relative to the reference
allele rs1800801-C. In subchondral bone, genotype of rs1800801 could not be called thus we
used its proxy SNP rs4236 (r*=0.93 with rs1800801), which was also investigated previously
[7]. As shown in Supplementary Figure 2B, we confirmed AEI of MGP in preserved OA
subchondral bone with the risk-conferring allele rs4236-C associated to a reduced MGP
expression of 10% (95%CI[5.70;14.52]) relative to the reference allele rs4236-T. In lesioned
OA subchondral bone AEI was very comparable, with rs4236-C associated to a reduced MGP
expression of 12% (95%CI[8.80;14.55]) relative to the reference allele rs4236-T.
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Finally, we analysed MGP expression levels among genotype carriers of one or two of the OA
risk alleles rs1800801-T (eQTL) and confirmed that also overall MGP expression in cartilage
is reduced in a dose responsive manner with MGP risk alleles, independent of donor, age, sex,
and OA status, i.e. preserved or lesioned (OR=0.73, 95%CI[0.64;0.84], P-value=4.00x10%;
Supplementary Figure 3A). In subchondral bone we observed a similar pattern, however
this was not significant (Supplementary Figure 3B). Together these data confirm that
innate lower MGP expression levels confer risk to OA, though its effect seems more pronounced
in articular cartilage.

MGP expression patterns in human in vitro and ex vivo models and as function
of OA related cues

First, we investigated expression of MGP during neo-cartilage formation using a human in
vitro 3D pellet culture with primary chondrocytes. As shown in Figure 3, MGP is expressed
in primary chondrocytes (day-0) and increases during cartilage extracellular matrix (ECM)
deposition until day-14, suggesting that MGP expression can be considered a marker of neo-
cartilage formation.
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Figure 3 | Gene expression of MGP in an in vitro 3D model of neo-cartilage. Gene expression of MGP in an
in vitro 3D chondrocyte pellet model of neo-cartilage formation (N=3 donors; day 0: n=2, all other time points: n=3).
Data is depicted as mean expression (-ACT) + standard error of the mean (SEM) and each dot represent an sample of
two combined biological duplicates. Statistical analysis was performed by generalized linear mixed model (GLMM)
using MGP levels as dependent variable and time as repeated measure: MGP level ~ Time + (1|Donor).

Next, we explored dynamic changes in MGP expression in cartilage and subchondral bone in
an established human ex vivo osteochondral explant model [20] as function of OA related
stimuli being inflammation (IL-1B), hypertrophy (T3), and 65% mechanical stress (65%MS).
As shown in Figure 4, we observed in cartilage a consistent and significant downregulation
of MGP expression after treatment with IL-1 (FC=0.03, 95%CI[0.02;0.06],
P-value=4.40x107), T3 (FC=0.80, 95%CI[0.56;0.97], P-value=0.046), as well as with
mechanical stress (FC=0.65, 95%CI[0.45;0.85], P=0.002). Notable, in Figure 4, is an outlier
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in the mechanical stress group, however removing this datapoint did not influence our result
(FC=0.67, 95%CI[0.47;0.87], P-value=0.046). In subchondral bone we were not able to
isolate RNA for IL-1f3 treated samples and only observed a significant downregulation of MGP
expression after treatment with T3 (FC=0.81, 95%CI[0.52;1.10], P-value=0.015; Figure 4
D-E).
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Figure 4 | Gene expression of MGP in response to three different OA relevant cues in cartilage of os-
teochondral explants. Gene expression of MGP (-ACT) in an ex vivo osteochondral explant model in articular car-
tilage (A, B, C) and subchondral bone (D, E). MGP expression, represented by the housekeeping gene corrected value
(-ACT), in articular cartilage upon perturbation with [A] IL-1B (n, =6 versusn . .=6), [B1 T3 (n_ =21 versus
n,....=21) and [C] posttraumatic OA after 65% MS (n =30 versus n,__ .=23). MGP expression in subchondral bone
upon perturbation with [D] T3 (n, =16 versus n_.,=16) and [E] posttraumatic OA after 65% MS (n =23 versus
n,...s=19)- The boxplots represent 25th, 50th and 75th percentiles, and whiskers extend to the 95%CI. -ACT of each
independent sample is depicted by black dots in the graphs. To adjust for donor variation P-values were determined by
performing linear generalized estimation equations, with MGP levels as dependent variable and treatment as factor:
MGP level ~ Treatment + (1|Donor). Far out values are represent by the white filled circle (o) which did not affect the
result (see main body text) and therefore analysis including this sample is presented in C. * P<0.05, **P<0.01, ***
P<0.001. Legend: Ctrl=Control; 65% MS=65% mechanical stress.
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Changes in MGP expression in the ex vivo OA models as function of the transcript
and OA risk SNP rs1800801

Since general MGP expression was identified to change between preserved and lesioned OA
cartilage and subchondral bone, and in a osteochondral explant model to several OA related
stimuli (Figure 4), we next explored whether the OA risk allele rs1800801-T modified these
effects. Hereto we investigated the observed dynamic downregulation of MGP, upon inducing
hypertrophy (T3 exposure; Figure 5A and C) and mechanical stress (65%MS; Figure 5B
and D) in our ex vivo cartilage explant model stratified by rs1800801 genotypes. For IL-1(3
treatment, donor numbers were too low to explore the effect of genotype.
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Figure 5 | MGP expression as function of the transcript and OA risk SNP rs1800801. MGP expression
(-ACT) in an ex vivo osteochondral explant model stratified by rs1800801 genotype in articular cartilage (A, B) and
subchondral bone (C, D). MGP gene expression in articular cartilage upon perturbation with [A] T3 (CC: n,, =10
versusn,.=8; CT:n, =11versusn . =13)and [B] posttraumatic OA upon 65% mechanical stress (CC: n_, =
versus n . =7; CT+TT: n, =19 versus n, .=16). MGP gene expression in subchondral bone upon perturbation
with [C] T3 (CC: n =8 versus n =9; CT: n,,,=8 versus n,_ . .=7) and [D] posttraumatic OA upon 65% mechan-
ical stress (CC: n, =10 versusn, ,=7; CT+TT:n, =13 versusn,_ ,=12). The boxplots represent 25th, 50th and
75th percentiles, and whiskers extend to the 95%CI. Independent samples are depicted by black dots in each graph.
Numeric values associated to this Figure are shown in Supplementary Table 4. To adjust for donor variation P-val-
ues were determined by performing linear generalized estimation equations, with MGP levels as dependent variable
and treatment as factor: MGP level ~ Treatment + (1| Donor). Far out values are represent by the white filled circle (o)
which did not affect the result (see main body text) and therefore analysis including this sample is presented in B. *
P<0.05. Legend: 65% MS=Mechanical stress.
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In cartilage (Figure 5A and Figure 5B), we observed that downregulation of MGP occurred
particularly among carriers of the reference allele rs1800801-C for hypertrophy (T3) (FC=0.69,
95%CI[0.49;0.89]) and for mechanical stress (FC=0.26, 95%CI[0.14;0.38]) as compared to
carriers of the risk allele rs1800801-T for hypertrophy (FC=0.92, 95%CI[0.57;1.27]) and for
mechanical stress (FC=0.85, 95%CI[0.61;1.09]). Also in the data shown in Figure 5B the
previously identified outlier in the mechanical stress group did not influence our result upon
removal (FC=0.29, 95%CI[0.17-0.41], P-value=0.045). As shown in Supplementary Table
4, the difference in response (FC) among carriers of the reference allele rs1800801-C relative
to carriers of the OA risk allele rs1800801-T is significant for mechanical stress (FC=0.34,
95% CI[0.28-0.38], P-value=2.8x10). Similarly in bone (Figure 5C and 5D), we observed
that downregulation of MGP expression in subchondral bone upon hypertrophy induction
(T3) was more pronounced among carriers of the reference allele rs1800801-C (FC=0.50,
95%CI[0.09;0.91] as compared to the carriers of the risk allele rs1800801-T (FC=0.82,
95%CI[0.37;1.27]). This difference, however, did not reach statistical significance
(Supplementary Table 4). For mechanical stress no effects were observed in subchondral
bone. Together these data suggest that particularly in cartilage the OA risk allele rs1800801-T
may have a different response in MGP expression upon OA relevant cues.

Treatment of osteochondral explants with warfarin

Since the activation of MGP is dependent on vitamin K and innate lower MGP expression
confers risk to OA, we next investigated the direct effect of the vitamin K antagonist warfarin
on articular chondrocyte and subchondral bone signalling. Hereto, ex vivo osteochondral
explants (n=15 pairs for cartilage and n=13 pairs for subchondral bone) were treated with
warfarin. The effect of this reduced vitamin K bioavailability on the cartilage homeostasis
was determined by measuring chondroprotective genes (SOX9, COL2A1 and ACAN), genes
involved in early/late cartilage hypertrophy (RUNX2, ALPL, COL1A1, COL10A1 and MGP) and
catabolic genes (MMP3, MMP13 and ADAMTS5). As shown in Figure 6A, warfarin exposure
to cartilage reduced expression of SOX9 (FC=0.87, 95%CI[0.77;0.97], P-value=0.023) and
MMP3(FC=0.56,95%CI[0.43;0.69], P-value=1.02x107%), while increasing COL10A1 (FC=2.26,
95%CI[1.14;3.38], P-value=0.045). In addition, RUNX2 (FC=1.43, 95%CI[0.96;1.90],
P-value=0.094), a master transcriptional regulator of chondrocyte maturation, and ALPL
(FC=6.21, 95%CI[1.36;11.06], P-value=0.059) show a trend towards upregulation in
response to warfarin treatment. In subchondral bone, genes involved in matrix formation
(COL10A1, RUNX2, ALPL COL1A1, OMD, BGLAP and OGN) and remodelling (MGP, SPP1,
TNFRSF11B, BMP2 and POSTN) were measured. As shown in Figure 6B, warfarin exposure
to subchondral bone significantly reduced expression of the bone formation marker COL1A1
(FC=0.81, 95%CI[0.59;1.03], P-value=0.046) and the remodelling marker POSTN (FC=0.67,
95%CI[0.42;0.92], P-value=0.011). Together these results show that addition of warfarin to
aged osteochondral explants resulted in a significant upregulation of hypertrophic signalling
among articular chondrocytes and reduced bone formation and altered remodelling signalling.
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Figure 6 | Gene expression after 10 days of warfarin treatment. mRNA expression of genes depicted as a fold
change (FC) following 50uM warfarin treatment relative to controls in [A] cartilage (n =15 versusn . ,=15) and
[B] subchondral bone (n =13 versus n__=13). Controls are depicted by the dotted line, while each gray dot rep-

‘Control treated

resents a warfarin treated sample. The number and percentage of missing data points per gene are summarized in
Supplementary Table 2 and 3. The light gray bars represent the mean + standard error of the mean (SEM) of the
Fold change (FC) in which FC>1 represent upregulation and FC<1 represents downregulation of warfarin treated sam-
ples relative to its paired control. The x-axis is given in a log2 scale to depict the up and down regulation in the same
scale. Differences in gene levels between warfarin exposure and controls were calculated by means of a paired t-test.*P
< 0.05; ***P < 0.001

Discussion

In the current paper we explored (dynamic) changes of MGP expression in relation to the
OA risk allele rs1800801-T, in preserved and lesioned OA cartilage, as well as, in a human ex
vivo explant model subjected to OA related stimuli, such as inflammation, hypertrophy and
mechanical stress. Furthermore, we studied the direct effect of the frequently used vitamin K
antagonist, warfarin, on articular chondrocyte and subchondral bone signaling. In doing so,
we confirm that MGP expression, as inhibitor of calcification via high affinity of calcium to its
Gla-residues, should be considered a beneficial marker of articular cartilage. Consequently,
the significantly upregulated MGP expression with ongoing OA pathophysiology is likely
an attempt of chondrocytes to halt the OA associated osteo-induction. Noteworthy is our
observation that the OA risk allele may also hamper adequate dynamic change in expression
of MGP in response to OA and relevant cues like mechanical stress (65%MS) and this effect
was most pronounced in cartilage. Finally, warfarin treatment to the aged human cartilage
explants resulted in a significant upregulation of hypertrophic signalling among articular
chondrocytes and reduced bone formation while altering remodelling.

Similar to previous reports [7,9], we here confirmed in a large RNA-sequencing dataset,
that the OA risk allele rs1800801-T is associated with lower (overall) expression of MGP
in articular cartilage (Supplementary Figure 3A). In addition, we confirmed that MGP
gene expression is significantly upregulated in both articular cartilage and subchondral bone
in OA pathophysiology. Although, our results showed that this effect was mainly driven by
carriers of the rs1800801-T OA risk allele in both tissues the expression of MGP does not
reach the level of that in carriers of the reference allele rs1800801-C (Figure 2A and 2B).

112



Dynamic expression of Matrix Gla Protein in osteoarthritis

We advocate that MGP upregulation with OA pathophysiology in cartilage is an attempt of
chondrocytes to compensate for the osteo-inductive effect of low MGP levels and that this is
not sufficient among the MGP OA risk allele carriers. On the other hand, the upregulation of
MGP in bone may be a marker of active bone resorption as it was previously found that MGP
inhibits mineralization by osteoblasts while increased MGP expression in osteoclasts mark
increased osteoclastic commitment [25]. Together our data highlights that, similar to vascular
calcification and bone loss [26], also articular cartilage calcification and bone loss in OA could
share a common pathogenetic mechanism involving MGP.

We also explored the dynamicresponse of MGPin ahuman exvivo explant model while applying
OA relevant perturbing cues such as inflammation, hypertrophy, and mechanical stress. The
strength of our explant model is that it represents physiological relevant aged human articular
cartilage prone to OA pathophysiology, hence suitable to study the initial process of OA related
cartilage destruction. Moreover, and despite the inherent heterogeneity between donors, we
found in cartilage a consistent downregulation of MGP, associated with matrix mineralization,
as general response to OA related perturbations (Figure 4). Additionally, we showed that the
rs1800801-T OA risk allele may hamper such innate dynamic change in MGP expression upon
stress. A possible mechanism by which the genetic risk variant modifies response to stress lies
in the fact that rs1800801 is localized in the transcription factor binding site (POLR2A, CTCF,
p300) of the MGP promoter (Supplementary Figure 4). In addition, the OA risk allele
rs1800801-T was shown to reduce expression between 34-47% in a luciferase reporter assay
and in silico prediction suggested this to be due to a loss of binding site for the transcription
factor c-Ets [12]. In the subchondral bone compartment of the human ex vivo explants, the
MGP response to the OA like perturbing cues were smaller and less consistent although a
similar MGP response appeared for T3 exposure. This is likely the result of (slightly) lower
sample sizes but, more importantly, a more complex innate regulation and signalling of MGP
in bone as multicellular tissue type. As such, the observed variation in the MGP response in
bone remains inconclusive and needs to be repeated in larger sample sizes.

Upon identifying MGP, encoding an inhibitor of ectopic calcifications, as strong OA risk gene,
it was hypothesized that the OA risk was conferred via calcification of cartilage tissue [10,
11]. Moreover, as MGP protein is activated by vitamin k dependent carboxylation (c-MGP)
this finding underscored the relevance of previous found associations between OA and low
vitamin K status [14,15]. Here, we showed that exposure of the vitamin k inhibitor warfarin
to intact human articular cartilage explants provoked unbeneficial functional chondrocyte
signaling towards hypertrophy, as reflected by upregulation of COL10A1 and almost
significant upregulation of RUNX2 and ALPL. Moreover, we showed a modest but significant
downregulation of SOX9, a transcription factor marking healthy articular cartilage. These
observed effects of warfarin on chondrocyte signaling were similar to those previously found
during in vitro knockdown of MGP in chondrocyte monolayer cultures [9]. With regard to
the seemingly increased MMP13 and reduced MMP3 gene expression, it has been suggested
that MMP3 plays a role mainly in healthy cartilage remodeling, while MMP13 more so in
pathophysiological processes. This was confirmed by performing a look-up in our RNA-
sequencing data set [18] were MMP3 showed a marked downregulation in lesioned compared
to preserved OA cartilage. Exposure of warfarin to subchondral bone of osteochondral explants
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also provoked unbeneficial functional signaling towards reduced bone formation, as reflected
by downregulation of COL1A1 and the suggestive downregulation of BGLAP, whereas the
upregulation of the osteoclastogenesis inhibitor TNFRSF11B (although not significant) and
downregulation of the vitamin K dependent protein POSTN suggests altered bone remodeling
likely resulting in bone loss [25,27]. Due to the low numbers and heterogeneity of patients,
future studies are necessary to investigate if rs1800801 genotype influences response of cells
to warfarin. In light of our result we advocate that the frequent prescription of warfarin as
vitamin K dependent blood anticoagulant [16] may have clinical consequences in evoking OA
comorbidity. As such, the risk of OA comorbidity may be considerably reduced by preferred
prescription of non-vitamin K antagonist as anticoagulants [28]. In addition, vitamin K
supplementation should be considered a potential novel OA-modifying treatment option. In
this respect, there has been one underpowered clinical trial studying the effect of vitamin K
supplementation on OA progression. This ancillary study, originally designed to study vascular
calcification, reported no overall beneficial effects of vitamin K supplementation. However, in
individuals with insufficient vitamin K levels at baseline a beneficial effect was observed [29].

Although the human aged macroscopically normal osteochondral explants used in our
study may represent physiological relevant human articular cartilage and subchondral bone
model, prone to OA pathophysiology, hence suitable to study the initial process of OA related
destruction, the model is inherently subject to heterogeneity. Moreover, it does not provide
insight into the MGP effect of such environmental perturbations to healthy cartilage and bone.
Another limiting factor was the low sample size of T3, IL-1f3 and warfarin treated explants
upon stratifying for rs1800801 genotype, resulting in no or less robust results than upon
investigating the response in the larger mechanically stressed group. It should also be noted
that the modifying effect of the MGP OA risk allele rs1800801-T as function of the OA status
in articular cartilage and subchondral bone was only measured as a static effect i.e. differential
expression of MGP between paired preserved and lesioned OA cartilage samples. Finally, the
focus of our paper was on exploring gene expression changes of MGP only. Although studying
protein levels of MGP as function of the OA risk SNP and the OA relevant cues in joint tissue
would be an interesting addition and a preferred next step, such analyses should involve the
detection of activated (hence carboxylated) MGP protein.

Together our data highlight that, similar to the bi-directional interplay of vascular calcification
and bone loss in osteoporosis and atherosclerosis [26], also articular cartilage calcification
and bone loss in OA might share a common pathogenetic mechanism likely involving MGP.
Moreover, warfarin on human osteochondral explant cultures functionally underscores the
previously found association between vitamin K deficiency and OA.
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Supplementary methods
Neo-cartilage deposition

Primary chondrocytes were isolated from macroscopically preserved human articular cartilage
and expanded as previously described [1] and a definition on what was determined as preserved
and lesioned can be found in the first paper describing the Research in Articular Osteoarthritis
Cartilage (RAAK) biobank [2]. In vitro 3D pellets were formed by centrifugation (1200 rpm,
5 minutes) using 2.5x10° chondrocytes in 15 ml polypropylene conical tubes. Following
maintenance in chondrogenic differentiation medium (CDM: DMEM (high glucose; Gibco,
Bleiswijk), supplemented with Ascorbic acid (50 pg/ml; Sigma-Aldrich; Zwijndrecht, The
Netherlands), L-Proline (40 pg/ml; Sigma-Aldrich), Sodium Pyruvate (100 pg/ml; Sigma-
Aldrich), Dexamethasone (0.1 uM; Sigma-Aldrich), ITS+ and antibiotics (100 U/ml penicillin;
100 pg/ml streptomycin; Gibco)), while refreshing every 3-4 days, two pellets of each donor
were pooled and harvested on day 0, 3, 7, 14 and 21 for RNA isolation. Experiments were
repeated in two (day 0) to three (other time points) biological donors (N=3 donors).

DNA isolation and TagMan genotyping

DNA was extracted from cartilage by pulverizing the tissue and homogenizing in Nuclei
Lysis solution (Promega). DNA was extracted using the Wizard Genomic DNA purification
kit (Promega) after overnight digestion using proteinase K (Qiagen) at 55°C. Conventional
TagMan genotyping was performed on genomic DNA using an allele-specific custom TagMan
assay for rs1800801 (Thermo Fisher Scientific) on a QuantStudio 6 Real-Time PCR system
(Applied Biosystems).

RNA isolation

RNA was extracted from the cartilage and subchondral bone by pulverizing the tissue and
homogenizing in TRIzol reagent (Invitrogen, San Diego, CA). RNA was extracted with
chloroform, precipitated with ethanol and purified using the RNeasy Mini Kit (Qiagen,
Chatsworth, CA). Genomic DNA was removed by DNase digestion and quantity of the RNA was
assessed using a nanodrop spectrophotometer (Thermo Fischer Scientific Inc., Wilmington,
USA). 200 ng of RNA was processed with the First Strand cDNA Synthesis Kit (Roche Applied
Science, Almere, The Netherlands) according to the manufacturer’s protocol. For several
subchondral bone samples RNA isolation was not successful, reducing final sample size in
the warfarin treated subchondral bone to 13 paired samples and for the other treatments as
summarized in Supplementary Figure 1B. To exclude cross contamination of bone and
cartilage samples, we measured gene expression differences of two cartilage specific genes
(COL2A1 and COMP) and two bone specific genes (COL1A1 and SPP1) in 10 paired samples.
As shown in Supplementary Table 5, we observe a relative high expression of cartilage
markers and a low expression of bone markers in cartilage when compared to subchondral
bone isolated from the same osteochondral explant. In subchondral bone we observed a
relative low expression of cartilage markers and a high expression of bone markers, suggesting
no to minimal cross contamination between cartilage and subchondral bone.
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Reverse Transcription and Real-Time PCR

Real-Time PCR for gene expression was performed with QuantStudio 6 Real-Time PCR
system (Applied Biosystems) using Fast Start Sybr Green Master mix (Roche Applied Science).
Primer sequences used were tested for linear amplification and are listed in Table 1. Raw
cycle threshold (CT) values for each sample were corrected for the average of one reference
gene (SDHA) depicted as —ACt, and subsequently made relative to gene expression in controls
(-AACt). Fold change (FC) was determined by calculating the log base 2 of the -AACt for each
sample (224°T) where FC>1 is upregulation and a FC<1 is downregulation of a treated sample
compared to the control sample of a donor. We used SDHA as reference gene since this gene
was previously identified as a stable housekeeping gene and not responsive to mechanical
stress in cartilage [3, 4]. In Supplementary Table 2 and 3, missing datapoints for genes
measured by Real-Time PCR in cartilage and subchondral bone are summarized.

Unconfined dynamic (cyclic) compression of osteochondral explants

Explants were cultured in 24 wells plates (Greiner CELLSTAR; Sigma) supplemented with
1.5 ml CDM in a 5% (v/v) CO, incubator at 37°C. Six days after extraction, dynamic (cyclic)
unconfined compression was applied to explant tissues using the Mach-1 mechanical testing
system (Biomomentum Inc., Laval, QC, Canada) on four subsequent days (Figure 1B). In
short, osteochondral explant (diameter of 8mm) were placed under an indenter (diameter of
10mm) attached to a 250N MACH-1 load cell (Figure 1C) and unconfined cyclic compression
was applied at a strain of 65% of cartilage height at a frequency of 1 Hz (1 compression cycle
per second), mimicking walking speed, to give mechanical stress at stains suggested to be
detrimental [5]. Due to the compression being unconfined, cartilage was allowed to displace
sideway during compression. As shown in Figure 1C, dynamic (cyclic) compression means
that a force was applied that varied over time to simulate a more cyclic compression such
as walking. Media of explants was refreshed every three to four days. To investigate lasting
effects of treatment, explants were harvested three days after the last treatment. Cartilage and
bone were separated using a scalpel, snap-frozen in liquid nitrogen, and stored at -80°C for
RNA isolation.

RNA sequencing data of cartilage and subchondral bone

In the current manuscript differential expression of MGP including false discovery rates
(FDR) as multiple testing correction was taken from previously published transcriptome wide
RNA-sequencing data of n=35 paired preserved and lesioned OA cartilage samples[6] and
n=24 paired preserved and lesioned OA subchondral bone samples[7]. For n =98 and
=28 samples genotype of rs1800801 could be determined.

cartilage

nsubchundral bone

To test expression quantitative trait analyses (eQTL) and differential expression of MGP in
genotype strata in the current manuscript, we used the variance stabilizing transformation
(VST) normalized MGP expression levels of RNA sequencing datasets and used generalized
estimating equations (GEE) [8] to effectively adjust for dependencies of genotypes among
donors by adding a random effect for sample donor. For differential MGP expression
analyses (Figure 2) a logistic model was applied with tissue status (preserved or lesioned) as
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dependent variable and MGP, age and sex as covariates: Tissue status ~ MGP level + age + sex
+ (1]|Donor) [9]. For genotype effects we show odds ratio’s calculated from the exponent of the
respective beta’s. MGP expression quantitative trait loci (eQTL) analysis (Supplementary
Figure 3) was performed by applying a linear GEE model with MGP level as dependent
variable and dose response genotype, tissue status, age, and sex as covariate: MGP level ~
rs1800801 genotype + tissue status + age + sex + (1|Donor).

Allelic Expression Imbalance (AEI)

Allelic expression imbalance (AEI) was measured from the cartilage [6] and subchondral bone
[7]RNA sequencing datasets for heterozygousindividuals of rs18008o1in cartilage (N, ....s=37
andN . =28samples)andrs4236 (Npreserve ,~12andN, . =12 samples)insubchondral bone
as previously described in detail [10]. In short, reads of RNA-sequencing data were aligned
using GSNAP against the hg19 reference genome, while potential reference alignment bias
was masked using known Dutch SNPs (GoNL). Genotype of rs1800801 and other SNPs was
called using SNVMix2 with default settings[11], with minimum coverage of 25 and at least 10
reads (R) per allele. Allelic imbalance is reported as the average fraction (¢) of the alternative
allele reads (R ) among the total number of reads (R, =R +R. ) at the

alternative alternative reference

position of the respective genetic variation per sample (i):

total

Z Ri, alternative
Ri,reference

To detect SNPs that robustly mark imbalance two binomial tests were performed per
heterozygote and per SNP under the null hypothesis that the amount of imbalance is either
greater or smaller than 0.49. Subsequently, P-values per SNP were corrected for multiple
testing (FDR) by the number of heterozygotes of the respective SNP and considered significant
if all FDR corrected P-values were <0.05 and in the same direction among all heterozygotes.
Using the DEseq2 package, fragments per gene were used to assess the dispersion by quantile-
adjusted conditional maximum likelihood (qCML)[12].
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Supplementary Figures
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Supplementary Figure 1 | Schematic representation of the sample numbers used in the different osteo-
chondral explant models. [A] Number of cartilage samples extracted from osteochondral explants for each con-
dition (control and treated) and after splitting for rs1800801 genotype that were included for the different analysis on
MGP expression. [B] Number of subchondral bone samples extracted from osteochondral explants for each condition
(control and treated) and after splitting for rs1800801 genotype that were included for the different analysis on MGP
expression. As we were not able to isolate RNA of all bone samples, numbers are lower when compared to cartilage.
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Supplementary Figure 2 | Allelic expression imbalance of the OA risk allele rs1800801-T in articular
cartilage and rs4236-C in subchondral bone. [A] The left part of the figure depicts the mean OA risk T-allele
ratio with their 95%CI for the rs1800801 SNP in preserved and lesioned OA cartilage for each donor separate. The
right part summarizes the T-allele ratio for independent lesioned (Red; N=28) and preserved (Blue; N=37) samples.

A portion of this data was previously published by den Hollander W., et al [13]. [B] The left part of the figure depicts
the mean OA risk C-allele ratio with their 95%CI for the proxy SNP rs4236 in preserved and lesioned OA subchondral
bone for each donor separate. The right part summarizes the C-allele ratio for independent lesioned (Red; N=12) and
preserved (Blue; N=12) samples. The dashed line at 0.50 represent the natural allele frequency when there is no allelic
imbalance. The boxplots represent 25th, 50th and 75th percentiles, and whiskers extend to 1.5 times the interquartile
range. Individual cartilage and bone samples are shown by random anonymised numbers.
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Supplementary Figure 3 | Expression quantitative trait loci (eQTL) of MGP in articular cartilage and
subchondral bone. [A] Variance Stabilizing Transformation (VST) normalized MGP expression levels extracted
from the RNA sequencing dataset stratified for the OA risk SNP rs1800801 (CC: N=35; CT:N=54; TT: N=9) in pre-
served and lesioned OA cartilage. [B] Variance Stabilizing Transformation (VST) normalized MGP expression levels
extracted from the RNA sequencing dataset stratified for a proxy (r2=0.93 with rs1800801) of the OA risk SNP rs4236
(CC: N=10; CT:N=20; TT: N=6) in preserved and lesioned OA subchondral bone. The boxplots represent 25th, 50th
and 75th percentiles, and whiskers extend to 1.5 times the interquartile range. Each samples is depicted by a black dot.
Differences between groups was determined by measuring a dose response effect of the risk allele by performing gener-
alized estimation equation (GEE) to correct for independency of genotype among the donors. The following linear GEE
model was applied with MGP level as dependent variable and dose response genotype, tissue status, age, and sex as
covariate: MGP level ~ rs1800801 genotype + tissue status + age + sex + (1|Donor). *** P<0.001
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Chapter 5

Abstract

Objectives

To investigate whether the deiodinase inhibitor iopanoic acid (IOP) has chondroprotective
properties, a mechanical stress induced model of human aged explants was used to test both
repeated dosing and slow-release of IOP.

Methods

Human osteochondral explants subjected to injurious mechanical stress (65%MS) were
treated with IOP or IOP encapsulated in poly lactic-co-glycolic acid (PLGA)-polyethylene
glycol (PEG) nanoparticles (NP) (PLGA-PEG NPs (NP(IOP)). Changes to cartilage integrity
and signalling were determined by Mankin scoring of histology, sulphated glycosaminoglycan
(sGAG) release and expression levels of catabolic, anabolic and hypertrophic markers.
Subsequently, on a subgroup of samples, RNA-sequencing was performed on 65%MS (n=14)
and 65%MS+I0P (n=7) treated cartilage to identify IOP’s mode of action.

Results

Damage from injurious mechanical stress was confirmed by increased cartilage surface
damage in the Mankin score, increased sGAG release, and consistent upregulation of catabolic
markers and downregulation of anabolic markers. IOP and, though less effective, PLGA
NP(IOP) treatment, reduced MMP13 and increased COL2A1 expression. In line with this,
IOP and PLGA NP(IOP) reduced cartilage surface damage induced by 65%MS, while only
IOP reduced sGAG release from explants subjected to 65%MS. Lastly, differential expression
analysis identified 12 genes in IOP’s mode of action to be mainly invovled in reducing metabolic
processes (INSIG1, DHCR7, FADS1 and ACAT?2), and proliferation and differentiation (CTGF,
BMP5 and FOXM1).

Conclusion

Treatment with the deiodinase inhibitor IOP reduced detrimental changes of injurious
mechanical stress. In addition, we identified that its mode of action was likely on metabolic
processes, cell proliferation and differentiation.

Keywords
Osteoarthritis, DIO2, chondrocytes, cartilage, thyroid signalling, iopanoic acid, mechanical
stress
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Introduction

Osteoarthritis (OA) is a prevalent and debilitating age-related disease. It is a progressive
disease characterized by cartilage degeneration and osteophyte formation [1]. Given the
ageing society with increasing obesity rates, OA is projected to be the most frequent disease
in the Dutch population in 2040, affecting 2.3 million people. Due to the fact that there is no
effective treatment, except for joint replacement surgery, OA has a considerable social and
economic burden on the ageing population.

Chondrocytes reside in healthy articular cartilage in a maturation-arrested state without
detectable proliferation and with low metabolic activity [2]. Yet, with an inherently low tissue
repair capacity of chondrocytes, the integrity of cartilage tissue is irreversibly affected upon
environmental challenges such as injurious mechanical stress [3]. By applying molecular
profiling of human OA articular cartilage, it has been consistently shown that activated
articular chondrocytes with OA pathophysiology lose their healthy maturation-arrested state
and recapitulate an activated growth plate morphology with associated debilitating gene
expression [4]. To delineate underlying OA disease aetiology, large-scale genetic studies
have been performed and provided further evidence that indeed genes orchestrating the
endochondral ossification processes of growth plate chondrocytes could be, among others, a
common underlying OA pathway [5]. Basing clinical development on functional data of OA
risk genes could have measurable impact on development of effective disease modifying OA
drugs given that the presence of genetically supported targets doubles the success rate of a
drug in clinical development [6].

An example of such an OA risk gene is DIO2, encoding the deiodinase iodothyroinine type-
2 (D2) [7]. D2 is an enzyme that converts intracellular thyroxine (T4) into triiodothyronine
(T3) in specific tissues such as growth plate cartilage. Here, T3 initiates terminal maturation
of hypertrophic chondrocytes leading to breakdown and mineralization of cartilage to allow
transition to bone [8]. Functional genomic studies have demonstrated that the DIO2 risk
allele rs225014-C has an increased expression relative to the reference allele rs225014-T
[9]. Moreover, in human preserved and lesioned OA articular cartilage, upregulated DIO2
expression has been shown to be a common and consistent phenomenon, particularly relative
to healthy cartilage [10]. In vitro 3D chondrogenesis with human bone marrow mesenchymal
stem cells (hBMSC) indicated that overexpression of DIO2 had a detrimental effect on
matrix deposition while iopanoic acid (IOP), a potent inhibitor of deiodinases like D2, had
beneficial effects on matrix deposition [11,12]. In line with this, Dio2 knockout mice were
protected from running induced joint damage [11]. Transgenic rats with cartilage-specific
overexpression of human DIO2 (hD2Tg), did not show any articular cartilage defects [13].
However, upon increasing the biomechanical burden by applying an injury-induced OA
model, hD2Tg rats showed significantly higher levels of cartilage damage compared with their
wild-type littermates. Taken together, it was hypothesized that DIO2 might confer risk to
OA by affecting the propensity of maturation-arrested articular chondrocytes to recuperate
growth plate morphology upon environmental challenges such as injurious mechanical stress.
Additionally, IOP, a previously approved pharmaceutical agent, was delineated as mitigating
this process [14].

The current study aimed to confirm chondroprotective effects of the D2 inhibitor IOP in a
previously established ex vivo aged human osteochondral explant model in which injurious
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mechanical stress is applied to inflict OA-like damage [15]. To improve treatment efficacy
of the small IOP molecule, we investigated efficiency of IOP encapsulated in poly lactic-co-
glycolic acid (PLGA)-polyethylene glycol (PEG) nanoparticles (NP) to establish slow prolonged
release. Finally, RNA-sequencing was performed to explore the mode of IOP treatment action
by addressing transcriptome-wide gene expression changes.

Material and Methods
Study design and culture condition

Osteochondral explants were obtained from knee joints included in the Research in Articular
Osteoarthritis Cartilage (RAAK) study [16]. The RAAK study has been approved by the medical
ethical committee of the Leiden University Medical Center (P08.239/P19.013) and informed
consent was obtained from subjects. Osteochondral explants were punched from human OA
knee joints and maintained in standard chondrogenic medium as described in Supplementary
Materials and Methods, available at Rheumatology online. Medium was refreshed every
3—4days. During mechanical stress, explants resided in phosphate buffered saline (PBS). In
total 83 osteochondral explants were obtained from 16 donors for this study and divided over
the following treatment groups: control (n =30 explants; N = 16 donors), injurious mechanical
stress (65%MS; n =25 explants; N =16 donors), injurious mechanical stress treated with IOP
(65%MS+I0P; n =11 explants; N =6 donors) and injurious mechanical stress treated with NP-
IOP (65%MS+NP-IOP; n =17 explants; N =10 donors). Donor characteristics are summarized
in Supplementary Table S1, available at Rheumatology online.

Ethics

Our study complies with the Declaration of Helsinki. Furthermore, the RAAK study has been
approved by the medical ethical committee of the Leiden University Medical Center (P08.239/
P19.013) and written informed consent was obtained from subjects.

Injurious mechanical stress model

Six days after extraction, dynamic unconfined compression was applied at a strain of
65% of explant height at a frequency of 1 Hz using the Mach-1 mechanical testing system
(Biomomentum Inc., Laval, QC, Canada) on four subsequent days as described previously
(Supplementary Figure S1, available at Rheumatology online) [15].

IOP Treatment

Explants were treated with IOP (10ouM; Sigma) or 24ul of IOP encapsulated in PLGA-PEG
nanoparticles (7oug IOP/mg NP; 5 mg NP/mL PBS) from day 3 onwards (Supplementary
Figure S1). On day 13, cartilage and bone were separated using a scalpel, snap-frozen in
liquid nitrogen and stored at -80 °C for RNA isolation. For histology, a part was fixed in
4% formaldehyde. Medium was collected on day 13 and stored at -80 °C. Details on sGAG
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measurement, histology and PLGA NP characterization can be found in Supplementary
Materials and Methods.

RNA isolation, Reverse Transcription and quantitative Real-Time PCR

Cartilage RNA was extracted by pulverizing the tissue using a Mixer mill 200 (Retch, Germany)
and homogenizing in TRIzol reagent (Invitrogen, San Diego, CA). RNA was extracted with
chloroform, precipitated with ethanol, and purified using the RNeasy Mini Kit (Qiagen, GmbH,
Hilden, Germany). Genomic DNA was removed by DNase (Qiagen, GmbH, Hilden, Germany)
digestion and quantity of the RNA was assessed using a Nanodrop spectrophotometer (Thermo
Fischer Scientific Inc., Wilmington, USA). Synthesis of cDNA was performed using 200 ng
of total mRNA with the First Strand ¢cDNA Synthesis Kit (Roche Applied Science, Almere,
The Netherlands) according to the manufacturer’s protocol. Subsequently, pre-amplification
was performed and gene expression was determined with the Roche Lightcycler 480 II
(Roche Applied Science) using Fast Start Sybr Green Master mix (Roche Applied Science). To
measure changes in chondrocyte signalling upon perturbations, we measured gene expression
levels by RT-qPCR. Primer sequences used are listed in Supplementary Table S2. Fold
changes (FC) were determined using the 224°T method, in which cyclic threshold (CT) levels
were adjusted for the housekeeping gene SDHA (-ACT) and subsequently for control samples
(-AACT). A FC>1 represents an upregulation, while FC<1 depicts a downregulation.

RNA-sequencing

Paired-end 2x150 base pair RNA sequencing (Illumina TruSeq mRNA Library Prep Kit, Illumina
HiSeq X ten) was performed. Strand specific RNA-sequencing libraries were generated which
yielded on average 14 million reads per sample. Data from the Illumina platform was analysed
with an in-house pipeline as previously described [4]. See Supplementary Materials
for detailed description of alignment, mapping, normalization and quality control. In total,
14.668 protein-coding genes were included in further analyses.

Differential expression analysis and protein-protein interactions

Differential expression analysis was performed for 65%MS+IOP cartilage compared with
65%MS cartilage obtained from osteochondral explants using DESeq2 R package version 1.24
[17] on 14.668 protein-coding genes. A general linear model assuming a negative binominal
distribution was applied and followed by a Wald-test between 65%MS+IOP and 65%MS
samples with correction for principal component 1. In all analyses, 65%MS samples were set
as reference. To correct for multiple testing the Benjamini-Hochberg method was used, as
indicated by the false discovery rate (FDR) in which a significant cut-off value of 0.05 was
used. For protein-protein interactions, analysis was performed using the online tool STRING
version 11.0 [18].
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RNA-sequencing validation by Real-time quantitative PCR (RT-qPCR)

For validation and replication a total of 8 paired samples were selected. 200 ng of RNA was
processed into ¢cDNA using the First Strand ¢cDNA Synthesis Kit (Roche Applied Science,
Almere, The Netherlands). Real-Time qPCR was performed and normalized as described
above to determine gene expression of INSIG1, DHCR7, FADS1, CTGF, BMP5 and FOXM1.

Statistical analysis

RNA-sequencing data analysis was performed in R as described in Supplementary
Materials and Methods. All other statistical analysis was performed using IBM SPSS
statistics 25. P-values were determined by applying linear generalized estimating equation
(GEE) to effectively adjust for dependencies among donors of the explants by adding a
random effect for sample donor as we did not have perfect pairs for each analysis [19]. The
following GEE was fitted in which gene expression was the dependent variable and treatment
the covariate: gene expression ~ treatment + (1|donor). To determine differences in sGAG
concentrations on day 13, another linear GEE model was fitted with sGAG concentration as
dependent variable and treatment as covariate: SGAG concentration ~ treatment + (1|donor).
Differences in Mankin score between groups was determined by applying the following linear
GEE model with Mankin score as dependent variable and treatment as covariate: Mankin
score ~ treatment + (1|donor). Results are described by showing their fold change (FC) or
average + standard error (s.e.).

Results
IOP reduces detrimental chondrocyte signalling induced by 65%MS

First we confirmed that injurious mechanical stress (65%MS) induced detrimental changes to
cartilage integrity of control and 65%MS aged human osteochondral explants [15]. Changes in
chondrocyte signalling in response to 65%MS were determined by measuring gene expression
levels of catabolic (MMP13, ADAMTS5 and EPAS1), anabolic (COL2A1 and ACAN) and
hypertrophic markers (COL1A1, COL10A1 and ALPL). As shown in Figure 1, non-beneficial
chondrocyte responses to 65%MS were particularly marked by increased expression of
MMP13 (FC=6.61; P-value=5.17x105, Figure 1E) and EPAS1 (FC=1.79; P-value=5.49x10°),
and reduced expression of COL2A1 (FC=0.49; P-value=3.43x103, Figure 1F) and ACAN
(FC=0.75; P-value=1.79x10?; Table 1).

Next, to investigate if attenuation of thyroid signalling is a promising treatment for OA,
osteochondral explants subjected to 65%MS were simultaneously treated with the anti-
deiodinase IOP. As shown in Table 1, upon administration of IOP to samples subjected to
65%MS, catabolic markers MMP13 (FC=0.10; P-value=1.73x10%#) and ADAMTS5 (FC=0.43;
P-value=2.16x102) were downregulated compared to 65%MS. In addition, expression
of the anabolic marker COL2A1 (FC=3.58; P-value=3.71x10%; Figure 1F) was no longer
downregulated by 65%MS after IOP treatment. For hypertrophic markers, COL10A1
(FC=0.23; P-value=1.05x103) was significantly downregulated after IOP treatment, while
downregulation of COL1A1 (FC=o0.11; P-value=5.29x102) and ALPL (FC=0.03; P-val
ue=5.71x1072) did not reach statistical significance. With respect to catabolic marker EPAS1,
no restoration or beneficial effects of IOP treatment with 65%MS was observed.
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Figure 1 | Mankin score and gene expression of human aged osteochondral explants after treatment
with IOP. [A, B] Representative histological pictures of Toluidine blue and H&E stainings. [C] Cartilage damage was
assessed by determining the Mankin score with [D] scoring of cartilage structure. RT-PCR analysis of [E] MMP13 and
[F]1 COL2A1. Data is presented as scatter dot plots, with mean and 95%CI, and each dot represents a sample. P-val-

ues of mean differences between controls and treated explants were estimated by generalized estimating equations
(GEE) with expression or Mankin score as dependent variable, treatment as factor and robust variance estimators to
account for donor effects. Legend: H&E=haematoxylin and eosin; 65%MS=65% mechanical stress; IOP=iopanoic acid;
NP=nanoparticle. *P<0.05, **P<0.01, ***P<0.001.

As a proof of concept and to determine wether IOP delivery from PLGA-PEG NP(IOP) is
effective, chondrocyte signalling was measured in response to 65%MS now with PLGA
NP(IOP) treatment. Upon administration of PLGA NP(IOP), decreased expression of MMP13
in comparison with 65%MS as control was observed (FC=0.38; P-value=9.53x10?; Figure 1
and Table 1), albeit less pronounced and not significant. On the other hand, upon comparing
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the 65%MS with NP(IOP) group to unperturbed controls, changes in MMP13 and COL2A1
expression were no longer significant (Figure 1E-F and Supplementary Table S3).
For the hypertrophic markers, no changes were measured in cartilage treated with PLGA
NP(IOP) receiving 65%MS. To conclude, IOP encapsulated in PLGA NPs appear to prevent
unbeneficial gene expression changes induced by 65%MS, although effectiveness when
compared with repeated treatment with free IOP is less pronounced.

Table 1 | Summary of outcome parameters in response to the different perturbations.

Outcome measure control vs 65%MS 65%MS vs 65%MS+I10P 65%MS vs 65%MS+NP(IOP)
FC* P-value® FC* P-value® FC* P-value®
Gene expression
Catabolism
MMP13 6.44 5.17X10° 0.10 1.73x104 0.38 9.53x10*
ADAMTS5 0.90 NS 0.43 2.16x107 0.85 NS
EPAS1 179 5.49X10° 1.32 NS 1.21 9.29x10*
Anabolism
ACAN 0.66 1.79X10° 1.29 NS 1.18 NS
COL2A1 0.40 3.43X103 3.58 3.71X10°° 1.68 NS
Hyperthrophy
COL1A1 1.03 NS 0.11 5.20x10 0.56 NS
COL10A1 1.81 NS 0.23 1.05x103 0.93 NS
ALPL 1.27 NS 0.03 5.71X10° 0.54 NS
Outcome Measure control vs 65%MS 65%MS vs 65%MS+I10P 65%MS vs 65%MS+NP(IOP)
Beta* P-value® Beta* P-value® Beta* P-value®
Histology
Mankin score 1.15 2.30X107 -0.83 NS -0.61 NS
Cartilage structure 0.54 1.90x107 -0.48 NS -0.16 NS
Cellularity 0.25 NS 0.12 NS -0.21 NS
Toluidine blue 0.34 NS -0.42 NS -0.21 NS
Tidemark integrity 0.14 NS -0.14 NS -0.17 NS
sGAG
Medium 33.68 1.58x10 -19.81 NS -3.94 NS

The comparisons outlined in the table are mechanical stress (65%MS) compared to unperturbed controls, injurious
mechanicals stress treated with IOP (65%MS+I0P) compared to 65%MS and injurious mechanicals stress treated
with PLGA nanoparticles filled with IOP (65%MS+NP(IOP)) compared to 65%MS. ¢FC is determined by the 2-44¢"
method and compared to its respective control. *Beta is determined by the GEE during modelling. *Significance of
mean difference in parameters between explant treatment groups were estimated by generalized estimating equation
(GEE) with robust variance estimators to account for donor effects. Legend: FC=fold change; MS=Mechanical stress;
IOP=iopanoic acid; NP=nanoparticle; NS=not significant; sGAG=sulphated glycosaminoglycans.

IOP reduces cartilage integrity changes in aged human osteochondral explants

Next, we explored whether the gene expression changes translate to changes in the histological
Mankin scores. As shown in Figure 1A and Figure 1B, an increased Mankin score among
65%MS explants as compared with controls (4.80+0.29 versus 3.65+0.43; P-value=2.34x10%;
Figure 1C) confirmed damage. More specifically, increased Mankin score was particularly due
to increased cartilage structure damage score (1.86+0.15 versus 1.32+0.18; P-value=1.94x10%;
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Figure 1D). Upon investigating explants subjected to 65%MS with IOP or PLGA NP(IOP)
we observed Mankin scores comparable to controls (3.72+0.71 and 4.29+0.37; Figure 1D,
Supplementary Table S3). In line with this, SGAG released from 65%MS osteochondral
explants was increased by 49% compared with controls (91.85+13.00 pug/ml versus 61.45+5.11
ug/ml; P-value=1.58x102; Table 1). Whereas after free IOP treatment, 65%MS induced no
change in sGAG release in comparison to controls (61.68+9.13 ug/ml versus 61.45+5.11 ug/
ml; Supplementary Table S3). PLGA NP(IOP) treatment did not reduce sGAG release
to the media with 65%MS (95.91+14.32 pg/ml versus 61.45+5.11 pg/ml; P-value=4.07x102;
Supplementary Table S3).

RNA-sequencing of IOP treated explants upon applying 65%MS

To investigate the mode of action of IOP on injurious mechanical stress induced changes,
genome-wide gene expression was measured by sequencing RNA of explant cartilage treated
with free IOP and 65%MS (nés%MS+IOP:7) and compared them with the 65%MS group as control
(ng,4s=14), as such identifying genes that sequester the damaging response upon injurious
loading.

Prior to genome wide analysis, we confirmed expression changes of genes previously measure
by RT-qPCR in our osteochondral explant model (Table 1). As shown in Supplementary
Table S4, RNA-sequencing replicated downregulated expression of MMP13 (FC=0.06;
P-value=9.00x103) and of hypertrophic markers COL1A1 (FC=0.02; P-value=4.72x10+4) and
ALPL (FC=0.01; P-value=3.65x103) in 65%MS+IOP cartilage when compared to 65%MS
cartilage. For COL10A1 (FC=0.18; P-value=6.36x10?) reduced expression was observed in
the RNA-sequencing, but did not reach statistical significance. Moreover, despite the similar
effect sizes of COL2A1 in RT-qPCR and RNA-sequencing, these effects were not significant in
the latter.

Table 2 | The 12 FDR significantly differentially expressed genes between IOP and 65% MS cartilage.

Gene FC P-value FDR:®

INSIG1 3.25 6.12x10°° 2.24xX107
DHCR7 2.92 1.47x10% 3.28x10?
FADS1 2.91 1.88x107% 3.28x10
LRP8 2.87 3.75X107 4.58x102
ACAT2 2.25 1.55X10 3.28x10
LTBP2 0.43 2.01X10° 3.28x107°
CTGF 0.35 3.78x10° 2.24X1072
BMP5 0.29 2.47X10° 3.20X107
LOX 0.23 4.14X10° 2.24X10
ADGRV1 0.21 4.66x10° 2.24X107
FOXM1 0.16 1.74X10°5 3.28x10°2
MASP1 0.13 2.27X107 3.20X10

2To correct for multiple testing, the Benjamini-Hochberg method was applied to P-values and reported as the false
discovery rate (FDR). Legend: FC=fold change; FDR=False discovery rate
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Next, genome wide differential expression analysis with 65%MS as control versus
65%MS+I0P was performed, indicating 12 FDR significant differentially expressed (DEGs;
Table 2). Of these 12 DEGs, five were upregulated while seven were downregulated with
absolute fold changes ranging from 2.25 to 7.69. The highest upregulated gene was INSIG1
(FC=3.25; FDR=2.24x10?), encoding for insulin induced gene 1, a protein inhibiting
lipogenesis and cell proliferation [20]. The most downregulated gene was MASP1 (FC=0.13;
FDR=3.29x10?), encoding for mannan binding lectin serine peptidase 1, a serine protease
involved in complement activation [21]. Of interest is also the identification of downregulated
genes promoting chondrocyte proliferation and differentiation such as BMP5 (FC=0.29;
FDR=3.29x102), encoding for bone morphogenetic protein 5, and CTGF (FC=0.35;
FDR=2.24x10%), encoding connective tissue growth factor [22,23].

Protein-protein interactions of the DEGs were investigated in STRING and showed
significantly more interactions than expected by chance (P-value=2.61x107), with 7 out
of 12 proteins having connections (Figure 2). Of note is that connected proteins (INSIG1,
DHCR7, FADS1 and ACAT?2) consists of those involved in cholesterol biosynthetic processes
(GO:0006695). To conclude, treatment with IOP shows changes in gene expression patterns
that suggest a response in metabolic processes (INSIG1, DHCR7, FADS1 and ACAT2) and
reduction of proliferation and differentiation (CTGF, BMP5 and FOXM1) in chondrocytes.

BMP5S

&

FADS1 MASP1 FOXM1

ADGRV1

INSIG1

-

LRP8

Figure 2 | Protein-Protein interaction network in STRING of proteins encoded by differentially ex-
pressed genes. Differentially expressed genes between 65%MS and 65%MS+IOP cartilage of osteochondral explants
show two connected gene groups with high interactions

Comparison between IOP responsive and OA responsive genes.

To investigate to what extend the DEGs coincide with OA pathophysiology, we compared DEGs
(DEG,,,) with previously identified DEGs between preserved and lesioned OA cartilage (DEG,,,)
[4]. Of the 12 DEGs, three were also involved in OA pathophysiology (Table 3). Notable are
ADGRV15726, encoding for the calcium binding transmembrane receptor adhesion g protein-
coupled receptor V1, and FOXM1, encoding for the transcription factor forkhead box protein
M1, a known inducer of cell proliferation and key mediator of inflammatory signalling [24],
since they mark OA pathophysiology [4] and are being counteracted by IOP treatment (Table
3). DHCRy, a vital enzyme for cholesterol and vitamin D production [25], was upregulated in
both OA pathophysiology and in response to IOP treatment. In addition, we investigated if any
of the here identified DEGs are also seen as OA susceptibility risk genes and identified that for
BMPj5 several polymorphisms have been associated with OA [26,27].
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Table 3 | Investigation of the 12 FDR significant genes in OA pathophysiology.

65%MS+I0P vs 65%MS OA pathophysiology”

Gene FC P-value FDR:* FC P-value FDR:®
INSIG1 3.25 6.12X10° 2.24X107 1.04 NS NS
DHCR7 2.92 1.47X10° 3.28x107 1.28 1.21X107% 1.56x102
FADS1 2.91 1.88x107% 3.28x10* 1.00 NS NS
LRP8 2.87 3.75X10° 4.58x107 115 3.00X10 NS
ACAT2 2.25 1.55X10°5 3.28x10* 1.19 3.00x10 NS
LTBP2 0.43 2.01X10°8 3.28x10* 1.06 NS NS
CTGF 0.35 3.78x10° 2.24X107 1.18 1.00X10 NS
BMP5 0.29 2.47X10° 3.29x102 0.74 NS NS
LOX 0.23 4.14x10°° 2.24X10 113 NS NS
ADGRV1 0.21 4.66x10° 2.24X10? 172 2.87x1073 2.92X1°2
FOXM1 0.16 1.74X10° 3.28x10 1.40 2.31x10% 2.50X107*
MASP1 0.13 2.27X10°5 3.20X10°2 0.89 NS NS

2To correct for multiple testing, the Benjamini-Hochberg method was applied to P-values and reported as the

false discovery rate (FDR). "Gene expression changes measured in RNA-sequencing data between preserved and
lesioned OA articular cartilage, with preserved as reference [4]. Legend: FC=fold change; FDR=false discovery rate;
OA=osteoarthritis; 65%MS=65% mechanical stress; NS=not significant; IOP=iopanoic acid.
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Figure 3 | Technical and biological validation of the highest up- and downregulated genes was per-
formed using RT-qPCR. Expression of three upregulated (INSIG1, DHCR7, FADS1) and three downregulated
(CTGF, BMP5, FOXM1) genes was validated (blue; n=3 pairs) and replicated (red; n=5 pairs) in cartilage samples
by RT-qPCR. Figures show connected paired samples and -ACT of each independent sample is depicted by black
dots in the graphs. Statistical differences between gene expression in 65%MS and IOP treated 65%MS cartilage
(65%MS+I0P) was determined with a linear generalized estimation equation (GEE) with mRNA level as dependent
variable.***P<0.001. Legend: 65%MS: 65% mechanical stress; RT-qPCR: reverse transcriptase-quantitative PCR;
I0P=iopanoic acid.
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Validation of DEGs

Fortechnical validation (n=3 pairs) and biological replication (n=5 pairs) of the DEGs identified
in this study, RT-qPCR was performed for three upregulated (INSIG1, DHCR7, FADS1) and
three downregulated (CTGF, BMP5, FOXM1) genes. For all genes a significant difference was
confirmed between 65%MS and 65%MS+IOP treated cartilage (Figure 3), with the same
direction and size of effects, confirming robustness of our RNA sequencing results.

Discussion

In the current study we explored possible beneficial effects of inhibiting D2 activity by adding
the anti-deiodinase agent IOP to our previously established aged human osteochondral
explant model. Herein detrimental effects were initiated by the OA-relevant trigger injurious
mechanical stress (65%MS) [15]. To allow further translation of our results we additionally
studied effects of prolonged IOP release from nanoparticles. Our results confirmed that
treatment with IOP reduced the majority of detrimental 65%MS-induced chondrocyte
signalling and even reduced some of its long-term effects on cartilage integrity. Finally, RNA-
sequencing was performed on 65%MS cartilage with and without IOP treatment, which enable
us to identify its mode of action.

We identified 12 DEGs of which the majority are involved in metabolic processes (e.g. INSIG1,
DHCRy7, FADS2 and ACAT2) and cell proliferation and differentiation (e.g. CTGF, BMP5 and
FOXM1), indicating IOP is reducing metabolic activity of chondrocytes possibly towards a
healthy resting state. This is in line with previous studies showing that adult chondrocytes and
the extracellular cartilage matrix benefitted from maintaining a low metabolic maturation-
arrested state, while activation of aged chondrocytes results in proliferation, recapitulation of
endochondral ossification and eventually cell death [4,28].

We here show that treatment with free IOP in the medium efficiently reduced cartilage
degradation of human aged osteochondral explants subjected to injurious mechanical stress.
These effects were however less pronounced when we administered PLGA NP(IOP). A
possible explanation for the reduced effectiveness of IOP released from NPs, could be that the
pharmacological agent is not released in a high enough doses to counteract the detrimental
induction. This is further exacerbated by the fact that IOP released slowly from the NP is
subjected to a half-life of 1-2 days [29], whereas IOP in the medium was refreshed every 3-4
days. On the other hand, the relatively low concentration of 10 uM encapsulated IOP was based
on pilot experiments and the underlying thought that NP are being taken up by chondrocytes
(Supplementary Fig 2A), and thus acting locally and more efficiently. In any case, given
that PLGA NP(IOP) appeared less effective, the exact concentration of PLGA NP(IOP)
requires further optimization. Moreover, delivery of the NPs can be further optimized, e.g. by
modifying charge of the NP to increase retention in the synovial cavity or binding to negatively
charged sGAGs. Other factors that need to be considered before performing in vivo studies are
the effects of tissue disease state, synovial fluid, and NP accumulation as these may modify
retention, delivery efficiency and drug efficacy.

To investigate the mode of action of IOP, transcriptome-wide differences between cartilage
of osteochondral explants subjected to injurious mechanical stress with and without IOP
was determined showing 12 FDR significant genes with suggested high protein-protein
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connectivity (Figure 2). Notably, these genes appeared to be primarily involved in metabolic
processes, such as INSIG1 (FC=3.25; FDR=2.24x10?) encoding a membrane protein that
limits lipogenesis and cell differentiation [20]. Another notable gene in this respect was BMP5
(FC=0.29; FDR=3.29x10%). BMP5is aligand of the TGF-beta superfamilyinvolved in activation
of SMAD, ERK and p38 induced gene expression, negatively affecting cartilage homeostasis
[30]. On the other hand, BMP5 silencing reduced OA progression in mice [31]. Together these
data suggest that IOP may have reduced detrimental effects of injurious mechanical stress via
lowering BMP5 activation. Of interest is the identification of the transcription factor, FOXM1
(FC=0.16; FDR=1.74x107), coinciding with genes involved in OA pathophysiology (Table 3)
and a key mediator of the inflammatory response inducing OA degeneration [24]. The herein
observed downregulation of FOXM1 suggests that IOP could protect chondrocytes from an
inflammatory response upon external stimuli. Finally, because IOP is an inhibitor of thyroid
signalling, we compared the 12 DEGs to a consensome meta-analysis of thyroid manipulation
studies [32]. Nine (775%) genes were confirmed to be involved in thyroid signalling and among
them we identified important genes such as INSIG1, DHCR7, FADS1 and ACAT?2 involved in
the metabolic process of cholesterol biosynthetic processes (Supplementary Table S5).
To conclude, genome-wide changes of IOP show its ability to reduce the metabolic activity of
chondrocytes as observed by the response of genes involved in metabolic processes and cell
proliferation and differentiation.

Although the model used in our study is prone to OA pathophysiology, as it consists of
physiologically relevant human aged preserved articular cartilage and subchondral bone,
the model is inherently subject to heterogeneity. Nonetheless, in general our results were
robustly reflected in multiple donors, giving validity to the observed effects. The RNA-
sequencing was performed in a low number of samples, resulting in limited power to identify
DEGs with a lower effect. However, by comparing RT-qPCR results with the RNA-sequencing
results we show the validity of the results of the RNA-sequencing, as observed by similar
effect sizes and P-values. Altogether, by combining treatment testing of a genetically based
(repurposed) drug in an established human aged biomimetic osteochondral explant model
of mechanical injury [15,33], we generated multiple reliable biological replicates on how
abrogation of thyroid signalling in cartilage is beneficial for cartilage homeostasis. As such,
our approach created reliable data that are highly translatable to the in vivo human situation
while contributing to the societal need for animal study reduction. In this study we focussed
on measuring chondrocyte signalling on the gene expression level since thyroid hormone
primarily affects metabolic processes via binding to the thyroid receptor, which regulates
downstream gene expression. Additionally, we believe gene expression to be a measurement
reflecting detrimental chondrocyte homeostasis prior to any detrimental effects observed in
the extracellular matrix.

In this study, we have shown that treatment with the anti-deiodinase IOP reduced detrimental
changes induced by injurious mechanical stress. In addition, by performing RNA-sequencing
we identified that its mode of action mainly encompassed metabolic processes, cell
proliferation and differentiation and also important OA-associated genes, such as BMP5,
CTGF and FOXM1. Since in general a lower metabolism has been shown to be beneficial for
chondrocytes, we advocate use of IOP is a potential pharmacological treatment agent for OA.
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Supplementary Tables

Supplementary Table S1 | Baseline information of the donors included in this study.

Characteristic Average+SD [Range]
Age 67.1£9.8 [52-85]

Sex 4M, 12F (75% F)

BMI 30.8+4.7 [24.6-39.2]

The table represents the age, sex, and BMI of donors used in this study. Legend: F=Females, M=Males; age given in

years)

Supplementary Table S2 | Primer sequences used in RT-qPCR.

Gene Forward primer (5™ 3°) Reverse primer (5- 3")

SDHA TGGAGCTGCAGAACCTGATG TGTAGTCTTCCCTGGCATGC
YWHAZ CTGAGGTTGCAGCTGGTGATGACA AGCAGGCTTTCTCAGGGGAGTTCA
MMP13 TTGAGCTGGACTCATTGTCG GGAGCCTCTCAGTCATGGAG
ADAMTS5 TGGCTCACGAAATCGGACAT GCGCTTATCTTCTGTGGAACC
EPAS1 ACAGGTGGAGCTAACAGGAC CCGTGCACTTCATCCTCATG
COL2A1 CTACCCCAATCCAGCAAACGT AGGTGATGTTCTGGGAGCCTT
ACAN AGAGACTCACACAGTCGAAACAGC CTATGTTACAGTGCTCGCCAGTG
COL1A1 GTGCTAAAGGTGCCAATGGT ACCAGGTTCACCGCTGTTAC
COL10A1 GGCAACAGCATTATGACCCA TGAGATCGATGATGGCACTCC
ALPL CAAAGGCTTCTTCTTGCTGGTG CCTGCTTGGCTTTTCCTTCA
INSIG1 GCTGCAGATCCAGAGGAATGT GTGACTGTCGATACAGGGGT
DHCRy7 ACAGAACCGCATCTCAAGGG AGCTGTACTGGTCACAAGCC
FADS:1 AGCTTTGAGCCCACCAAGAA CATCCAGCAGCAAGATGTGC
CTGF CCGTACTCCCAAAATCTCCA ATGTCTTCATGCTGGTGCAG
BMP5 ACTCTATGTGAGCTTCCGGG CAGCGTATCCTTCTGGTGCT
FOXM1 TCACAGCAGAAACGACCGAA TCACCGGGAACTGGATAGGT
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Supplementary Table S3 | Summary of the different outcome parameters in response to perturbation
with 65% mechanical stress (65%MS), 65%MS+IOP and 65%MS+PLGA NP(I0P) compared to

unperturbed controls.

Outcome measure 65%MS+IOP vs control 65%MS+NP(I0P) vs control
FC* P-value® FC* P-value®

Gene expression

Catabolism
MMP13 0.60 NS 2.05 NS
ADAMTS5 0.12 1.99Xx107 1.05 NS
EPAS1 2.06 1.71X10 2.11 1.17X107°
Anabolism
ACAN 0.68 NS 0.99 NS
COL2A1 1.79 NS 0.85 NS
Hyperthrophy
COL1A1 0.14 4.02X10? 0.48 NS
COL10A1 0.22 3.06x10* 1.55 NS
ALPL 0.11 6.20Xx10 0.53 NS
Outcome Measure 65%MS+IOP vs control 65%MS+NP(I0P) vs control
Beta® P-value® Beta® P-value®
Histology
Mankin score 0.32 NS 0.55 NS
Cartilage structure 0.07 NS 0.39 NS
Cellularity 0.37 NS 0.04 NS
Toluidine blue -0.08 NS 0.12 NS
Tidemark integrity 0.01 NS -0.03 NS
sGAG
Medium 13.86 NS 20.74 4.07x107

2FC is determined by the 244" method and compared to its respective control. FC>1 is upregulation and FC<1 is
downregulation. "Beta is determined by the GEE during the modelling and represents the difference between the
perturbation and control group. * Significance of mean difference in gene expression between controls and treated
explants were estimated by generalized estimating equation (GEE) with robust variance estimators to account for
donor effects. Legend: FC=Fold change; IOP=iopanoic acid; NP=nanoparticle; MS=Mechanical stress; NS=Not
significant; sSGAG=sulphated glycosaminoglycans.
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Supplementary Table S4 | Gene expression measured by RT-qPCR and RNA sequencing between
65%MS+IOP in comparison to 65%MS.

RT-gPCR RNA-seq
Gene FC P-value FC P-value
MMP13 0.10 1.73Xx107 0.06 9.00X1073
ADAMTS5 0.43 2.16X10 0.84 NS
EPAS1 1.32 NS 1.01 NS
COL2A1 3.58 3.71X10° 2.52 NS
ACAN 1.29 NS 1.06 NS
COL1A1 0.11 5.20x10* 0.02 4.72x1074
COL10A1 0.23 1.05X1073 0.18 6.36x107°
ALPL 0.03 5.71x102 0.01 3.65x1073

FC was calculated by the 29T method in the RT-qPCR between 65%MS+IOP (n=11) and 65%MS (n=24). P-value

in RT-qPCR was determined by performing a GEE. FC was calculated by DeSEQ for RNA-sequencing data between
65%MS+I0P (n=7) and 65%MS (n=14). P-value in the RNA-seq was determined by DESeq2 using a general linear
model assuming a negative binominal distribution followed by a Wald-test. Legend: FC=Fold Change, RT-qPCR=real-
time quantitative polymerase chain reaction; RNA-seq=RNA sequencing, NS=not significant.

Supplementary Table S5 | Investigation of the 12 FDR significant genes in a consensome of thyroid

signalling.

65%MS+10P vs 65%MS Thyroid signalling®
Gene FC P-value FDR*® GMFC CpPV
INSIG1 3.25 6.12X10° 2.24X107 1.20 1.50x10
DHCR7 2.92 1.47X10°5 3.28x107 1.27 1.42x10™"
FADS1 2.91 1.88x10% 3.28x107 115 8.03x10°
LRP8 2.87 3.75X10° 4.58x10* 1.13 5.15X107%
ACAT2 2.25 1.55X107 3.28x107 117 1.91X10°
LTBP2 0.43 2.01X10°5 3.28x10°® 112 NS
CTGF 0.35 3.78x10° 2.24X10 1.38 1.46X107
BMPs5 0.29 2.47X107° 3.20x10* 1.10 NS
LOX 0.23 4.14x10° 2.24X10? 1.26 1.17X102
ADGRV1 0.21 4.66x10°° 2.24X102 1.09 NS
FOXM1 0.16 1.74X10°5 3.28x102 1.15 3.28x10°
MASP1 0.13 2.27X107° 3.209X102 1.16 1.36x102

2To correct for multiple testing, the Benjamini-Hochberg method was applied to p-values and reported as the false
discovery rate (FDR). A consensome meta-analysis of thyroid manipulation studies summarizes genes involved in
thyroid signalling [1]. Legend: FC=fold change; FDR= false discovery rate; GMFC= Geometric mean fold change;
CPV=Consensome P-value.
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Supplementary Materials and Methods
1.1 Study design and patient participation

Osteochondral explants were obtained from knee joints included in the Research in Articular
Osteoarthritis Cartilage (RAAK) study [2]. The RAAK study has been approved by the
medical ethical committee of the Leiden University Medical Center (P08.239/P19.013) and
informed consent was obtained from subjects. Osteochondral explants were punched from the
macroscopically preserved load bearing area of the femoral condyle of human OA knee joints
and maintained in serum-free chondrogenic differentiation medium (DMEM, supplemented
with Ascorbic acid (50 pg/ml; Sigma-Aldrich; Zwijndrecht, The Netherlands), L-Proline (40
pg/ml; Sigma-Aldrich), Sodium Pyruvate (100 pg/ml; Sigma-Aldrich), Dexamethasone (0.1
uM; Sigma-Aldrich), ITS+ and antibiotics (100 U/ml penicillin; 100 pg/ml streptomycin) in
a 5% (v/v) CO2 incubator at 37°C [3]. Medium was refreshed every three to four days. In
total 83 osteochondral explants were obtained from 16 donors for this study and divided over
the treatment groups: control (n=30), injurious mechanical stress (65%MS; n=25), injurious
mechanical stress treated with IOP (65%MS+IOP; n=11) and injurious mechanical stress
treated with IOP encapsulated in PLGA NPs (65%MS+NP(IOP); n=17). Donor characteristics
are summarized in Supplementary Table 1.

Patients and public were involved in the design, reporting and dissemination of the research
via the patient, participation osteoArthritis Leiden (PPA-Leiden). PPA—Leiden consists of
scientists of our research team and osteoarthritis patients that meet every 3 months. During
meetings there is mutual exchange of information, reporting on progress, new research
applications and discussions on research priorities. Reach out to broader public is via
Facebook and Twitter. Dissemination of PPA-Leiden meetings is established by summary
reports of meetings. As members of the PPA-Leiden are actively involved in other patient
organizations such as poly-osteoarthritis society and the Dutch Arthritis Foundation this
additionally allowed us to reach out to a broader OA patient population

1.2 RNA isolation, Reverse Transcription and quantitative Real-Time PCR

Cartilage RNA was extracted by pulverizing the tissue using a Mixer mill 200 (Retch, Germany)
and homogenizing in TRIzol reagent (Invitrogen, San Diego, CA). RNA was extracted with
chloroform, precipitated with ethanol, and purified using the RNeasy Mini Kit (Qiagen, GmbH,
Hilden, Germany). Genomic DNA was removed by DNase (Qiagen, GmbH, Hilden, Germany)
digestion and quantity of the RNA was assessed using a Nanodrop spectrophotometer (Thermo
Fischer Scientific Inc., Wilmington, USA). Synthesis of cDNA was performed using 200 ng of
total mRNA with the First Strand ¢cDNA Synthesis Kit (Roche Applied Science, Almere, The
Netherlands) according to the manufacturer’s protocol. Subsequently, pre-amplification was
performed and gene expression was determined with the Roche Lightcycler 480 II (Roche
Applied Science) using Fast Start Sybr Green Master mix (Roche Applied Science). To measure
changes in chondrocyte signalling upon perturbations, we measured gene expression levels by
RT-qPCR. Primer sequences used are listed in Supplementary Table 2. Fold changes (FC)
were determined using the 22T method, in which cyclic threshold (CT) levels were adjusted
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for the housekeeping gene SDHA (-ACT) and subsequently for control samples (-AACT). A
FC>1 represents an upregulation, while FC<1 depicts a downregulation. This endogenous
reference genes were chosen based on literature stating the stability of this gene in response
to mechanical stress [4,5].

1.3 RNA-sequencing
1.3.1 Quality control of sequencing data

Paired-end 2x150 base pair RNA sequencing (Illumina TruSeq mRNA Library Prep Kit,
Nlumina HiSeq X ten) was performed. Strand specific RNA-sequencing libraries were
generated which yielded on average 14 million reads per sample. Data from the Illumina
platform was analysed with an in-house pipeline as previously described [6]. The adapters
were clipped using Cutadapt vi.1. RNA-seq reads were then aligned using GSNAP against
GRCh38 [7]. Read abundances per sample were estimated using HTSeq count vo.11.1 [8] with
Ensembl gene annotation version 94. Only uniquely mapping reads were used for estimating
expression. The quality of the raw reads and initial processing for RNA-sequencing was
checked using MulitQC v1.7 [9]. Samples containing >50% genes with zero values and average
read count <10 were removed from further analysis. To identify outliers, principal component
analysis (PCA) was applied and identified two clusters which were independent of treatment
and hence analysis was performed with corrections for principal component 1.

1.3.2. Differential expression analysis and protein-protein interactions

Differential expression analysis was performed in 65%MS+IOP cartilage compared to 65%MS
cartilage obtained from osteochondral explants using DESeq2 R package version 1.24 [10]
on 14.668 protein-coding genes. A general linear model assuming a negative binominal
distribution was applied and followed by a Wald-test between 65%MS+IOP and 65%MS
samples with correction for principal component 1. In all analyses, 65%MS samples were set
as reference. To correct for multiple testing the Benjamini-Hochberg method was used, as
indicated by the false discovery rate (FDR) in which a significant cut-off value of 0.05 was
used. For protein-protein interactions, analysis was performed using the online tool STRING
version 11.0 [11].

1.3.3 RNA-sequencing validation by Real-time quantitative PCR (RT-qPCR)

For validation and replication a total of 8 paired samples were selected. 200 ng of RNA was
processed into ¢cDNA using the First Strand ¢cDNA Synthesis Kit (Roche Applied Science,
Almere, The Netherlands). Real-Time qPCR was performed and normalized as described
above to determine gene expression of INSIG1, DHCR7, FADS1, CTGF, BMP5 and FOXM1.
Primer sequences are listed in Supplementary Table 2.
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1.4 Determining cartilage integrity
1.4.1 Sulphated glycosaminoglycan (sGAGs) measurement

Sulphated glycosaminoglycans (SGAGs) concentration was measured in conditioned media of
explants on day 13 following extraction with the photometric 1,9 dimethylene blue (DMMB;
Sigma-Aldrich) dye method [12]. Shark chondroitin sulfate (Sigma-Aldrich) was used as the
reference standard. To measure concentrations, 10oul of medium or digested cartilage was
mixed with 200ul of DMMB solution and the absorbance at 525nm and 595nm was measured
in a microplate reader (Synergy HT; BioTek, Winooski, USA).

1.4.2 Histology

Osteochondral explants were fixed in 4% formaldehyde for one week and decalcified using
EDTA (12,5%, pH=7.4) for two weeks at 4°C. Subsequently, samples were dehydrated with
an automated tissue processing apparatus and embedded in paraffin. Tissue sections of 5
um were stained with Hematoxylin and Eosin (H&E) or toluidine blue (Sigma-Aldrich) and
mounted with Pertex (Sigma-Aldrich). Quantification of OA related cartilage damage was
scored according to Mankin et al [13].

1.5 Preparation and characterization of nanoparticles (NPs)
1.5.1 Preparation of PLGA-PEG NPs

PLGA NPs with entrapped iopanoic acid (IOP) and near-infrared fluorescent labels was
prepared using an o/w emulsion and solvent evaporation-extraction method [14]. In brief,
100 mg of PLGA in 3 mL of DCM containing IOP (2mg; Sigma Aldrich) and Indocyanine
green (1mg; ICG) was added dropwise to 25 mL of aqueous 2% (w/v) PVA in distilled water
and emulsified for 9o seconds using a sonicator (Branson, sonofier 250). A lipid mPEG 2000
PE (20 mg) was dissolved in DCM and added to the vial. The DCM was removed by a stream
of nitrogen gas. Subsequently, the emulsion was rapidly added to the vial containing the lipids
and the solution was homogenized during 30 seconds using a sonicator. Following overnight
evaporation of the solvent at 4°C, the PLGA NPs were collected by centrifugation at 10,000 g
for 10 min, washed three times with distilled water and lyophilized.

1.5.2 Encapsulation Efficiency Analysis

In order to determine the encapsulating efficiency (EE) and the loading content of the IOP
and near infrared dye (ICG), the lyophilized NPs were dissolved in 0.8 M NaOH. Separately,
5 mg of PLGA NPs were dissolved in in 0.5 mL 0.8 M NaOH overnight at 37°C. Afterwards, the
basic solutions of all the NPs were centrifuge at 13.8 g, at RT for 20 min and the supernatants
were collected. The IOP content was determined by RP-HPLC and the ICG dye content was
then measured using Odyssey Infrared Imager 9120 (LI-COR) scanner with a 8oonm scan.
NIR dye encapsulation efficiency was calculated following a previously described [15] formula
as following:
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Amount of drug in formulation

EE x100

= Amount of drug used for formulation

Amount of drug in formulation is the amount of IOP and ICG loaded in the PLGA NPs. The values were obtained as
previously described. Amount of drug used for formulation is the amount of IOP and NIR added in the preparation of

NPs.
1.5.3 Particles size and charge surface

The average size and polydispersity index (PDI) of the PLGA NPs were determined by
Dynamic Light Scattering (DLS) (Zetasizer Nano S9o, Malvern Instruments, Worcestershire,
UK). PLGA NPs were dissolved in MilliQ water and the measurement was performed at 25
°C at an angle of 90°. The values presented are averages and standard deviations of triplicate
measurements. The stability and the aggregation in a dispersion NPs was determined by Zeta
potential (Zetasizer Nano S9o, Malvern Instruments, Worcestershire, UK) (Table 1).

Table 1 | Characterization of PLGA nanoparticles used in this study.

Particles size

Nanoparticles Polydispersity Zeta potential (mV) EE% (ICG) EE% (I0P)
(nmztstdev)
1-PLGA-NP-(ICG)-PEG 256 + 0.85 0.176 + 0.08 -12.2 8.8 29.6
2-PLGA-NP-(IOP)-PEG 265 + 0.67 0.185 + 0.06 -14.6 9.4 31.0

PLGA NPs size, polydispersity, zeta potential, fluorescent dye and drug encapsulation efficiency (EE) of PLGA NPs

1.5.4. Release of IOP from NPs

Release of IOP from NPs was measured by maintaining 150ul of 5mg/ml NP at 21°C or
37°C under slight shaking. On each time point, NPs were centrifuged (12.000 rpm) for 10
minutes and PBS was carefully taken for subsequent IOP concentrations measurement using
a Nanodrop spectrophotometer (Thermo Fischer Scientific Inc., Wilmington, USA) at 310nm
(Supplementary Figure S1C).

1.6 In vitro experiments.
1.6.1 Cell culture.

Human primary chondrocytes were cultured in DMEM (High glucose) supplemented with
10% fetal calf serum (FBS; Gibco, Bleiswijk, The Netherlands), 0.5 ng/ml FGF-2 (PreproTech,
Heerhugoweaard, The Netherlands) and antibiotics (100U/ml penicillin; 100pg/ml
streptomycin; Gibco) in a 5% (v/v) CO, incubator at 37°C.

1.6.2 NP uptake study.

Subsequently, cells were seeded in a 96-well cell culture microplate (Greiner Bio-One B.V.
Alphen aan den Rijn, The Netherlands) (1x10° cells/well) and incubated with 1.6 pl of 5mg/ml
Indocyanine green (ICG) loaded PLGA-PEG NPs for 1h, 4h and 24h. In short, after incubation,
cells were washed twice with PBS, fixed for 15 minutes with 1% paraformaldehyde, washed
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with PBS and subsequently, stained with TO-PRO®-3 iodide dye (ThermoFisher, Marietta,
OH, USA) to stain cell nucleus at 700 nm. Uptake of NPs by cells was measured using an
Odyssey Infrared Imager 9120 (LI-COR, Lincoln, NE, USA) scanner at 800 nm and 700 nm
intensity to visualize the NPs and cells, respectively (Supplementary Figure S2A). This
experiment was performed in triplicate (n=3).

1.6.3 Cell viability assay.

Effects of 8 and 80 pg/ml NP(IOP) and 1opM and 10opuM IOP on cell metabolism was
investigated using a chondrosarcoma cell line CH2879 (Supplementary Figure
S2B) [16,17]. CH2879 cells were cultured in RPMI 1640 (HEPES, L-glutamine, Gibco)
supplemented with 10% fetal calf serum (FBS; Gibco and antibiotics (100U/ml penicillin;
100ug/ml streptomycin; Gibco). Cells were seeded (16.000 cells/well) in a 96 well cell culture
microplate (Greiner Bio-One B.V. Alphen aan den Rijn, The Netherlands). 24hrs after seeding
cells, respective treatments were added. Subsequently, 24hrs after treatment, Alamar Blue
(Invitrogen) was added to the wells at a final concentration of 10% and incubated for 4hr in
a 5% (v/v) CO, incubator at 37°C. Fluorescence was measured using an excitation of 544nm
and emission of 590nm with a spectrometer (PerkinElmer). This experiment was performed
in quadruplicate (n=4).
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Supplementary Figures
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Supplementary Figure S1 | Schematic representation of study setup. Osteochondral explants were punched
from the still macroscopically preserved looking knee condyle area and taken into culture. Explants were treated with
I0OP (100uM) or PLGA NP-IOP from day 3 onwards. Asterix depicts days explants received mechanical stresses at a
strain of 65% for 10 min per day. Media was collected on the with T indicated days and subsequently each explant
received fresh media. Finally, on day 13, a sagittal section was fixed in 4% formaldehyde for histology, while for the
remaining explant cartilage and bone was separated, snap frozen and stored at -80C for downstream analyses. Legend:
NP=Nanoparticles, [OP=iopanoic acid, DMMB=Dimethylmethylene Blue Assay.
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Supplementary Figure S2 | Characterization of PLGA-PEG nanoparticles. [A] In vitro cellular uptake of
PLGA-PEG nanoparticles of primary chondrocytes characterized by Odyssey. Bars represent the mean + s.e.m and n=3.
[B] Metabolic activity upon 24h treatment with 10uM or 100uM of IOP in nanoparticles and free IOP was measured
using Alamar Blue assays in CH2874 cell lines. Viability of untreated controls is depicted by the dashed line and was
set to represent 100% cell viability. Bars represent the mean + s.e.m. [C] Release of IOP from nanoparticles over time
measured at 21°C and 37°C. Asterisks represent significant differences as measured by one way ANOVA. *p<0.05;
**p<0.01. n=3 or n=4. Legend: IOP=iopanoic acid; NP=nanoparticles
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Translating biomedical research from in vitro and in vivo animal models to clinical
applications has critical challenges and shortcomings that need to be addressed in order
to advance drug development for osteoarthritis patients. Thus far, pre-clinical models are
typically limited to either relatively young animals subjected to hyper-physiological stimuli
or to 2D and 3D in vitro cell culture models of neo-cartilage from (aged) human primary
chondrocytes or stem cells. Nonetheless, these human models do not reliably represent the
osteochondral compartment nor do they capture aspects of human aging of articular joint
matrix which is prone to initiate OA upon disease relevant triggers. In addition, the use of
animals for pre-clinical models is less desirable as they do not support the societal 3R-principle
of replacement, reduction and refinement of animal research. Henceforth advancement of
clinical development in the OA field requires models reliably mimicking aged human tissue
that ideally would allow for transcriptional and biochemical output in response to relevant
perturbations initiating OA related tissue damage.

This thesis aimed to bridge the gap between biomedical data and clinical translation by
developing reliable biomimetic ex vivo human osteochondral explant models. These models
focussed on the impact of OA relevant triggers in humans and as such allowed for in depth
studies of human OA pathophysiology in interaction with genetic factors. For that matter, in
chapter 2 our human aged OA joint tissue model was set up with taking into account different
pathophysiological modalities triggering OA related damage being inflammation, hypertrophy
of cartilage and injurious mechanical stress. The model was exploited to obtain insight into
underlying disease mechanisms in response to injurious mechanical stress in chapter 3,
whereas in chapter 4 we explored it in interaction with the strong OA risk gene MGP. Finally,
in chapter 5, a proof of concept pre-clinical study was performed on the chondroprotective
effect of iopanoic acid, a pharmacological agent that acts via downregulating thyroid signaling,
on mechanically induced OA related cartilage damage.

Development of a reliable human biomimetic joint tissue OA model

In chapter 2, a reliable human biomimetic tissue model was set up that captured age-
related human articular joint changes prone to initiate OA upon disease relevant triggers.
Our established model has several advantages relative to other models. First, to circumvent
the need for species translation, we chose to use human tissues in our model. Second, it is
extremely difficult to recreate native articular cartilage due to its complexity and presence
of multiple dedicated layers. Therefore, to mimic cartilage to the best of our abilities we took
macroscopically normal plugs of ex vivo tissue from human knee condyles of OA patients
undergoing joint replacement surgery. Notable, within these samples several degrees OA
changes are present. Third, our model takes ageing into account, given the age related
changes that occur in articular cartilage and chondrocytes [1-6]. Finally, an important aspect
which makes our model more representative of the human (OA) joint is that we retained the
bone-cartilage interface. The rationale for this is that in recent years the perspective from
OA as a cartilage disease has shifted towards a multi-tissue disease. This is reflected by the
identification of many risk genes (e.g. TNC, MGP, IL11) in OA that have a function in both
bone and cartilage [7]. However, limitation of using aged human osteochondral explants are
scalability and dependency on surgery. The latter became more obvious during the COVID19
pandemic when the number of joint replacement surgeries decreased and even came to a
hold. With respect to scalability, it should be noted that the number of explants that can be
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taken from a joint is dependent on size of joint and degree of OA damage. Moreover, donor
differences with respect to age-related changes or extent of OA pathophysiology in the
preserved cartilage brings about heterogeneity, that need to be taken into account during
analysis. On the other hand, such diversity contributes to a more realistic situation, since
the OA patient population is very heterogenous as well, and will not comply to an “one
medicine fits all patients” approach. To accommodate higher throughput, an option could be
to confirm findings of ex vivo models in in vitro chondrogenesis models of primary cells such
as human chondrocytes. Although, in such a model interaction with the bone compartment is
often missing. Even though our aged human biomimetic model closely resembles the human
joint, other joint tissues can be added to further complete this model. For that matter, the
synovial component could be added by inflammatory stimulation or addition of synovial fluid,
synovium explants and/or exosomes from synovial cells. To accommodate throughput as well
as multiple tissue interaction, a joint-on-a-chip can be a good alternative model, in which
genetic manipulation and co-culture of cartilage and bone is possible. Herein, both cartilage
and bone can be cultured separated by a semi-permeable membrane, facilitating crosstalk and
allowing for straightforward manipulation. Another advantage of this model is that infinite cell
types such as induced pluripotent stem cells (iPSCs) can be used, increasing scalability and
reducing heterogeneity of this model. Moreover, such in vitro cell models are compatible with
genetic engineering technologies such as CRISPR/Cas that allows introduction of additional
genetic factors contributing to OA susceptibility.

Relevant triggers for OA like damage in the ex vivo explant model
Inflammation

Inflammation is considered an important trigger to OA related damage and widely applied.
Therefore, in chapter 2 we used the pro-inflammatory IL-1f to induce detrimental catabolic
and inflammatory response in human aged articular cartilage. Our observations were in
line with many other studies that previously investigated detrimental effects of a similar or
higher IL-1f or other inflammatory cytokine stimulation. These studies showed that above a
concentration of 10ng/ml, IL-1f3 consistently increased cartilage degradation, inflammation
and MMP13 levels in explants of different species, but lower levels (0.5ng/ml) could not
consistently induce cartilage degradation [8-11]. Nonetheless, there are several limitations
of this OA model. First, the levels necessary to induce this response are not physiological, in
human synovial fluids only very low levels (<1pM) of IL-1 have been measured in some OA
patients [12]. Second, this inflammatory response is not typically observed in OA and the
inflammatory response is not found as a key pathway in large transcriptomic and genomic
studies [13-15]. Evidence from pre-clinical animal studies have determined a conflicting
role of IL-1 in OA, with both protection and detrimental effects observed in different species
[16-19]. Recently, several large human clinical studies targeting IL-1 have failed to reach the
primary endpoint in hand and knee OA, further reducing the fields enthusiasm for IL-1 as
target to combat OA [20-23]. Therefore, we advocate that IL-1 and other pro-inflammatory
cytokines are not the most promising targets for treatment of OA and focus should shift to
other approaches that are preferably based on key pathways involved in OA pathophysiology.
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Hypertrophy

Next we investigated the effect on the induction of hypertrophy by perturbation with the active
thyroid hormone, triiodothyronine (T3). In this aged human osteochondral explant model we
observed mainly upregulation of hypertrophic and mineralization markers such as COL10A1,
MMP13,COL1A1 and ALPL, similarly to upregulation of these markers in the process of OA [24-
28]. In addition, two critical and detrimental transcription factors, RUNX2 and EPAS1, were
slightly upregulated after perturbation with T3, indicating that they are possibly downstream
of T3. We also measured upregulation of COL2A1 expression after T3 treatment, possibly as a
response to initiate cartilage repair or remodeling. Similar studies into the effects of T4 and/
or T3 have measured increased collagen production in the absence of hypertrophic markers
[29,30]. Conversely, other studies did observe that T3 induced terminal differentiation by
initiating hypertrophic morphology in chondrocytes and expression of molecular hypertrophy
markers without proliferation [31-33]. Chen-An et al [34] determined effects of treatment with
T3 in (relative young) bovine articular cartilage explants and observed increased expression
of hypertrophic markers, such as ALPL and IHH and increased size of lacunas indicating
hypertrophy without affecting cell viability. These difference between the above mentioned
studies and what our study found could be due to differences in cell type, model, species or T3
concentrations used. These diverse results are not unexpected as the effects of T3 are known
to be time and tissue specific partially due to expression of the different deiodinases (D1, D2
and D3) that control intracellular concentrations [35]. Taken together, our results indicated
that treatment of aged human osteochondral explants with T3 induced hypertrophy and that
this is not necessarily detrimental to cartilage matrix in our timeframe as cartilage matrix
integrity was not affected. Nonetheless, this model can be used to investigate the potential of
hypertrophy inhibitors in the treatment of OA.

Mechanical loading

Overloading conditions in a joint are considered a major trigger in the initiation of OA.
Nonetheless, little knowledge exists on the chondrocyte signaling response in aged human
cartilage triggering OA onset. Therefore in chapter 2 we demonstrated that mechanical
stress at a strain of 65% of cartilage height induced detrimental changes that affected cartilage
integrity of aged human osteochondral explants whereas in chapter 3 we performed genome-
wide differentially expressed mRNAs in articular cartilage following repeated exposure to
65% mechanical stress using our human ex vivo osteochondral explant model. Our results
gave insights into how injurious mechanical strain on the short term affects signalling in
aged human articular chondrocytes that could enlighten how these cells lose their maturated
state and converse towards the OA disease state. Our data indicated that the short term
response to injurious mechanical stress of aged human cartilage involves pathways such as
IGF I and II binding, cellular senescence and focal adhesion. In addition, amongst the highly
upregulated genes we identified MMP13 and IGFBP5 as early markers of injurious stress.
Strikingly, both genes are not found to be responsive in OA pathophysiology, i.e. differentially
expressed between preserved and lesioned OA cartilage [13], and might therefore reflect the
initial unbeneficial response to injurious loading rather than the ongoing OA disease process.
Though other collagenases exist and are involved in cartilage degradation, MMP13 has been
observed to have the highest affinity for cleaving collagen II and to a lesser extent other
collagens, aggrecan, osteonectin and perlecan [36,37]. In addition, knockout of MMP13 in
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mice reduced cartilage damage [38]. Conversely, cartilage specific overexpression of MMP13
induced OA-related joint pathologies and increased collagen II breakdown [39]. Knockout of
other MMPs, such as MMP3, actually increased cartilage degradation and catabolic enzyme
production instead of protecting the joints [18]. This suggests that MMP3 might play a more
essential role in healthy cartilage remodeling while MMP13 is more involved in the (early)
pathophysiological OA processes and therefore a good marker of detrimental underlying
processes.

Next to providing knowledge to facilitate clinical development of counteracting unbeneficial
chondrocyte signalling upon injurious stress, we advocate that a set of the here identified
response key genes, such as MMP13, IGFBP4/5 and TNC, can be used to distinguish between
beneficial and unbeneficial mechanical stress in different age categories. Such experiments
could entail submitting explants from different age categories to different strains and velocity of
loading, while subsequently measuring upon which type of loading these unbeneficial markers
start responding. Given the known age related changes occurring in cartilage [1,40,41] and the
fact that immobilisation is unbeneficial for joint health [42], increasing our understanding
of which personal circumstances, for example weight, movement speed or age, exercise is
preventive or even curative can develop scientifically founded OA therapies in elderly. This
need for more knowledge on physical activity and exercise therapy was recently reviewed by
Nissen et al [43]. Many clinicians have limited knowledge into exercise and movement as a
therapy and they recommend a multitude of exercises based on their “experience of feeling
knees”, basically based on the presence of effusion and synovitis [43]. In addition, biomarkers
could be used in human in vivo studies to determine if injurious stress has occurred and
thus the long term and almost irreversible degradation of cartilage could be prevented by
for example changing to a lighter exercise regime. The most direct biomarkers are those
excreted by chondrocytes or other joint tissues into the synovial space. However, insufficient
accessibility and invasiveness limits utility for (early) diagnostic biomarker development
based on synovial fluid. Blood plasma, serum and urine overcome this obstacle and hold great
potential as a biomarker to reflect joint tissue status.

Insight into pathophysiological aspects of the OA risk gene MGP

A reliable human biomimetic model capturing age-related OA development in human
articular joints is useful in gathering knowledge on disease mechanisms as well as interactions
with OA risk genes. In chapter 4 we exploited a RNA sequencing dataset of preserved and
lesioned articular cartilage and subchondral bone, or 3D in vitro cartilage model of primary
human chondrocytes as well as our ex vivo explant model with mechanical loading as trigger
to induce OA related damage. As such we gather data to strengthen causality of risk SNPs
and their effector gene and clarify the direction of effects. For this purpose, MGP expression
as function of the OA risk allele rs1800801-T was measured. We determined that carriers of
the risk allele had inherent lower expression of MGP in articular cartilage and subchondral
bone and that its expression is upregulated during OA pathophysiology, specifically in carriers
of the rs1800801-T risk allele. Our results suggest that to counteract the low inherent MGP
levels in OA tissues, chondrocytes increase MGP expression, but this is still not enough to
reach the same level as those measured in reference allele carriers. In addition, by measuring
MGP expression as function of rs1800801 in our biomimetic model, we determined that risk
allele carriers do not have a dynamic response. This paints a complex picture of action and
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response of MGP expression that is different in carriers of the OA risk allele rs1800801-T
when compared to reference allele carriers, suggesting that besides lifelong lower expression
of MGP also its inability to change expression in response to a trigger are likely responsible for
increased OA risk (Figure 1).

Environmental factors e.g.
mechanical stimulation

Normal-high l Low Vitamin K/ risk mutation
Vitamin K (rs1800801)

Activated MGP

cﬁ ® : ‘.}

Mineralization
Apoptosis

Inactive MGP

Figure 1 | Suggested mechanism of low vitamin K or risk mutations on decreased activated MGP levels.
In response to an external trigger, upon sufficient vitamin K levels, MGP excreted by cells can be carboxylated into

its active form and inhibit mineralization. When there are low vitamin K levels or reduced MGP expression, there are
insufficient activated MGP levels to completely inhibit mineralization, eventually resulting in apoptosis of cells, induced
by an external trigger.

Upon confirming MGP, encoding an inhibitor of ectopic calcifications, as strong OA risk gene,
it was hypothesized that the OA risk was conferred via calcification of cartilage tissue [10, 11].
Moreover, as MGP protein is activated by vitamin K dependent [I-carboxylation (c-MGP) our
findings underscored the relevance of previous found associations between OA and low
vitamin K status for OA prevention and treatment [44,45]. We demonstrated that exposure of
human osteochondral explants to the vitamin K inhibitor warfarin, provoked unbeneficial
chondrocyte signaling towards hypertrophy, reduced bone formation and altered bone
remodeling together likely resulting in bone loss [46,47]. Future studies should further explore
the influence of rs1800801 genotype on the response of cells to warfarin. Two recent studies,
one from the Rotterdam study [48] and one case-control study from the UK [49], showed a
strong association between vitamin K dependent blood anticoagulant use and incidence and
progression of knee and hip OA. In light of our combined result, we advocate that non-vitamin
K antagonist should be preferred as anticoagulants to reduce the risk of evoking OA [50],
especially in carriers of the rs1800801-T MGP risk allele. In addition, to overcome reduced
active MGP levels, supplementation with vitamin K could be a potential novel OA-modifying
treatment option in an appropriate subset of patients. Until now, only one clinical trial on
vitamin K supplementation was performed. Although the study contained a relatively small

160



General discussion and future perspectives

number of patients with low vitamin K levels at baseline, beneficial effects on OA progression
in individuals were observed in these individuals [51]. Another reasons to consider vitamin K
supplementation as OA treatment, is the correlation between low dietary vitamin K and
increased progression of knee OA [52] and the increased uncarboxylated MGP and GRP
proteins levels in OA cartilage [53,54]. Altogether and given the evidence from genetic risk
genes and clinical patient data, there is a strong rationale to undertake further clinical trials to
address treatment of vitamin K supplementation in a subgroup of OA patients with low
vitamin K levels and/or carriers of the rs1800801-T OA risk allele.

Opportunities to address effects of OA risk genes with the ex vivo osteochondral
model

To explore the direction of effect of high potential risk SNPs such as rs34195470 (WWP2), or
rs4252548 (IL11) in OA, a similar strategy as performed in chapter 4 could be undertaken.
Expression of its effector gene as function of its OA risk allele in articular cartilage, subchondral
bone and our human biomimetic models can help determine their therapeutic potential.
Exploration of risk SNP’s like rs34195470 (associated with effector gene WWP2 involved in
skeletal development) can be performed. Styrkarsdottir et al. [55] reported on reduced WWP2
expression in carriers of the risk allele of a proxy SNP rs4985453 (R?=0.79) in adipose tissue.
Conversely in GTEx[56], rs34195470-G was associated to increased WWP2 expression in
arteries while another proxy SNP (rs1052429 (R®=0.77)) increased WWP2 expression in four
different tissues. This underscores that further research is necessary, preferably in OA relevant
tissues, to investigate expression levels of OA risk genes and alleles prior to determining
direction of effects.

Another example of an interesting gene which can be further validated in our biomimetic
model is IL11. Multiple independent GWAS studies have found the risk allele rs4252548-T
[15,55,57]in IL11 and it was one of the highest upregulated genes in both articular cartilage [13]
and subchondral bone [7] with OA pathophysiology. The IL-11 protein has a well-established
role in osteoclast development and bone turnover and mice lacking this protein had impaired
bone formation [58]. One study showed that rs4252548-T reduced IL-11 stability, however
changes implied by this low frequency SNP on gene expression level have not been identified
[59]. Since a large response is observed in both cartilage and subchondral bone and it is likely
a genetic risk factor for OA, modulating IL-11 levels is a promising therapeutical target in OA.
More investigation on the effects of decreased and increased IL11 levels could be performed in
our relevant human aged biomimetic model to unravel its role in OA and the implications of
rs4252548 in both tissues.

Proof of concept pre-clinical study to explore effects of IOP as chondroprotec-
tive agent against mechanical induced OA related damage

IOP, a chondroprotective pharmacological agent

In chapter 5,adrugbased clinical target in an OA relevant model was investigated to determine
if this could be an effective treatment strategy. For the OA risk gene DIO2 [60], encoding
for the type II iodothyronine deiodinase D2 enzyme, previous in vitro and in vivo research
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demonstrated causality in OA and beneficial effects were observed in the absence of Dio2 or
with DIOz2 inhibition using iopanoic acid (IOP) [61,62]. However, evidence of efficacy of IOP
in a relevant human aged model subjected to a relevant trigger was essential to complement
the line of evidence. The ex vivo aged human osteochondral explant model was chosen for
this purpose because they retain aged chondrocytes in their native extracellular matrix, they
are derived from human tissue, and they can be subjected to OA relevant perturbations such
as mechanical stress. Our results show that the deiodinase inhibitor IOP reduced mechanical
induced detrimental chondrocyte signaling, likely by reducing metabolic activity of cells,
thereby confirming potential for treatment with IOP. However to advance IOP towards clinical
trials, appropriate in vivo mice studies are deemed necessary as evidence. If the research field
wants to increase complying to the 3Rs (replacement, reduction and refinement) of laboratory
animals, an option could be to perform efficacy studies first in relevant in vitro human models
prior to human clinical studies.

The road from translation to clinical application

The European Medicines Agency (EMA) states that a variety of toxicity and safety testing
of a drug in vivo animal studies are required prior to the initiation of human clinical trials.
Therefore, animal and human clinical trials are often performed concurrently, which gives
the impression that many clinical trials are not based on efficacy animal study results and
also suggests that animal studies do not give required information and are even often ignored
[63-65]. For example, only recently a study reported that the anti-ADAMTS5 drug GLPG1972
reduced cartilage damage and bone sclerosis in mice and rat OA models [66], while recruitment
for a clinical phase II trial on efficacy and safety already started in 2018 and finished in 2020
[67]. The additional rationale and benefits of this animal study are unclear and unfortunately
several additional examples of studies simultaneously performed in animals and humans exist
[63-65]. In addition, translational success rates from animal-to-human range from o to 100%,
suggesting that success is partially unpredictable and these could not be explained by species,
study size, field or year of publication [68]. However, as unfortunately a lot of animal studies are
still not of sufficient quality, partially due to study design, and animal to human translation is
unpredictable, pre-clinical animal studies are unable to completely predict safety and efficacy
in humans. This erratic safety and efficacy translation is still the main reason why many phase
I-III trials fail [69-71]. Another review compared methodology of trials in animal and human
studies of methotrexate, a rheumatoid arthritis drug, and found large differences dependent
on sex and how power calculations and statistics were performed [72]. This misalignment of
designs is problematic as it decreases the animal to human translation and validity. Therefore,
to improve translatable conclusions, more often relevant in vitro models should be taken
into consideration for drug efficacy testing. In addition, with the increasing computational
modeling power, more reliable predictions can be made with respect to expected toxicity of
drugs in vivo [73]. Both in vitro and in silico models can further reduce the need for extensive
in vivo animal studies.

The potential of OA therapies based on genetics underlying development of OA pathophysiology
would be an important improvement in the treatment of OA. Many of the current clinical
trials are hypothesis driven, however similar to candidate gene studies such hypothesis driven
targets may not cover risk factors that have the highest impact on development or progression
of OA. Two examples of recently failed clinical trials based on hypothesis driven targets are
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the ADAMTS5-inhibitor GLPG1972 and the IL-1 targeting Anakinra and Lutikizumab [20-
23]. In both cases, clinical trials were based mainly on hypothesis driven OA pathways, but
the selected targets are not present as OA risk alleles in large GWAS studies. Neither could
be substantiated that they have a large impact on OA pathophysiology, i.e. these genes are
not among those highly differentially expressed between healthy, preserved and lesioned
OA cartilage or subchondral bone [7,13]. In retrospect, AstraZeneca published a report that
variables such as genetically supported data or a stronger evidence of the target in the disease
etiology contribute to success rate of clinical trials and increase efficacy [69]. In addition, they
concluded that targeting molecules with a genetic link to the disease increased successfulness
of projects in Phase II to 70%. These findings are supported by other studies showing a
doubling in clinical success rate when genetically supported drug targets are chosen [74,75].

Opportunities for (pre-)clinical studies based on OA risk SNPs and their direc-
tion of effect

Recently, a concise list of potential OA therapeutical drugs targeting established risk genes
was published in Cell [15]. For a portion of these drugs experimental research in OA has been
performed while others are investigated in other diseases. Some notable examples of genes on
the list that have experimentally been investigated in relation to OA are: vitamin D receptor
(VDR), insulin-like growth factor 1 receptor (IGFiR) and carbohydrate sulfotransferase
3 (CHST3). Supplement with vitamin D has given mixed results on OA symptoms and
progression, but suggests a small benefit in individuals with insufficient vitamin D levels
[76-80]. Another example is Mecasermin, an agonist of the OA risk gene IGF1R, reducing
apoptosis and increasing matrix production of OA chondrocytes [81,82]. Finally, thalidomide,
an agonist of CHST3, was effective in early OA development in a DMM mouse model likely
via a VEGF dependent mechanism [83]. Interestingly, this list also mentions the widely
used hyperthyroidism anti-thyroid agent carbimazole, to target thyroid peroxidase (TPO),
as potential drug. Its active component, methimazole, is a competitive inhibitor of TPO,
preventing iodination of thyroglobulin and thereby thyroid hormone (T4 and T3) production.
Though its mode of action is different from the in Chapter 5 used pharmacological anti-
thyroid agent IOP, it supports the potential of anti-thyroid hormone drugs in the treatment
of OA.

Information often omitted in describing OA risk SNPs and their effector genes is the expected
direction of effect on the gene expression, while knowledge on this is important when
identifying therapeutical targets. Boer et al [15] recently reported a list of genes identified in a
large GWAS of over 800,000 subjects with different OA phenotypes. For some genes on this
list the direction of effect has been determined previously by expression quantitative trait loci
(eQTL) or allelic expression imbalance (AEI) analyses and is also available in a large eQTL
database GTEx, though this database lacks joint tissues [56]. In Table 1, direction of effects
based on previous research or online databases has been added to the list OA risk genes.
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Table 1 | Leading risk SNPS with their effector gene adapted from Boer et al [15].

Lead OA EA EAF eQTL dir eQTL eQTL/AI OA pathophysiology Bone Expected
SNP GTEx (GTEx/OA  OA tissues Cartilage dir effect
(dn/up) tissue)
Gene Protein Gene
153740129 A 0.46 CHST3(2/6) CHST3(8/1) AC(-) CHST3(+) CHST3 ()
1512908498 C 0.54 SMAD3(1/1) SMAD3(2/0) AC(0), SMAD3(-) Unclear
FP(0),
SY(0)
15143384 A 0.59 GDF5(10/1)  GDF5(11/2) AC(-),SY(-) GDF5(+) GDF5(-)
1567924081 A 0.74 LTBP3(0/8) LTBP3(8/0) LTBP3(+) LTBP3(+)
157294636 A 0.37 MGP (5/0) MGP (5/4) AC(-), SB(-), MGP(+) MGP(+) MGP(-)
FP(-), SY(-)
151530586 T 0.8 FGFR3 FGFR3 (16/0) FGFR3(-) FGFR3(-)
(16/0)
1517615906 T 0.84 FBN2(5/1) FBN2 (6/0) FBN2(+) FBN2 (-)
rs62578126 T 0.37 LMXiB(5/0) LMXi1B(5/0) LMX1B(-)
r$1149620 A 0.44 TSKU (9/0) TSKU (9/0) TSKU(-) TSKU(-)
157967762 T 0.16 COL2A1 COL2A1(2/1) AC(-) COL2A1(-) COL2A1(-)
(2/0)
157967762 T 0.16  PFKM (0/5)  PFKM (5/0) PFKM(-) PFKM(+)

The column ‘eQTL dir GTEx(up/dn)’ describes in how many tissues and in which direction the lead OA SNP is asso-
ciated with gene expression in GTEx. The column ‘eQTL (GTEx/OA tissue)’ describes the number of different tissues
in GTEx and OA relevant tissues with eQTL findings for this SNP. The column ‘€QTL/AI OA tissues’ describes associ-
ations between SNP and eQTL and/or Al in OA relevant joint tissues. The column ‘OA pathophysiology’ describes if a
changed gene or protein expression was found between preserved vs lesioned OA cartilage or bone. In columns ‘€QTL
OA tissues’, ‘cartilage’, ‘bone’ and ‘expected direction of effect’: — represents the SNP associates with a downregulation
of expression of corresponding gene, + represents the SNP associates with an upregulation of expression of corre-
sponding gene, 0 represents that the SNP was associated with no change of expression of corresponding gene. Legend:
Lead OA SNP, rs number of the lead variant; EA, effect allele; EAF, effect allele frequency; eQTL, expression quantita-
tive trait loci; dir, direction; GTEx, The Genotype-Tissue Expression project; OA, osteoarthritis; AC, articular cartilage;
SB, subchondral bone; FP, Fat pad; SY, synovium.

Future perspectives in OA research

To further improve OA research the work performed in this thesis is to emphasize that there
is a need for good biomimetic models of OA in the aged population. The latter should be a
prerequisite for showing treatment modalities and can give a solid genetic basis for druggable
targets. The use of pharmacological agents based on genetic risk genes or pathways in
combination with testing of these drugs in appropriate relevant disease models will greatly
benefit clinical drug development in OA. Another important factor to be taken into account
in clinical trials of OA targets is patient selection. Due to the heterogeneity of the disease it is
extremely unlikely that there will be a ‘one drug fits all’ treatment option.

In 2011, Freedman et al [84] proposed a good systematic strategy to follow up on risk loci,
however there is more to it. For future purpose we propose to follow the path that could be
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taken for a druggable target stemming from genetic risk alleles in Figure 2. A first early
step when the causal risk SNP has been identified is to investigate if it affects expression of
a nearby gene. This can be done in silico by looking up the risk SNP and/or its proxy SNPs
in an online database, such as GTEx[56], or in published papers describing OA relevant
tissues, such as articular cartilage [85]. If an effect of the SNP on gene expression is identified,
additional in silico databases (UCSC Genome Browser, HaploReg, ENCODE, etc.) can be
explored to identify if the risk SNP is in a regulatory region such as a promotor or enhancer.
Another factor that increases rational of a risk SNP is if the associated gene is involved in OA
pathophysiology, i.e. differentially expressed between healthy, preserved and/or lesioned OA
relevant tissues. A final in silico step that strengthens causality is if the gene has been linked
to a disorder or a musculoskeletal phenotype in humans or mice databases (OMIM, Mouse
Genome Informatics (MGI), Knockout mouse project (KOMP), etc.).

Identification and
replication of a

risk SNP
( \
Effect SNP on.cls Gene linked to
gene expression
human/mouse
(BENEALE disorder
mQTL)
In silico follow up )
SNP in regulatory expre Musculoskeletal
region e phenotype
N\ )
| )
In vitro: Ex vivo: In vivo:
overexpression Genotypes QLG e ( Experimental follow up
/silencing in
L )
( )
Ex vivo: In vivo:
Inhibition/stimulation § Inhibition/stimulation Treatment
of gene in an OA of gene in an OA investigation
model model J
\

Clinical studies

Figure 2 | Proposed example of an investigation scheme to go from identification of a risk SNP to treatment.
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When involvement of a gene is shown in silico, follow up experiments can consist of either in
vitro silencing/overexpression in human aged relevant cells, stratified ex vivo human tissues
based on genotypes or in vivo knockdown/knock-in in animals. This can increase causality of
the risk SNP and/or gene and gives a rational to start investigating it as a possible treatment.
To investigate toxicity and efficacy of treatments, inhibition or stimulation of a gene or its
pathway in in vivo OA animal models can be performed. In addition, to improve translation
to human, efficacy of this treatment should also be proven in a relevant human aged in vitro
and/or ex vivo OA model. Hopefully by using such a strategy, the OA field can reduce the
number of animal studies and failing clinical trials that are based on ineffective targets.

The aged human biomimetic model described in this thesis mimics the human joint quite
well, however addition of other joint components, such as the synovium, could further add
to its completion. In addition, other in vitro models such as the joint-on-a-chip are taking
of in the OA field. These models can simulate the joint environment plus enable genetic
manipulation, are more scalable and have reduced heterogeneity. As mentioned in this thesis,
the biomimetic human OA models can be exploited for several applications. One of them is
the development of biomarkers for what is “healthy physical activity” in elderly, as current
guidelines are not based on empirical data, while “healthy physical activity” could be of great
benefit for managing healthy joints in OA patients. Another example our model can be used
for is to (further) clarify or confirm the direction of effect of other OA risk SNPs (Table 1).

With the increase of reliable models for OA it is important that the legislation on when human
clinical trials are approved should be revisited. With the high number of clinical trials failing,
we should reconsider giving less credit to results from in vivo (small) animal studies. With this
thesis we show an alternative to animal models and demonstrate different applications of this
biomimetic ex vivo human aged osteochondral model. Our research group has the benefit of
access to end-stage osteoarthritic human joints coming from joint replacement surgeries in
the Research in Articular Osteoarthritis Cartilage (RAAK) biobank [86]. However, when this
is not possible, other human models such as iPSCs and joint-on-a-chip have further increased
research possibilities in the OA field in recent years. Finally, an important side note for clinical
application of many drugs is the need to further develop safe and effective methods for local
intra-articular delivery in patients, thereby reducing the need for repeated injections and
hopefully increasing drug retention and efficacy.
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Nederlandse samenvatting
Inleiding

Osteoartrose, beter bekend als artrose, is de meest voorkomende gewrichtsaandoening met
ruim 1.5 miljoen gevallen in Nederland. De verwachting is echter dat het aantal patiénten
met artrose de komende jaren sterk zal toenemen door de steeds ouder wordende populatie
en toename in mensen met overgewicht. Artrose word gekenmerkt door pijn en stijtheid van
de gewrichten en leidt tot verminderde mobiliteit. Deze symptomen ontstaan doordat er bij
artrose afbraak is van de kraakbeenlaag, dat bij gezonde gewrichten voorkomt dat bot over
bot gaat schuren. Ook ontstaan er vaak botuitstulpingen aan de randen van de gewrichten
(osteofieten). Artrose kan ontstaan in bijna alle gewrichten, maar komt voornamelijk voor
in de handen, heupen en knieén. Bij het ontstaan van artrose spelen zowel de erfelijke
genetische factoren als omgevingsfactoren een rol. De meest invloedrijke omgevingsfactoren
zijn overbelasting, leeftijd en geslacht. In de afgelopen jaren is er veel onderzoek gedaan
in grote patiéntengroepen naar de invloed van genetische factoren op het risico om artrose
te krijgen. Om vanuit deze veranderingen in de genetica tot een mogelijk aangrijpingspunt
voor medicijnen te komen is het essentieel om eerst in het laboratorium op ziekterelevante
weefsels experimenten uit te voeren. Ondanks het feit dat er duidelijke artrose risico genen
zijn geidentificeerd, blijft het vervolgonderzoek achterlopen. Een van de redenen daarvoor is
dat er geen goede in vitro modellen zijn die het artrose proces in verouderd menselijk weefsel
na kunnen bootsen.

Doel van dit proefschrift

Om het onderzoek verder te brengen is een goed menselijk model nodig. In zo’n model moet
bijvoorbeeld rekening gehouden worden dat artrose niet een ziekte is van maar één weefsel,
maar eerder van het hele gewricht. Daarnaast is het van belang dat medicijnen worden getest
op verouderd weefsel omdat uit veel onderzoek naar voren komt dat oudere kraakbeencellen
anders/minder reageren op externe stimulatie. Daarom is het van belang voor de patiént dat
medicijnen en/of medische interventies ook getest worden in een model dat zoveel als mogelijk
het menselijk verouderde gewricht representeert. Zo'n model kan dienen om de translatie
van artrose risico genen naar ontdekking en het testen van nieuwe aangrijpingspunten voor
medicijnen te bevorderen.

Het opzetten en onderzoeken van een verouderd humaan kraakbeen-bot model

Artrose wordt veroorzaakt doordat verouderd kraakbeen en zijn cellen niet in staat zijn om goed
te reageren op ontstane schade na bv. een overbelasting. In dit proces spelen ook genetische
factoren een rol in de capaciteit om te reageren op zulke belastende factoren. Daarnaast is
het artrose proces gelinkt aan een verhoogde metabole activiteit van de kraakbeencellen,
wat overeenkomt met groeiplaat-kraakbeencellen die endochondrale verbening ondergaan
(het proces waarbij bot wordt aangemaakt vanuit de groeiplaat). Tijdens dit proces gaan de
kraakbeencellen vermeerderen (delen), worden groter in volume (hypertrofie) en verhogen
productie van specifieke markers zoals ALPL, COL10A1 en MMP13. Om de tekortkomingen
van de vertaling van preklinische diermodellen naar de mens en tegelijkertijd de noodzaak
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voor dierproeven te verminderen, zijn er menselijke modellen nodig die de verschillende
aspecten van artrose omvatten. Op het moment bestaan de modellen waarop behandelingen
worden gebaseerd bijna allemaal uit overbelaste (jonge) diermodellen of uit onderzoek in
2D of 3D cel modellen waarin nieuw kraakbeen wordt aangemaakt door kraakbeencellen of
stamcellen. Echter, veel van deze modellen missen de interactie tussen bot en kraakbeen en/of
representeren niet het verouderde gewrichtsweefsel dat gevoeliger is voor schade en moeilijker
herstelt. Voor zowel het onderzoeken van ziektemechanismes als het testen van medicijnen is
het belangrijk om dit in een model te doen die zo dicht mogelijk bij de natuurlijke situatie
blijft.

In hoofdstuk 2 hebben we ervoor gekozen om de response van de kraakbeencel te
onderzoeken in verouderde menselijke biopten bestaand uit kraakbeen met daaronder een
stukje bot. Het voordeel van dit model is dat de cel in zijn eigen omgeving blijft en de modellen
redelijk simpel en makkelijk zijn op te zetten. Vervolgens is onderzocht wat de gevolgen op
kraakbeen zijn van drie belastende factoren waarvan bekend is dat ze betrokken zijn bij het
artrose proces, zijnde een ontsteking (door middel van IL-1p), hypertrofie (door middel van
schildklierhormoon(T3)) en overbelasting (65% indentatie kraakbeen). Vervolgens is er
gekeken naar kraakbeencel signalering (gen expressie), kraakbeenstructuur en -afbraak, en
mechanische eigenschappen van kraakbeen. Hierin vonden we dat alle drie de belastende
factoren afbraaksignalen stimuleren in verschillende mate. Naast deze overlap waren er ook
specifieke reacties per verstoring te onderscheiden. Zo induceerde de ontstekingsfactor een
verlaging van kraakbeen aanmaak genen en werd afbraak van kraakbeen matrix gemeten.
In tegenstelling, bij de hypertrofie factor werd met name een verhoogde gen expressie van
verbenings geassocieerde eiwitten (ALPL, COL10A1, COL1A1) gemeten. Overbelasting gaf een
lagere expressie van kraakbeen aanmaak genen en verlaagde de mechanische eigenschappen
van het kraakbeen aanzienlijk. In dit hoofdstuk hebben we laten zien dat het mogelijk is om
met artrose relevante belastende factoren in verschillende mate afbraak van kraakbeen te
induceren. De kracht van ons model is dat het uitgevoerd is in verouderde, macroscopisch
normale, menselijke biopten uit een heterogene artrose patiéntenpopulatie. Ondanks deze
heterogene populatie laten we zien dat de uitkomsten per verstoring robuust zijn. Onze
studie laat zien dat het mogelijk is persoonlijke menselijke artrose modellen op te zetten
die de verschillende relevante aspecten van het ziekteproces omvatten. Daarnaast kunnen
de opeenvolgende effecten van de verschillende belastende factoren gebruikt worden in de
ontwikkeling van nieuwe specifieke behandelingen die de verschillende aspecten van artrose
omvatten.

Gevolgen van mechanische belasting op de kraakbeencel gezondheid

Om te weten te komen welke specifieke processen in verouderd menselijk kraakbeen een
rol spelen in de afbraak na overbelasting, is in hoofdstuk 3 een genoomwijde genexpressie
analyse uitgevoerd. Dit wil zeggen dat de hoeveelheid van alle genen van een monster zijn
gemeten en vergeleken tussen mechanische overbelaste en niet-overbelaste samples om te
onderzoeken welke genen veranderen na een overbelasting. Hierin vonden we dat 156 genen
een afwijkend expressiepatroon hebben na overbelasting. Tussen deze genen kwam een aantal
kraakbeen afbraak en bekende artrose geassocieerde genen naar voren (zoals MMP13, TNC,
WISP2, FRZB etc). Om een beeld te krijgen van wat de functie van deze genen in kraakbeen is,
is gekeken naar de overlap in functies van deze genen. Hieruit kwamen de volgende processen

175




Appendix

naar voren: insuline-achtige groeifactor bindende eiwitten (IGF-1 productie reguleren;
IGFBP6, IGFBP5, en IGFBP4), focale adhesie (betrokken bij overdracht van mechanische
krachten; ITGA10, TLN2, and CAV1) en cellulaire senescentie (eiwitten betrokken bij stop
van cel deling; GADD45A, MYC, SERPINE1, en FOXO1). Van senescentie is al langer bekend
dat het proces een rol speelt in veel aandoeningen zoals artrose doordat de cellen als het
ware op non-actief staan als gevolg van stress en niet meer reageren op stimulering terwijl
ze wel factoren uitscheiden die ongunstig zijn voor de omgeving. Met ons onderzoek hebben
wij kennis toegevoegd aan de reactie van kraakbeencellen op een overbelasting. Uit ons
onderzoek komen een aantal aanknopingspunten die in de toekomst gebruikt kunnen worden
om de onomkeerbare schade na een overbelasting tegen te gaan. Daarnaast laten we zien dat
de identificatie van overbelastings-specifieke genen, zoals MMP13, kunnen functioneren als
een sensitieve marker om zo preventieve bewegingstherapieén op te zetten.

Matrix Gla eiwit (MGP) en risico van lage vitamine K

Zoals eerder genoemd spelen erfelijke factoren een grote rol bij het ontstaan van artrose. Een
belangrijk risicogen is het Matrix Gla Eiwit (MGP) waarbij het risico variant (rs1800801) voor
een lagere gen expressie zorgt in meerdere gewrichtsweefsels, waaronder kraakbeen en bot.
MGP is een eiwit dat extracellulaire calcium hoeveelheden reguleert door aan ze te binden en
zo calcificatie van weefsel voorkomt. Belangrijk is echter dat het eiwit voor zijn functionaliteit
athankelijk is van vitamine K. Bij een verlaging van MGP eiwitten is er meer calcificatie van
kraakbeen en is er een lagere botdichtheid. Daarnaast zijn te lage vitamine K levels al eerder
geassocieerd met het krijgen van artrose.

In hoofdstuk 4 isin een grotere dataset aangetoond dat het artrose risico variant rs1800801-T
associeert met een lagere expressie van MGP in zowel kraakbeen als bot. Daarnaast was er
een hogere expressie van MGP in aangedaan artrose kraakbeen en bot in vergelijking met
niet-aangedaan kraakbeen en bot. Deze verhoging van MGP komt vooral doordat de expressie
meer verhoogd wordt in mensen met het risico variant, maar het expressie level blijft alsnog
lager dan die van mensen zonder dit risico variant. Dit suggereert dat mogelijk in reactie
op het artrose proces, de kraakbeencellen proberen om calcificatie tegen te gaan en hun
productie van MGP verhogen. Daarnaast is ook gekeken naar de dynamische verandering
van MGP expressie tussen dragers en niet-dragers waarna verschillende artrose relevante
stimuli gegeven worden. Hier werd gezien dat de expressie van MGP omlaag gaat als gevolg
van deze stimulatie maar dat dragers van het risico variant nauwelijks reageren. Ten slotte is
er nog onderzocht wat de gevolgen zijn voor de ‘gezondheid’ van kraakbeen- en botcellen na
toediening van Warfarine, een veel gebruikt vitamine K verlagend medicijn bij mensen met
een verhoogd risico op bloedstolsel. Warfarine zorgde voor een ongunstig signaleringsprofiel
richting hypertrofie en calcificatie in kraakbeen en verminderde botformatie in onderliggend
bot. Ons onderzoek laat zien dat het rs1800801-T variant het risico op artrose verhoogd
doordat het de expressie van MGP verlaagd. Hierdoor kan in mensen met dit variant het MGP
eiwit niet zo efficiént verhoogd worden wanneer dit nodig is om calcificatie tegen te gaan.
Daarnaast zijn er risico’s verbonden aan het slikken van vitamine K verminderde medicijnen
die vooral in mensen met het rs1800801-T variant voor een nog grotere kans op artrose
kunnen zorgen.
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Verlaging van schildklierhormoon als mogelijke behandeling in artrose

De kraakbeencel verliest tijdens het artrose proces zijn volwassen status en zet processen aan
die normaal vooral bij botgroei vanuit de groeiplaat gezien worden. Meerdere genen betrokken
bij groeiplaat verbening zijn geidentificeerd als artrose risico genen, zoals bijvoorbeeld DIO2.
Het DIO2 gen codeert voor het enzym dat verantwoordelijk is voor de intracellulaire omzetting
van inactief (T4) naar actief schildklierhormoon tri-joodthyronine (T3). Van T3 was al bekend
dat deze een hele belangrijke rol speelt bij de botgroei vanuit de groeiplaat. In een eerder
menselijk 3D model waar kraakbeen wordt gemaakt is aangetoond dat teveel T3 niet goed is
voor kraakbeen en dat het verlagen van DIO2 eiwit activiteit juist wel goed is voor kraakbeen.
Echter, dit werd onderzocht in een 3D in vitro model van nieuw aangemaakt kraakbeen.

In hoofdstuk 5 kijken we daarom in verouderd humaan kraakbeen of behandeling met
iopanoic acid (IOP), een remmer van DIO2 activiteit, de schade van overbelasting verminderd.
Voor toekomstige toepassingen is in dit onderzoek ook gekeken of langzame afgifte van IOP
uit zogenaamde nanoparticles, een soort eiwit-kooi wat de IOP beschermt van de omgeving,
net zo effectief is. In dit onderzoek zagen we dat IOP in staat was om de kraakbeencel te
beschermen van de ‘ongezonde’ gen expressie dat aangezet wordt door overbelasting en dat
langzame afgifte van IOP minder efficiént was. Daarnaast werd ook gemeten dat verlagen van
schildklierhormoon de schade aan kraakbeenweefsel geinduceerd door mechanische belasting
verminderde. Om uit te zoeken via welk mechanisme IOP de kraakbeencel beschermt is er een
genoomwijde genexpressie analyse gedaan op de kraakbeencel. Hieruit kwam naar voren dat
een aantal genen betrokken bij metabole processen (INSIG1, DHCR7, FADS1 en ACAT2) en
celdeling en cel differentiatie (CTGF, BMP5 en FOXM1) belangrijk zijn voor bescherming door
I0OP.

Conclusie en toekomstige toepassingen

In ons onderzoek is een verouderd menselijk model opgezet dat voor vele toepassingen gebruikt
kan worden. Dit model is nuttig voor zowel kennisvergaring als voor medicijn onderzoek.
Daarnaast kan onze data nu al dienen als een referentie om 3D modellen van het gewricht te
avanceren naar een gewricht-op-een-chip. Ook geeft ons model de mogelijkheid voor diepere
moleculaire exploratie van verstoord versus niet-verstoord weefsel door bijvoorbeeld RNA-
sequencing op celniveau wat weer kan leiden tot identificatie van targets voor medicijnen en/
of behandelingen. Ten slotte kunnen de verschillende verstorende stimuli en hun variatie
in effect helpen bij het opzetten van nieuwe persoonlijke behandelingen die meer gebruik
maken van de verschillende subtypes van artrose. Door gebruik te maken van een zoals hier
gepresenteerd verouderd menselijk biopt model kan het artroseveld en de farmacie nieuwe zo
hoog nodige effectieve medicijnen voor artrose identificeren. Als bewijs van dit principe is in
het biopt model onderzocht of verlaging van schildklierhormoon, d.m.v. IOP, de verstorende
effecten van overbelasting kan tegengaan. Hier werd geobserveerd dat het verlagen van de
metabole activiteit van kraakbeencellen een gunstig effect heeft op de ‘gezonde’ gen expressie
en kraakbeenafbraak inderdaad deels tegengaat.

Onze studies tonen aan dat er nog veel onbekend is over de moleculaire processen betrokken
bij overbelasting in kraakbeen en bot, maar dat hier zeker nog veel kansen voor onderzoek
liggen en dat hierbij rekening moet worden gehouden met leeftijd van het weefsel. Hier ligt de
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kans om wetenschappelijk gegronde bewegingsbehandelingen te genereren door markers te
onderzoeken na overbelasting in biopten van verschillende leeftijdsgroepen. Het mooiste zou
zijn als deze markers gekoppeld kunnen worden aan markers die in het bloed of urine gemeten
kunnen worden (biomarkers) omdat dit minder invasief en makkelijker af te nemen is.

Ten slotte komt uit onze studies naar voren dat er voorzichtigheid geboden moet zijn bij het
gebruik van vitamine K verlagende bloedverdunners, zoals warfarine en coumarines, en dat er
overwogen moet worden of er in veel gevallen overgestapt kan worden naar direct werkende
orale antistollingsmiddelen (DOAC’s). Deze verandering in behandeling is zeker belangrijk
voor mensen die dragers zijn van het risico variant in MGP, waardoor ze van zichzelf al minder
MGP eiwitten hebben en meer risico op o.a. aderverkalking en artrose. Door een tekort aan
vitamine K zal er nog minder functioneel MGP eiwit zijn en meer verkalking van aderen en
kraakbeen plaatsvinden. Daarnaast geeft dit onderzoek ook aan dat toedienen van vitamine
K bij een subgroep van mensen die weinig vitamine K hebben een mogelijke behandeling kan
zijn om artrose tegen te gaan. Dit moet echter nog verder onderzocht worden.
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Appendix

Dankwoord

Zo, aan dit promotietraject is na jaren zwoegen een eind gekomen. Dit had ik nooit in mijn
eentje kunnen doen en daarom wil ik via dit deel iedereen bedanken die betrokken is geweest
en heeft bijgedragen aan het tot stand komen van dit proefschrift.

Professor Meulenbelt, beste Ingrid, bedankt voor het geven van deze kans om mijn
promotieonderzoek in de artrose groep te doen. Dankzij jouw geduld, steun en adviezen in
onze vele meetings heb ik heel veel geleerd en is het gelukt om het onderzoek in de vorm van
manuscripten te krijgen.

Professor Nelissen, beste Rob, bedankt voor jouw adviezen en je zeer belangrijke rol in het
opzetten en coordineren van de RAAK. Zonder deze waardevolle studie was dit proefschrift
niet tot stand gekomen.

Dr Ramos, beste Yolande, bedankt ook aan jou dat je mij deze kans hebt gegeven. Dankzij
jouw begeleiding in het lab, experimentele adviezen en geruststellende woorden, kwam ik
weer stapjes verder.

Geachte leden van mijn promotiecommissie: Professor Lories, Professor van Meurs en
Professor Kloppenburg. Bedankt dat jullie de gelegenheid hebben genomen om het proefschrift
te beoordelen. Geachte Professor Slagboom, beste Eline, bedankt dat je als secretaris in mijn
commissie deel wilt nemen en als sectiechoofd zo betrokken bent bij al het werk wat op de
afdeling gedaan wordt.

Mijn dank gaat ook uit naar mijn collega’s die bijgedragen hebben aan dit proefschrift. Bedankt
Eka en Nico voor alle hulp bij het verzamelen van explants en de vele maal sessies. Margo and
Rodrigo, thank you for the help with all the RNA-sequencing analysis, I could not have done
this without your help. Thank you Alejandro, for all our conversations in and out of the lab,
you made the time pass a lot faster. Thanks for being my ‘paranimf’. Bedankt Nils voor al het
belangrijke (voor)werk dat jij gedaan hebt voor de DIO2 project aanvraag. Mijn dank gaat
ook uit naar alle (ex-) collega’s van de OA groep, Eka, Ghazaleh, Ilja, Marcella, Mathew, Niek,
Nicoline, Nico, Ritchie, Rick en Wouter, bedankt voor alle discussies over mijn werk tijdens en
buiten de meetings om. Mijn dank gaat ook uit naar stagairs, jullie hebben mij nog een hoop
op het begeleidende vak geleerd: Elwin, Janne en Lynn.

Beste (ex-)collega’s van de MolEpi, bedankt voor alle lunch, lab en borrel gesprekken. Over de
jaren heen heb ik veel van jullie kunnen leren en veel met jullie kunnen lachen. Daarnaast is
er voor een heleboel andere zaken iemand hard nodig die secretariéle zaken in goede banen
leidt: bedankt Inge.

Ook wil ik iedereen betrokken bij de RAAK van de orthopedie bedanken: Anika en collega’s
bedankt voor de logistieke regeling en het klaarzetten van de potjes. Dankzij jullie inzet over
de jaren heen is dit proefschrift tot stand gekomen.
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Dankwoord

Professor Lories en Dr Cornelis, beste Rik en Frederique, bedankt dat ik zo welkom was om
bij jullie een tijdje te werken. Ik heb veel nieuwe technieken van jullie en de afdeling mogen
leren. Verder wil ik graag de volgende mensen bedanken voor hun waardevolle suggesties in
meetings en op manuscripten: Luis, Enrike, Demién, Robert, Leon, Joyce en Cindy.

Dianne, wat was het fijn om na onze studie samen met jou door deze fase heen te gaan. Na een
koffie of lunch pauze samen was ik weer wat opgeladen. En wat ben ik blij dat je als paranimf
naast me wilt staan.

Elsbeth, Miriam, Rianne en Wida, dank voor al onze spelletjes avondjes en vakanties. Katja,
bedankt voor dat je altijd zo relaxed en vrolijk bent en me weer even een oppepper geeft als
we afgesproken hebben. Jennifer, dank voor de spelletjes, film en praat avondjes over de jaren
heen. Tk waardeer jullie vriendschappen echt enorm.

Lieve familie, Pap, Mam, Maaik, Martijn, Emma en Fenne, bedankt voor jullie interesse in
wat ik zoal uitspook op werk en het ‘accepteren’ dat ik weer eens te laat was omdat ik nog even
wat af moest maken. Bedankt ook voor de steun en dat ik altijd even langs kan komen en me
laten inzien dat het allemaal niet zo erg is. Lieve schoonfamilie, An, Maart, Rich en Nadine,
ook jullie bedankt voor de interesse in mijn onderzoek over de jaren heen en het (proberen) te
begrijpen wat het betekent. Lieve Robbert, bedankt voor jouw steun, liefde en jouw ‘down to
earth’ mentaliteit. Zonder jouw duwtjes was ik nooit zo ver gekomen.
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