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Summary - English

Purpose: To investigate the roles of osteomodulin (OMD), a small proteoglycan known for controlling
collagen fibrils organization in bone, in the development of osteoarthritis (OA) associated with subchondral

bone sclerosis.

Methods: Loss of function and overexpressing mice for Omd aged 4, 8, and 16 months were used to study
Omd roles in bone and cartilage metabolism and answer whether mice develop spontaneous OA. Surgical
destabilization of the medial meniscus (DMM) model was performed to investigate its role in mechanically-
induced OA. Additionally, we used omd overexpression as well as a mutant deficiency for omd in the
zebrafish model to study omd effects on skeletal metabolism and cartilage development. Finally, in vitro

models were used to further study OMD in osteoclastogenesis.

Results: Omd regulated bone and cartilage microarchitectures. Knock-out mice showed thinner calcified
cartilage in the medial tibial plateau, and their growth plate was thicker at 16 months compared to WT.
Both trabecular and cortical bone volume/total volume ratios were increased in the Omd knock-out mice
and they showed a reduced percentage of porosity. The trabecular number of the knock-out mice was
increased while their trabecular total volume was decreased. Further, their cortical bone showed increased
thickness, and a higher whole bone strength. Knock-out mice were more prone to develop cartilage lesions
spontaneously. Interestingly, Omd knock-out mice developed subchondral bone sclerosis spontaneously
while overexpressing mice showed less subchondral bone sclerosis in the DMM OA model. At 16 months,
Omd-overexpressing mice had the less trabecular number and a greater structure-model index for their
trabecular bone geometry. The zebrafish model showed that the ectopic overexpression of omd induced
developmental defects with abnormal cartilage structures. Further, we studied the development of OA in
zebrafish, an animal model that develop OA features in the synovial jaw joint during aging and which is an
excellent genetic model to study OA. We showed that adult zebrafish lacking omd were more prone to
articular cartilage degeneration. Furthermore, mutant zebrafish showed increased mature osteoclasts
generation and increased TRAP staining revealing a higher osteoclast activity. Impaired osteoclastogenesis
might be involved in the defects involved during scale regeneration. Our zebrafish results are supported by
our in vitro experiments where we demonstrated that OMD bound to RANKL and inhibited

osteoclastogenesis.

Conclusions: OMD is a key factor in subchondral bone sclerosis associated with OA. This small proteoglycan

participates in bone and cartilage homeostasis notably by acting on the regulation of osteoclastogenesis.



Résume-Francais

Objectif: Etudier les rdles de I'ostéomoduline (OMD), un petit protéoglycane connu pour contrdler
I'organisation des fibrilles de collagene dans I'os, dans le développement de I'arthrose associée a la sclérose

osseuse sous-chondrale.

Méthodes: La perte de fonction et la surexpression d’Omd chez des souris agées de 4, 8 et 16 mois ont été
utilisées pour étudier les réles d'Omd dans le métabolisme osseux et cartilagineux et déterminer si les souris
développaient une arthrose spontanée. La déstabilisation chirurgicale du modéle de ménisque médial
(DMM) a été réalisée pour étudier son réle dans I'arthrose induite mécaniquement. De plus, nous avons
utilisé la surexpression d'omd ainsi qu'un mutant déficient pour omd dans le modéle de poisson zebre pour
étudier les effets d'omd sur le métabolisme squelettique et le développement du cartilage. Enfin, des

modeles in vitro ont été utilisés pour étudier OMD dans |'ostéoclastogenése.

Résultats: Nous avons démontré qu’Omd régulait les microarchitectures osseuses et cartilagineuses. Les
souris knock-out présentaient un cartilage calcifié plus mince dans le plateau tibial médian, et leur plaque
de croissance était plus épaisse a 16 mois par rapport aux souris sauvages WT. Les rapports du volume
d’os/volume total pour I'os trabéculaire et cortical étaient augmentés chez les souris Omd knock-out et leur
porosité osseuse diminuée. Le nombre de trabécules des souris knock-out était plus élevé tandis que leur
volume total trabéculaire était diminué. De plus, leur os cortical était plus épais et la resistance de leur os
tibial accrue. Les souris knock-out étaient plus susceptibles de développer des lésions cartilagineuses
spontanément. Les souris knock-out développaient spontanément une sclérose osseuse sous-chondrale,
tandis que les souris surexprimant Omd ont montré moins de sclérose osseuse sous-chondrale dans le
modéle DMM. A 16 mois, les souris surexprimant Omd avaient le plus petit nombre de trabécules et un
indice de modele de structure plus élevé pour leur géométrie osseuse trabéculaire. Le modéle de poisson
zébre a montré que la surexpression ectopique d'omd induit des défauts de développement avec des
structures cartilagineuses anormales. En outre, nous avons étudié le développement de I'arthrose chez le
poisson zébre, un modele qui développe des signe d’arthrose dans I'articulation synoviale de la machoire
au cours du vieillissement. Nous avons montré que les poissons zebres adultes dépourvus d'omd étaient
plus sujets a la dégénérescence du cartilage articulaire. En outre, le poisson zébre mutant a montré une
génération accrue d'ostéoclastes matures et une augmentation de la coloration TRAP révélant une activité
ostéoclastique plus élevée. Une ostéoclastogenése altérée pourrait étre impliquée dans les défauts
observés lors de la régénération des écailles. Nos résultats sur le poisson zébre sont étayés par nos

expériences in vitro ou nous avons démontré que I'OMD se liait a RANKL et inhibait I'ostéoclastogenése.

Conclusions: L'OMD est un facteur clé de la sclérose osseuse sous-chondrale associée a I'arthrose. Ce petit
protéoglycane participe a I'hnoméostasie osseuse et cartilagineuse notamment en agissant sur la régulation

de l'ostéoclastogenése.
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PRELIMINARY TABLE

Table 1: Nomenclature for the gene and protein associated to its species. The nomenclature indicates

the writing rules to refer correctly to different species.

Species Common name Gene Protein
Homo sapiens Human OMD OMD
Mus musculus Mouse Oomd OMD
Danio rerio Zebrafish omd Omd
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I. BACKGROUND

I.1 Global introduction on the skeleton

The skeleton is among the largest organ in the human body, constituting roughly 15% of the
body weight with bone, cartilage, ligaments and tendons making up skeletal tissues. The
skeleton assumes several functions. It provides structural support for soft tissues and
protection. It is the attachment site for tendons and ligaments for locomotion and joints are
specific structures allowing mobility. For mammals, bone marrow is found inside bones and is
the hematopoiesis site, supporting blood cellular components production. The skeleton is an
incredible source of minerals and serves as a calcium and phosphorus reservoir, but it also
absorbs toxins for their clearance. Finally, the skeleton can be considered as an endocrine
organ. It produces factors and hormones to control mineral balance, glycemic and lipidic

metabolism, sexual hormones biosynthesis and even cognition [1-5].

1.2 Cartilage biology

The cartilage is a firm and flexible non-vascularized connective tissue containing cells in
lacunae called chondrocytes which are embedded in a highly hydrated extracellular matrix
(ECM). Its nutrients come from the densely vascularized and innervated neighboring tissue,
the perichondrium. The function of the cartilage is to bear mechanical stress and constraint

of the body, and provide support for skeletal growth [6,7].

1.2.1 The different types of cartilage

Different types of cartilage are found throughout the body and have distinct properties.

Among them, there are hyaline, elastic, and fibrocartilaginous cartilages (Fig 1).

The hyaline cartilage presents an extensive and homogenous ECM rich in proteoglycans and

collagens, typically of type Il, considered the most common hallmark of cartilage. During the
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development, the hyaline cartilage makes up the initial scaffold, called anlagen, from which
starts the endochondral ossification and results in the replacement of the cartilage template
with bone. In adults, it is namely found in the nose, larynx, trachea, costal cartilage, the growth

plate of long bones and articular cartilage. It is the most abundant cartilage [6,7].

(a) Hyaline cartilage

—— Chondrocytes
in lacunae

f &
\“‘ ) @ ﬁ Matrix

S
©

(b) Fibrocartilage

— Chondrocyte
in lacuna

— Collagen fiber
in matrix

(c) Elastic cartilage

—— Chondrocyte
in lacuna

— Elastic fibers
in matrix

Figure 1: Histological representation and schematic representation of the different types of cartilage
with annotated structures. Hyaline cartilage (a); fibrocartilage (b); elastic cartilage (c). The illustration
is available online from: https://cnx.org/contents/tu2Wi4Fr@1/Histology-Module-4A-and-4B-
Connective-Tissue and provided by the Regents of University of Michigan Medical School © 2012.

The fibrocartilage combines features of hyaline cartilage and dense connective tissues. Its cells
have been named fibrochondrocytes as they present both chondrocyte and fibroblast

characteristics. Its ECM is less rich in proteoglycans than the hyaline cartilage and is mainly
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made of collagen of type | and type Il specifically oriented parallelly to the direction of the
stress plane. Fibrocartilaginous tissues are more dense and strong than other types of
cartilage, providing excellent support for bearing weight, but also for the resistance of
compression, tensile and shear forces. In adults, it is namely found in the intervertebral disc,

meniscus, acetabular labrum and temporomandibular joint [6].

The elastic cartilage includes elastic fibers in addition to collagens and proteoglycans. It
confers strength, elasticity and flexibility to allow deformation. It is namely found in the ear,

epiglottis and larynx [6].

1.2.2 Chondrocytes and chondrogenesis

Chondrogenesis is the process resulting in the development of the cartilage and is also
required for the development of the skeleton via endochondral ossification (Fig 2). It is starting
during embryogenesis but is pursued in adulthood. Mesenchymal stem cells (MSCs) are
recruited and migrate to condensate and eventually become chondroprogenitor cells, forming
the initial analgen scaffold. There are three possible origins of MSCs: neural crest cells of the
neural ectoderm, the paraxial mesoderm cells and the lateral plate mesodermal cells. The
neural crest cells give rise to the craniofacial cartilage, the paraxial mesoderm is at the
initiation of the axial skeleton and the lateral plate mesoderm forms the appendicular
cartilage [8]. MSCs are recruited through the Bone morphogenetic pathway (BMP), which
controls several steps of chondrogenesis [9]. Cell-to-cell and cell-to-matrix interactions trigger
the condensation phenomenon with increased adhesion proteins, such as aggrecan which is

considered cartilage-specific [6,8].

Chondroprogenitors condition their ECM and secrete cartilaginous matrix proteins such as the

cartilage hallmark collagen Il and several growth factors and transcriptional factors which are
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crucial for the following steps of differentiation [8,10]. Among early factors, SOX
transcriptional factors are upregulated in the condensed cells. In the SOX family, SOX9 is
considered a key regulator in chondrogenesis induction and chondrocyte survival. It binds to
HMG-box sites in DNA to induce the expression of type Il collagen and aggrecan and its own
expression. SOX9 is necessary for the conservation of the chondrocyte phenotype [8,11-13].
SOX9 is itself under the control of the BMP pathway with BMP-2 being the first member
characterized in its regulation [14]. Several additional BMP members, BMP-4 and BMP-7,
induce SOX9 expression during the initiation of the chondrogenesis [10]. Other pathways and
conditions increase SOX9 expression, namely sonic hedgehog (Shh), transforming growth
factor-B (TGF-B), hypoxic conditions and HIF-1a, fibroblast growth factors (FGFs), the
inhibition of Notch, the inhibition of Wnt, making it extremely complex for a tight

spatiotemporal regulation [7,11].

BMPS
SOX9 RUNX2 —p SP7
\ // Apoptosis
@ Calcification
Endochondral
Mesenchymal Proliferating Pre-Hypertrophlc Hypertrophic Ossification
Stem Cell Chondrocyte Chondrocyte Chondrocyte
BMP -2,4,7 BMP -2,3,4,7

Figure 2: Differentiation steps of chondrogenesis. Under the BMP pathway, MSCs express SOX9 to
condense and proliferate and then RUNX2 to ensure the pre-hypertrophic and hypertrophic stages.
SOX9 safeqguards a pool of proliferating chondrocytes by inhibiting the effect of RUNX2 and delay the
passage to pre-hypertrophic chondrocyte. The BMP pathway and RUNX2 trigger the expression of the
transcriptional factor SP7. SP7 cooperates with RUNX2. Afterward, hypertrophic chondrocytes turn to
apoptosis or transdifferentiate into osteoblast, for endochondral ossification. Figure adapted from
[10,15,16] and designed by Jérémie Zappia with Biorender.
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Further, SOX9 and BMPs are involved in chondrocyte proliferation [10,13]. In the growth plate,
chondrocytes proliferate linearly and form columns where chondrocytes are lining up as they

are maturing. During bone formation, this mechanism promotes their elongation [17].

Following their differentiation, chondrocytes become pre-hypertrophic and then hypertrophic
by adopting a large volume, the latter being the end stage. SOX9 inhibits the transition from
proliferation to pre-hypertrophic chondrocytes. Because of the SOX9 switch-off, the inhibitory
brake is lifted on the transcription factor RUNX2. Under the control of the BMP-2,3,4,7, RUNX2
expression increases and stimulates hypertrophy [10]. RUNX2 can act in partnership with SP7,
also known as OSX, to promote cartilage mineralization. RUNX2 target genes are namely
MMP13, for cartilaginous matrix degradation, ALP and COL10A1 which promote matrix
mineralization. Under RUNX2, hypertrophic chondrocytes initiate terminal apoptosis or
transdifferentiate into osteoblasts, which leads to endochondral ossification (Fig. 2) [16,18—

22] as it will be described later on.

1.3 Bone Biology

Bone is a hard highly mineralized tissue composed of 60% inorganic component, 10% water,
and 30% organic component. Bone presents three major cell types: osteoblast, osteocyte and
osteoclast. Its ECM is mainly produced by osteoblasts which once they are embedded in their
own matrix are called osteocytes. On the opposite, osteoclasts are specialized bone-resorbing
cells. Both functions are meticulously coupled for a correct bone remodeling process, vital for
bone homeostasis [2]. Bones are categorized and classified following their shape as long
bones, short bones, flat bones, irregular bones and sesamoid bones. The femur, tibia and

fibula are notably from the long bones category. Bones can be formed through
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intramembranous ossification or endochondral ossification with a supportive anlagen

template. The latter is the path taken during limb development. [23-25].

1.3.1 Osteogenesis

.3.1.1 Intramembranous ossification

It is by the intramembranous ossification that long bones grow radially and that most of the
flat bones are generated (Fig 3A). During the intramembranous ossification, there is bone
development not from cartilage template but directly from osteogenic MSCs condensation
and their subsequent differentiation into osteoblasts and production of bone matrix. Firstly,
osteoblasts disposed in a cluster called the ossification center produce and lay down an
osteoid matrix. An osteoid matrix is a bone-specific organic matrix, rich in collagens, and not
yet mineralized. The mineralization follows up within ossification centers, and embedded

inside their matrix, osteoblasts become osteocytes [3,26].

In condensed MSCs, BMPs and FGFs are critical for osteoblast differentiation. BMPs induce
the expression of RUNX2 and SP7, two transcription factors needed for the regulation of
proteins of the bone matrix. The collagen of type I, COL1, which is the most abundant collagen
in bone is then secreted in the matrix [3,26—28] (Fig 3A). As the chondrogenesis/endochondral
ossification and the intramembranous ossification share the same master regulator RUNX2
and regulatory pathways, it is the level of SOX9 and RUNX2 that determine which path being
adopted [29]. FGFs control the early steps of differentiation and proliferation but also the

maturation of osteoblasts [3].

First avascular, the bone matrix is invaded by capillaries. The vascularization is under the

control of the angiogenic factor VEGF [30] The intramembranous ossification is stimulated as
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well in a paracrine manner through VEGF action. Following the vascularization, minerals are
transported to the ECM and the mineralization begins (Fig 3A) [26]. Interestingly, mineral
clusters from intramembranous and endochondral ossification show some structural
differences but no change in their composition. In intramembranous ossification, mineral

clusters issued from mice are ten times smaller than in endochondral ossification [31].

.3.1.2 Endochondral ossification

Endochondral bones are numerous in the human body and make up the axial and
appendicular skeleton with namely the femur and tibia. For the endochondral ossification (Fig
3B), MSCs are recruited but need to condense and form an anlagen template as described by
the process explained in the section “I.2.2 Chondrocytes and chondrogenesis”. The anlagen
presents the approximate shape of the future bone and its cartilaginous template is replaced
by bone during ossification. The chondrogenesis, via chondrocyte proliferation and matrix
production, allows the growth of bones. In long bones, the endochondral ossification starts
from the center of the anlagen template, the central ossification center in the diaphysis, and
spreads bidirectionally outwards for the elongation. This process resumes the primary
ossification [32,33]. Around the anlagen in the perichondrium, another condensation occurs
and gives rise to osteoblasts forming the bone collar. The bone collar supports cortical bone

development [33].

Hypertrophic chondrocytes also ensure cartilaginous matrix mineralization through the
expression of COL10A1 and ALP. They remodel the ECM through the production of MMPs
together with the activity of specialized mature osteoclasts involved in cartilage degradation
known as chondroclasts [22,34]. The vascularization of the matrix is regulated by VEGF, which

engages the loss of hypoxic conditions that was favoring chondrogenesis, and recruits
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osteoblasts. There are two types of blood vessels invading the cartilage, classified based on
morphological, structural and functional criteria: the type H and type L. Osteoblasts are mainly
found close to the type-H endothelium that preserves a pool of osteoprogenitor. Interestingly,
the type-H endothelium plays an important role in cartilage resorption in endochondral
ossification thanks to a distinct subtype of osteoclasts named vessel-associated osteoclasts
[35,36]. Along with vascularization, marrow elements start to be integrated inside the bone in
development. Hypertrophic chondrocytes at the end of the growth plate undergo apoptosis
and die or transdifferentiate into osteoblasts. After apoptosis, empty lacunae are welcoming
blood vessels and osteoblasts for bone production. Hypertrophic chondrocytes, from the
anlagen and the growth plate, have also the ability to start the expression of COL1A1 and SP7
and transdifferentiate into osteoblasts (Fig 3B). Lineage tracing experiments were able to
show that hypertrophic chondrocytes are a major source of osteoblasts as possibly 60% of
them come from this origin in the femur in 3 and 4-week-old mice [37,38]. Yet, mechanisms
behind the regulation of transdifferentiation are still poorly understood. Regulatory factors
such as the B-catenin from the Wnt pathway, the tyrosine-protein phosphatase non-receptor

type 11, and the BMPR1a, a receptor from the BMP pathway, are reviewed in [39].

During the primary ossification, the cartilaginous matrix is substituted by bones, and cartilage
is located only in the extremities. There, chondrogenesis is preserved and assures bone
elongation. Then, in the epiphysis, the secondary ossification takes place with
neovascularization. A cartilaginous structure, the growth plate keeping ongoing

chondrogenesis, remains between the metaphysis and the epiphysis [33] (Fig 3B).
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Figure 3: Schematic representation of the intramembranous and endochondral ossification. A)
Intramembranous ossification. MSCs are recruited and proliferate and then condense in order to enter
the following steps either in the intramembranous or endochondral ossification. In the former process,
under the BMP pathway that activates the expression of RUNX2, MSCs eventually differentiate into
osteoblasts in ossification centers, directly without any cartilage support needed. Osteoblasts secrete
an avascular osteoid matrix, rich in collagen I. Later, under the regulation of VEGF, blood vessels invade
the ECM and the mineralization starts. As the mineralization and osteoblasts surround blood vessels, it
shapes the trabeculae. Once trapped into their own matrix, osteoblasts turn into osteocytes. The
periosteum s the membrane derived from the condensed mesenchyme around the mineral matrix.
Facing its inner side, osteoblasts secrete new layers of bone matrix forming together the cortical bone
embracing the trabecular/cancellous bone. B) Endochondral ossification starts with MSCs
condensation. Under the BMP pathway and SOX9, MSCs enter into chondrogenesis and become
chondrocytes that generate a cartilaginous matrix rich in collagen Il. Then, RUNX2-expressing
chondrocytes become hypertrophic and eventually undergo apoptosis. The empty lacunae are invaded
by blood vessels and osteoblasts. Hypertrophic chondrocytes can also take a second path and
transdifferentiate into osteoblast. The cartilaginous matrix is remodeled and osteoblasts generate a
bone matrix that is vascularized and mineralized. The primary ossification starts in the diaphysis and
then elongates at the extremities. The secondary ossification occurs in the epiphysis again with the
same mechanism of invasion of the cartilage with blood vessels and osteoblasts. Altogether, it achieves
the mature structure of the long bone, with remaining chondrocytes located in the growth plate
structure between the epiphysis and metaphysis. Figure adapted from [40].
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.3.2 Bone anatomy
1.3.2.1  Structural organization of bones
In this section, | will focus on the structure of a typical long bone (Fig 4). Bones can be classified
according to their structural organization. In humans, there are two main types: woven bone

and lamellar bone. Their structural characteristics and properties are summarized in table 2

with examples for each type.

Table 2: Classification of bones and associated features, adapted from [25].

Structure Structural Subtype Physical properties Examples
characteristics

Woven Random collagen Immature Weaker Embryonic skeleton

bone fibers More flexible Fracture callus
Not stress oriented Pathological Weaker Fibrous dysplasia
No lamellae More flexible Paget’s disease

Rapid turnover

More cells
Lamellar Stress oriented Cortical—Lamellainto Higher Young’s modulus  Tibial shaft
bone Lamellae osteons More resistant to

bending and torsion

Predominately matrix ~ Cancellous — Lamella Lower Young’s modulus Tibial metaphysis
into parallel sheets Less resistant to bending

and torsion

Woven bones are found during development in the growing metaphysis, during fracture and
in pathological bones. Features of woven bones are their lack of orientation for their collagen
fibrils, irregular mineralization, and the presence of numerous cells. As collagen fibrils go in
every direction, it results in a uniform distribution of mechanical loading and a more flexible
structure as opposed to the more organized lamellar bone. The flexibility is enhanced by its

rich cell composition and higher water content [25,41].
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Lamellar bones are more structured, with an apposition of lamella made of a mineralized
collagen matrix of a thickness between 4 to 12 um (Fig 4). Osteoblasts from lamellar bones
produce a thin layer of a matrix with homogenous mineralization and with collagen fibrils
adopting the same orientation and arranged according to lines of stress. Because of this high
structural level, mechanical properties differ along lamellar bones, it depends on the
orientation of the applied force [25,41]. Regarding the orientation of each lamella, their
collagen fibrils direction alternates in way of a plywood arrangement, as confirmed by 3D
Raman mapping [42]. The lamellar bone which is the mature bone turns out to be the

constituent of cortical and trabecular bones.
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Figure 4: Structure of a long bone from the organ scale to the components. The bone is made of the
diaphysis, metaphysis and epiphysis with the outer layer being the periosteum. Cortical bone is the
dense compact outer bone and the cancellous bone is the highly porous bone arranged in a mesh
structure. Both cortical and trabecular bone are made of lamellae but presents distinct structure. The
cortical bone unit is the osteon, with the central Haversian canal connected by the perpendicular
Volkmann’s canal. Trabecular bone is made of trabeculae made of stacked lamellae. The main bone
cells, osteoclasts, osteoblasts and osteocytes are found in both cortical and trabecular bone. Osteocytes
are inside lacunae in between lamellae and connected through canaliculi. The bone matrix of lamellae
is made of inorganic compounds, mainly hydroxyapatite crystals, and organic compounds, mainly
collagen fibers. Collagen fibers display a high organizational level with the association of the collagen
triple helix; other bone components such as water, crystals of hydroxyapatite (HAP) and non-
collagenous proteins (NCP) with glycosaminoglycan (GAGs) [40].
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1.3.2.2 Bone matrix components

In the bone matrix, there are two main categories of constituents: the inorganic and organic
parts. Inorganic elements constitute around 60% of the bone matrix leaving the residual 40%
to the organic elements and water. It is interesting to pinpoint that ECM composition is
dynamic and differs according to age, sex and health conditions [25,43]. We should think

about it like our fingerprint, in a stiffer form.

1.3.2.2.1 Inorganic

When it comes to the inorganic elements of the bone matrix, the main compound is
hydroxyapatite with the following chemical formula : (Cai0(PO4)sOHy>). It is rich in calcium and
phosphorus and is responsible for biomineralization. The density and the size of
hydroxyapatite crystals affect the degree of mineralization and consequently bone stiffness
[25,44]. Among the properties that can be reported from the mineralization aspect of the

bone, the Ca/P ratio is a marker of bone quality [45].

Regarding the biomineralization process, the ALP enzyme produced by osteoblasts uses the
pyrophosphate (PPi), which is not bioavailable under this form, to cleave it in inorganic
phosphate that can be incorporated in a collagen scaffold in combination with Ca%* ions. PPi
are even inhibitors of mineralization and by the increased Pi/PPi ratio, the process is pushed
toward mineralization. Hydroxyapatite crystals are incorporated within and between collagen

fibrils [25,44].
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1.3.2.2.2 Organic

The predominant constituent is the type | collagen making up around 90% of the organic
composition. Non-collagenous proteins represent around 5% of the organic phase and lipids

around 2% [46].

Type | collagen is the major representative of the collagen family, yet other collagens are
involved in the composition of the bone matrix such as the type lll, and IV collagens with their
own functions. Type | collagen is namely distinguishable thanks to its large fibril diameter.
Collagens are the template serving for bone mineralization but they also provide tensile

strength and bind other macromolecules [25,47,48].

Non-collagenous proteins play critical roles in the bone as well, not only structurally but also
in the regulation of the cell, matrix and mineral associations. Their scope of action is relatively
wide as they regulate the fate of cells too. They safeguard bone metabolism and homeostasis
and can be associated with musculoskeletal disorders [49] (Table 3). The functions of non-
collagenous proteins are still not fully understood, yet current knowledge positions them, and
a fortiori the matrisome, as key regulators of organs’ physiology. One family, the Small
Leucine-Rich Proteoglycan (SLRP), are of special interest to this manuscript because it includes
osteomodulin (OMD). | have discussed the SLRP family in the skeletal tissues in the following
review [50] that you can read in “Appendix 1” (From translation to protein degradation as
mechanisms for regulating biological functions: a review on the SLRP family in skeletal tissues).
Furthermore, their specific association with OA is described in the chapter “5.3.1 SLRPs in OA”

where they will be presented in more detail.
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Table 3: Non-collagenous proteins of the bone matrix and associated functions, adapted from [51].

PROTEOGLYCANS AND GLYCOSAMINOGLYCANS

Heparan sulfate

Produced by osteoclasts and osteoblasts
Plays important roles in cell-cell interactions

Hyaluronan Non-sulfated glycosaminoglycan
Hyaluronan in periosteum, endosteum, and around cells
CD44 is the cell surface hyaluronan receptor and plays a role in the development
Biglycan Found in pericellular location undergoing morphological delineation
Upregulated in osteoblasts and may act as shear sensors when found in osteocytes
Binds collagen and TGF-B
Decorin Found in pericellular location undergoing morphological delineation

Upregulated in osteoblasts and may act as shear sensors when found in osteocytes
Binds collagen and TGF-B
Inhibits cell attachment to fibronectin

Fibromodulin

Binds collagen and TGF-B

Versican

Found in osteoid
May capture space destined to be bone

GLYCOPROTEINS

Alkaline phosphatase

Potential Ca?* carrier

Hydrolyzes inhibitors of mineral deposition such as pyrophosphates
Loss of functions leads to hypophosphatasia

Bone formation marker

Non-specific and bone-specific forms

Fibronectin

Produced during the early stages of bone formation
Binds cells in an RGD-independent manner
May be involved in the proliferation

Thrombospondin

Role in development
Found in the early stages of bone formation
Antiangiogenic

Vitronectin

Involved in cell attachment and spreading
Shows specificity for osteopontin

SIBLING FAMILY OF GLYCOPROTEINS

Bone sialoprotein

Limited pattern of expression
Marks late stage of differentiation and early stage of mineralization

Dentin matrix
phosphoprotein 1

Expressed by osteocytes and osteoblasts
Has affinity for hydroxyapatite and the N-terminus of type | collagen
Regulates mineralization

Matrix
phosphoglycoprotein

Expressed by osteocytes and osteoblasts
Regulates mineralization
Negative regulator of osteoblast activity

Osteopontin

Secreted in early stages of osteogenesis
Promotes adhesion
Inhibits mineral formation and crystal growth

OTHER IMPORTANT NON-COLLAGENOUS PROTEINS

Osteocalcin

Expressed by osteocytes and osteoblasts

Enhances calcium binding, controls mineral deposition
Bone remodeling marker

Overexpressed in cancer and some autoimmune diseases

Osteonectin

Binds to collagen Hyaluronic acid, and vitronectin
Located at site of mineral deposition (possible nucleator)
May play a role in osteoblast proliferation
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1.3.3 Bone remodeling

The bone remodeling process is the mechanism orchestrating the balance between bone
formation and bone resorption in order to replace old bone with new bone. Osteoblasts are
cells in charge of the bone matrix deposition while osteoclasts are specialized cells resorbing

the bone [52].

I.3.3.1 Osteoclast and osteoclastogenesis

Osteoclasts are giant multinucleated cells issued from the myeloid line. Precursor cells start
expressing macrophage colony-stimulating factor (M-CSF) and turn into osteoclasts
precursors, which present the receptor activator of NF-kB (RANK) on their surface. RANK is
the receptor of the receptor activator of NF-kB ligand (RANKL), considered the master
regulator of osteoclastogenesis [53,54]. RANKL induces the activation of NF-kB and mitogen-
activated protein kinase (MAPK) pathways. Following their maturation, committed
mononuclear osteoclasts express the nuclear factor of activated T cells, cytoplasmic 1 (NFAT)
that induces the expression of tartrate-resistant acid phosphatase (TRAP) and cathepsin-K
(CTSK), two other osteoclast marker genes. Ultimately, osteoclasts fuse together and generate
the typical giant multinucleated cells [53-56] (Fig 5A). Multinucleated osteoclasts actively
resorbing bone matrix display a cellular polarization. Starting from the apical domain, there
are the functional secretory domain, then the basolateral domain followed by the sealing

zone, where osteoclasts are attached to the matrix, and the ruffle border [57] (Fig 5B).
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Figure 5: (A) lllustration of the different steps of osteoclastogenesis. Myeloid precursor turns into pre-
osteoclast under the action of M-CSF and starts to increase their RANK expression. Under, the action of
RANKL, produced by stromal cells, osteoblasts and osteocytes as a soluble form or bound to the
membrane, they are committed into osteoclasts. Mononuclear osteoclasts express a specific gene
signature, namely TRAP and CTSK thanks to the NFAT pathway. They eventually fuse as functional
osteoclasts and are polarized when active. Figure adapted from [46,53] and designed by Jérémie Zappia
with Biorender. (B) The polarized osteoclast has distinct domains, the functional secretory domain for
secretion of product waste, the basolateral domain, the zone of contact with bone named the sealing
zone and the ruffled border, defining the resorption lacuna [58].
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Multinucleated osteoclasts can also undergo into a fission and give smaller and more motile
daughter cells called osteomorphs. Osteomorphs keep their ability to fuse back into
osteoclasts. While osteoclasts are mainly found on the bone surface, osteomorphs are located
in the bone marrow and blood and they express a distinct transcriptome. This suggests specific
functions associated with osteomorphs that need further extensive research to deepen our

knowledge of bone homeostasis and associated pathologies [59].

To keep the bone remodeling balanced, there are negative feedback mechanisms affecting
osteoclastogenesis, namely through the RANKL/RANK association and osteoprotegerin (OPG)
competing with RANK to bind to RANKL. The RANKL/OPG interaction prevents the activation

of downstream pathways involved in osteoclast formation [54].

1.3.3.2 Bone resorption and turnover

Bone is highly dynamic and bone remodeling is continuously occurring throughout our entire
life. It is a major mechanism for establishing correct bone architecture, preserving the
homeostasis of calcium and phosphorous metabolism, repairing bone microdamage and
eventually avoiding bone fractures [60,61]. Besides, the apoptosis of osteocytes induces
RANKL production by the neighboring cells and triggers bone remodeling [62,63]. Each year,
the bone turnover enables the renewal of approximately 5% of the cortical bone and 20% of

the trabecular bone.

To proceed to the resorption of bone, osteoclasts adhere to the bone surface through the
sealing zone which delimits an actin ring, marker of active osteoclasts, and a region
underneath defining the resorption lacuna also called Howship’s lacuna. At the ruffled border,
which extensively increases the contact surface, massive vesicle trafficking occurs for bone

resorption. Osteoclasts dissolve the mineral composition of the bone matrix by the
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acidification of the lacuna. They also secrete proteinases such as TRAP, CTSK and MMPs for
the degradation of organic components. TRAP dephosphorylates bone matrix proteins [64]
and generates reactive oxygen species [65], and CTSK degrades ECM [66]. Degradation
products are following endocytosis on the ruffle border and are transported to the secretory
domain for their secretion. Once their function is fulfilled and resorption is complete,

osteoclasts can undergo apoptosis [60].

After the degradation of bone, there is a renewal with new bone formation. Bone matrix being
resorbed, cytokines are released and lead to the recruitment and differentiation of
osteoblasts. Osteoblasts specifically attach to resorption pits that are covered with binding

proteins for leading bone formation on targeted sites [61].

1.4 Joint tissues biology

There are three categories of joints classified according to their composition and their motility.
Fibrous or synarthroses, which are not motile, cartilaginous or amphiarthroses, that allow few

movements, and synovial or diarthroses, that allow movements [67].

In this manuscript, | will only cover the synovial joint which is the category represented by the

knee joint.

1.4.1 Synovial joint anatomy

The synovial joint (Fig 6) is characterized by a cavity surrounded by a fibrous articular capsule.
The synovial membrane is located on the inner surface of the capsule and with the articular
cartilage, they define the joint cavity. The cavity is filled with synovial fluid secreted by the
synovial membrane for serving lubrification to the joint. Between articular cartilage, the

meniscus is inserted, and with the intra-articular and lateral ligaments, they stabilized the
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joint. Altogether, the different articular tissues allow specific mechanical properties for

smooth movements between the bones whilst reducing friction [67].
Periosteum

Ligament
/ Joint cavity

(contains synovial fluid)

-

Articular (hyaline) cartilage
\ Synovial
\ membrans Articular capsule
Fibrous capsule

Figure 6: lllustration of the anatomy of the synovial joint. The end of two bones is covered by articular
cartilage and is articulated thanks to an articular capsule. Inside the capsule, the synovial membrane
is  specialized in the  secretion of synovial  fluid to fill the cavity.
https://cdn.lecturio.com/assets/Articular-capsule-and-components.png

1.4.1.1 Articular cartilage

The articular cartilage is made of hyaline cartilage, but contrary to other hyaline cartilage, it
has no perichondrium. With the absence of the perichondrium, articular chondrocytes assume
their nutrition by diffusion of the synovial fluid for the upper region and by diffusion of blood

elements coming from the subchondral bone for the deeper layer [68,69].

It is a white, smooth and soft structure of typically around 2 to 4 mm of thickness. The
functions of the articular cartilage are to transfer and absorb mechanical loading and shock,

and to assure the correct distribution of mechanical stress exerted on the joint. It displays a
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protective function for the stiffer load-bearing bone underneath. Together with the synovial

fluid, it assures free movements of the joint with low friction [70,71].

The architecture of the articular cartilage presents four different zones: the superficial zone,
the transitional or middle zone, the deep zone and the calcified zone. Each zone presents
distinct biochemical and anatomical features (Fig7). The superficial zone represents around
10-20% of the thickness of the articular cartilage. It has the highest content of water and
collagen with collagen fibers oriented parallel to the surface and tightly packed. The
chondrocytes appear flat and thin. In this zone, cellular density is high. The superficial zone
has fewer proteoglycans than other zones [70,72]. The superficial zone produces lubricin,
under the expression of the PRG4 gene, in order to lubricate the joint [73,74]. The superficial
zone protects the zones underneath from shearing stress and is in direct contact with the
synovial fluid. It is itself covered and protected by the lamina splendens, which is a thin
acellular fibrous membrane. If this zone is damaged, the whole joint integrity is at risk and

there is a high probability to develop osteoarthritis (OA) [71,72].

The transitional or middle zone represents 40-60% of the articular cartilage. In this zone,
chondrocytes are bigger and spherical, collagens fibers are thicker and oriented obliquely in a
network. The amount of proteoglycan is increasing in comparison to the superficial zone. The

middle zone gives the structure to absorb compressive force [70,71].

The deep zone represents around 30% of the articular cartilage and is the richest in
proteoglycans but its water concentration is low. Its collagen fibers are the thickest and are
oriented perpendicular to the articular surface; then the global structure of collagens is

creating an arcade. Thanks to this structural arrangement and its composition, the deep zone
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is the greatest to absorb compressive forces. Alongside the collagen fibers, chondrocytes are

arranged in columns [70,71].

The calcified zone, in contact with the subchondral bone, represents 5-10% of the articular
cartilage. It is delimited by the tidemark, which separates this zone from the deep zone. The
tidemark is a basophil demarcation stopping the invasion of capillaries coming from the
subchondral bone. There are fewer chondrocytes and they can shift to the hypertrophic
phenotype. The calcified zone anchors the collagen fibers from the deep zone into the

subchondral bone [69].
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Figure 7: (A) lllustration of the architecture of the articular cartilage with the four domains: superficial
zone, transitional or middle zone, deep zone and calcified cartilage. The tide mark is represented as a
darker delimitation between the deep zone and the calcified cartilage, where the vascularization
coming from the subchondral bone underneath stops. (B) Histological representation of the articular
cartilage with the four above-mentioned domains. Each domain has different composition for its ECM.
The water and proteoglycan contents are different across each domain with decreasing water content
from the superficial zone to the lower domains and inversely for the proteoglycan content except for
the calcified cartilage where the presence of proteoglycan is reducing again [69,75].
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1.4.1.1.1 Articular chondrocyte

Chondrocytes are the main cell type present in the articular cartilage but constitute only 2%
of the total articular cartilage. They are highly specialized and more often quiescent. There is
typically a single chondrocyte by lacuna but it happens that one lacuna hosts two of them.
They are trapped in their own matrix and they generate and modulate their
microenvironment. They regulate the turnover of the matrix. Even if isolated, intercellular
communications remain between chondrocytes thanks to voltage-gated gap junctions which
exchange glucose and essential amino-acids, establishing a functional network for their

correct metabolism [76].

Chondrocytes show the ability to modulate their gene expression according to mechanical
stimuli. By this mechanism, they are adapting accordingly to their environment. For instance,
under dynamic compression, they upregulate the aggrecan and type Il collagen expressions
while under static compression they downregulate them [77]. Among other stimuli acting on
chondrocytes, one can mention growth factors, piezoelectric forces, and hydrostatic pressures

[70].

Even though being the only representing cell type of the cartilage, a recent single-cell analysis
highlighted the heterogeneity among chondrocytes. It is firstly observed by their different
anatomy across the zones of the articular cartilage, flatter, wider, in hypertrophy.
Chondrocytes display distinct transcriptomes as well and nine clusters, or subtypes, of
chondrocytes, were identified. The characterization was made from healthy knee cartilage of
10-week-old mice, out of 1625 cells expressing high levels of Sox9, Col2a1, and Aggrecan. As
expected, clusters can adequately discern chondrocytes based on their morphology and

localization, but also on ECM gene expression, such as various collagen types, collagen
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processing enzymes, proteoglycans and namely the lubricin and the SLRP family with Omd.
Subtypes of chondrocytes can be related to different biological functions as indicated by their
specific enrichment for ontology terms [78]. Murine subtypes of chondrocytes are
substantially similar to human subtypes characterized by single-cell analysis. However, every
murine feature does not perfectly translate to human and some distinctions remain. As the
single-cell from human samples was performed from cartilage issued from OA patients
undergoing knee arthroplasty surgery, dissimilarities are either due to the pathology and/or
are species-specific [78,79]. More studies on the functional characteristics of those subtypes
of chondrocytes are needed for a better understanding of the articular cartilage’s physiology

and how they could be related to the onset of joint pathologies.

1.4.1.1.2 Matrix organization and composition

The articular cartilage matrix is mainly composed of water which represents 60-80% of the
matrix. Out of the 20-40% of macromolecules (wet weight), collagens make up 50-60% and

proteoglycans 30% of the dry weight [69].

The localization of water is either intra-fibrillar or extra-fibrillar, water is not ‘trapped’ by
proteins but is rather freely exchangeable [80]. Water also interacts with proteoglycans as it
is drawn to the matrix by their negative charges attracting water dipole. The high percentage
of water is a functional adaptability, it protects chondrocytes and the subchondral bone from
compressive forces and it allows the diffusion of nutrients and the elimination of biological

waste [70].

Regarding collagens, many types are found in cartilage but the type Il is the major collagen
and is characteristic of the cartilage matrix. Type Il collagen constitutes 90-95% of collagens

found in cartilage, and generates a fibrillar network associated with proteoglycan, necessary
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to endure shear and tensile forces. Other collagens are labeled as minor type collagens. Even
if they are scarcely distributed in the ECM, they endorse the function to bring stability and
elasticity by generating crosslinks with the type Il collagen. Table 4 summarizes the different

collagens found in articular cartilage.

Table 4: Types of collagen represented in articular cartilage with the composition of structural collagen
chains, expressing genes, classification based on supramolecular assembly, percentage found in
articular cartilage, and distribution in articular cartilage; adapted from [81].

Distribution in articular

Collagen Chains Genes Classification %* .
cartilage
[al(lc2() ~ COLIAL o . .
Type | COLIA2 Fibril forming 0 Fibrocartilage
Type [ad(IN]s COL2A1 Fibril forming 99(;_ ECM of all zones
Type lll [a2(11)]s COL3A1 Fibril forming Na Na
COL4A1
[aL(IV)]:a2(1V) ggm;
Type IV a3(IV)a4(IV)a5(IV) Network forming Na PCM
[a5(1V)]2a6(IV) COLaA4
g COL4A5
COL4A6
COL5A1 oo .
Type V [al(V)]2a2(V) COL5A2 Fibril forming Na PCM
COL6A1
al(V)a2(VI)a3(Vl) COL6A2
al(V)a2(VI)ad(Vl) COL6A3 )
Type VI al(V)a2(V)as(Vl)  COL6A4 Beaded filament 1-2 PCM
al(Vl)a2(Vl)a6(Vl)  COL6A5
COL6A6
COL9A1 o . .
TypelX  al(iX)o2(X)a3(lX) COL9A2 FACIT: 'Flbrll-assomat‘ed colla?gens with 15 ECM of all zo.nes and
interrupted triple helices growth plate in adults
COL9A3
Type X [a1(X)] COL10A1 Network formin 1 Calcified zone and
yp 3 g hypertrophic cartilage
COL11A1
Type XI  al(XI)a2(XI)a3(XI) COL11A2 Fibril forming 1-5 ECM of all zones and PCM
COL11A3

*. Percentage of collagen in healthy articular cartilage; Na: no studies have been found to support it

Proteoglycans are complex macromolecules made of a core protein that is covalently
decorated by glycosaminoglycan (GAG). GAGs are long unbranched polysaccharides made of
repeated disaccharide units made of an amino sugar (N-acetylgalactosamine or N-
acetylglucosamine) and a uronic acid (glucuronic acid or iduronic acid). GAGs are negatively

charged and consequently attract water dipole or ions, highly useful for the physicochemical
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properties of the cartilage and its integrity [82,83]. There are four types of GAGs: hyaluronan,
chondroitin sulfate and dermatan sulfate, heparan sulfate, and keratan sulfate. Chondroitin
sulfate makes up 65-90% of GAGs of the cartilage. In articular cartilage, there are two main
types of proteoglycan: aggrecan and small proteoglycans. Aggrecans were named according
to their ability to aggregate. They are made of three globular domains, G1, G2 and G3 and
present domains rich in chondroitin sulfate (CS1 and CS2), containing around 100 chondroitin
sulfate chains, and keratan sulfate domain, containing around 30 of them. Multiple aggrecan
molecules bind to hyaluronic acid, thanks to a glycoprotein “link protein”, resulting in an
aggregate necessary for supporting the cartilage’s integrity (Fig 8 A, 8B). Aggrecan bound to
the hyaluronic acid attracts water in the environment and they expand within the ECM.
Collagen fibers, providing a network, maintain this expansion and stretch to balance the forces
generated by the swelling. This conformation is also advantageous upon compression as water
dispersion induces convergence of aggrecan and it increases their swelling potential. Then, it
limits water diffusion and when the compression is dissipated, water is moving back until the

balance of the relaxed state is achieved [84](Fig 8C).

Besides aggrecans, there are the SLRPs such as biglycan, decorin, and fibromodulin, which bind
directly to collagens playing a role in fibrillogenesis and organizing the ECM. Proteoglycans
have the ability to bind to cytokines and growth factors to regulate their bioavailability and
constitute a reservoir. This function is dependent on the numerous post-translational
modifications they could undergo [50]. Several other non-collagenous and non-proteoglycan
proteins make up the composition of articular cartilage and fine-tune its structural

organization, physiology, and communication with other tissues [85].
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Figure 8: (A) Electron micrograph of an aggregate of proteoglycan. Hyaluronic acid makes up the axis
where aggrecans are bound to. (B) Zoom on a specific region for its modelization showing the globular
domains and link protein. (C) Network of collagen type Il and aggrecans bound to hyaluronic acid.
During the relaxed state, aggrecans are expanded and water is drawn inside the ECM, while the
collagen is stretched to keep the equilibrium. Upon compression, water is moving out, aggrecans are
getting closer and the swelling potential is increased until the compression force is removed [84,86].
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To go even deeper into the articular cartilage, there is a structural hierarchy within the ECM,
with the pericellular matrix, the territorial, and the interterritorial regions (Fig 9). This
classification is based on the proximity with chondrocytes, and each region has its own
composition and organization. The pericellular matrix is the closest to chondrocytes and
surrounds them. It is a matrix rich in proteoglycans and glycoproteins. Its major collagen is the
type VI collagen, which is only present in the pericellular matrix in adults. Biomechanical and
biochemical signals are transmitted to chondrocytes through the pericellular matrix [87,88].
The territorial matrix, further from chondrocytes, surrounds the pericellular matrix. It is a
region where collagen fibers form a basket-like structure around the cell. This may serve as a
protective region for chondrocytes. The interterritorial matrix makes up most of the articular
cartilage matrix. It is a region rich in aggrecan and has large collagen fibers arranged either
parallel, obliquely or perpendicular to the joint surface, accordingly to their localization on the
four domains of the articular cartilage. Consequently, it is a key region for the articular

biophysical properties [70,89].
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Normal cartilage
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Figure 9: Representation of the regions of the articular cartilage: superficial zone, middle zone, deep
zone and calcified cartilage separated with the tidemark. Chondrocytes are represented with the
different subcategories of ECM: pericellular zone, territorial zone and interterritorial zone. The
representative composition of these ECMs is listed [90].

1.4.1.1.3 Calcified cartilage

The calcified cartilage is the deepest zone of the articular cartilage. The particularity of this
zone is the presence of hypertrophic chondrocytes secreting ALP, type X collagen, type |
collagen. It is responsible for ECM mineralization with an increasing percentage of minerals
with aging but always lower than bone [69,91,92]. There is a large discontinuity of stiffness
between the hyaline cartilage and the subchondral bone, the calcified cartilage mediates a
transition and helps to reduce shear stress of the osteochondral unit playing the role of a soft-

to-hard bridge [68]. The presence of nanochannels between calcified cartilage and
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subchondral bone is an additional indicator of the importance of calcified cartilage for the
crosstalk and for the solute and signal exchange between both tissues. The nanochannels are
a parallel to the bone canaliculi but smaller [93,94]. The calcified cartilage is continuously

remodeled and its mineralization and thickness change with aging [95].

1.4.1.2 Subchondral bone

The subchondral bone is referred here as the bone laying down the calcified cartilage and
separated from it with the cement line, comprising the subchondral bone plate made of
cortical bone and the subchondral trabecular bone [96]. The articular cartilage intertwines
with the subchondral bone in complex ways, defining comb-like insertion. The subchondral
bone supports the articular cartilage for mechanical loading and is a nutrient source as it is
richly vascularized [96]. Hence, numerous genes involved in subchondral bone homeostasis

are mechanosensitive [97].

The subchondral bone displays a specific microarchitecture revealing that trabeculae adopt
more often the rod geometry than the plate geometry (Fig 10). The direction of rod trabeculae
is predominantly transversal while there are two main orientations for plate trabeculae being
either transversal or longitudinal. This microarchitecture allows the subchondral bone to have
a uniform elastic modulus along spatial planes. It suggests that the subchondral bone is

optimized to physically support the articular cartilage [98].
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Figure 10: (A) Schematic representation of the microarchitectural characteristic of subchondral bone
trabeculae located beneath the subchondral bone plate. The analysis was performed following the
individual trabecular segmentation (ITS) from computed tomography There are two trabecular
geometry, either rod or plate adopting three possible orientations, longitudinal, oblique or transversal.
(B) Trabeculae were isolated and the number of rod trabeculae is represented by the green bar plot and
the number of plate trabeculae by the red bar plot. The measured elastic modulus in the three spatial
orientations is represented by the grey bar plot. Data from bar plots are presented as mean standard
deviation (SD) [98].

1.4.1.3 Synovium

The synovium is a vascularized conjunctive tissue covering the inner joint cavity, except for
the cartilage. It can be arranged in villosities. About its structure, the synovium is subdivided
into the superficial lining layer called the intima, facing the joint space, and the sublining layer
called the subintima. Blood vessels, lymphatics, nerves and fat tissues are contained in the
subintima. Synoviocytes are located in the intima where they undertake key functions of the
synovium. There are type A synoviocytes or macrophage-like and type B synoviocytes or

fibroblast-like. Type A is in charge of endocytosis of biological debris and protection of the

50



I. BACKGROUND

joint cavity keeping it aseptic. Type B secretes the synovial fluid, bringing nutrients to
chondrocytes and lowering the coefficient of friction due to its thickness for joint lubrication

[99,100].

.5 Osteoarthritis

Worldwide, 527.8 million of people are suffering of OA according to a study from 2019.
Globally, it corresponds to an increase of 113.25% from 1990 [101]. It is a degenerative disease
of high prevalence and a major source of handicap. Then, it is a public health challenge and it

is of rising interest as the global life expectancy is increasing in our aging populations.

According to the OARSI (www.oarsi.org), OA is defined as followed: “Osteoarthritis is a

disorder involving movable joints characterized by cell stress and extracellular matrix
degradation initiated by micro- and macro-injury that activates maladaptive repair responses
including pro-inflammatory pathways of innate immunity. The disease manifests first as a
molecular derangement (abnormal joint tissue metabolism) followed by anatomic, and/or
physiologic derangements (characterized by cartilage degradation, bone remodeling,
osteophyte formation, joint inflammation, and loss of normal joint function), that can

culminate in illness.”

OA is a disorder that involved pathologic changes in all the joint tissues including subchondral
bone, cartilage, meniscus, synovium, and muscles. The main risk factor associated with OA is
age, yet other factors such as sex, prior joint injury, obesity, genetic predisposition, and
mechanical factors may be involved [102]. OA is a heterogenous disease and it originates from
factorial causes with different subtypes of patients associated to distinct phenotypes.
Ultimately, tissular damages provoke joint pain, anatomical changes, swelling and impaired

mobility [103,104]. It is also categorized as primary OA, or spontaneous, when there is no
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apparent cause or as secondary OA in the case of an identified apparent cause such as trauma,

obesity, inflammation, genetic factors, or systemic diseases [83,105].

The multifactorial nature of OA contributes to various symptoms and makes it a challenging

disease for researchers lacking understanding of the big picture.

I.5.1 Heterogeneity of OA, a complex disorder

The different phenotypes within OA can be explained by the heterogeneity of the
physiopathological mechanisms involved in the onset and progression of the disease and of
the comorbidities associated with OA. A better understanding of those phenotypes and, a
fortiori, of the correlated underlying mechanisms would undoubtedly lead to more adequate
intervention for the patient, and personalized medicine with optimized treatments. Let us not
forget that OA was previously described as a homogenous non-inflammatory disease affecting
the integrity of the cartilage. Since then, our representation of OA changed dramatically. We
are far from stopping our progress in the understanding of OA, or as | should refer after this

allocution, our understanding of “OAs”.

A systematic review from [106], investigated on the OA phenotypes and reported their
classification (Fig 11). Six different phenotypes were reported: aging-driven, cartilage-driven,
metabolic syndrome-driven, subchondral bone-driven, inflammatory/immune/synovitis-
driven, and mechanical injury-driven. For the inflammatory phenotype, patients overexpress
inflammatory cytokines such as IL-1B, IL-6, and IL-8 among others. They show specific
biomarkers in their serum and have a higher sensitivity to pain at the baseline. Specific
biomarker signature is also found in patients associated with a higher prevalence of metabolic
factors such as obesity, diabetes, or hypertension; defining a metabolic phenotype profile.

Alterations of bone and cartilage metabolism also occur in subgroups of patients with well-
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defined biomarkers for both tissues. Concerning the mechanical injury-driven phenotype, it
appears that abnormal mechanical loading seems to be responsible for 12-22% of knee OA
and is one of the main mechanisms [103]. However, identifying and studying OA phenotypes
turns out to be challenging as they are connected and constitute more of a spectrum than
clearly defined categories [106,107]. Another work corroborated the heterogeneity of OA and
proposed to consider patient’s and disease’s characteristics such as pain sensitization,
psychological distress, radiographic severity, BMI, muscle strength, inflammation,
comorbidities, gender, and pattern of cartilage damage to help in the phenotyping OA

difficulty [108].
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Figure 11: Representation of the diverse OA phenotypes, endotypes and molecular endotypes (inspired
from v6). CRPM: C-Reactive Protein Metabolite; TNF: Tumor Necrosis Factor; IL: InterLeukin; VEGF:
Vascular Endothelial Growth Factor; MMP: Matrix MetalloProteinase; TIMP: Tissue Inhibitor of
Metalloproteinase; sICAM: serum InterCellular Adhesion Molecule; sVCAM: serum Vascular Cell
Adhesion Molecule; MCP: Monocyte Chemoattractant Protein; SIRT: sirtuine. Illustration from [106].
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The aforementioned phenotypes result from molecular modifications appearing years prior to
the macroscopic alterations and which define what are called the endotypes of the disease.
Again, various endotypes were described for OA and, as they overlap (especially in older

patients), they result in phenotypes of OA as described by [107] (Fig 11).

Past studies and meta-analysis enlightened us on the importance to grant to OA phenotypes
and endotypes. Deeper investigations conducted on OA cohort were able to detect and
characterize subsets of patients corresponding to endotypes. A study conducted on the IMI-
APPROACH cohort achieved the characterization of three main endotypes associated with
three phenotypes for knee OA: low tissue turnover (low repair and articular
cartilage/subchondral bone turnover), structural damage (high bone formation/resorption,
cartilage degradation) and systemic inflammation (joint tissue degradation, inflammation,
cartilage degradation) (Fig 12). Furthermore having different biomarker profiles for each
cluster, they also displayed other statistical differences with, for example, more women in the
structural damage and systemic inflammation clusters, and higher BMI and pain when

standing in the systemic inflammation cluster [109,110].
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Biochemical markers analyzed in the APPROACH cohort sampled from serum (S) and urine (U)

Name Inter and intra  Detection range Description
coefficient of
variation
S_C3M <15% 1-85 ng/mL MMP-mediated type IIl collagen degradation fragment. Type Ill collagen is a major collagen of

connective tissues, including synovial membrane. C3M has been shown to be released from synovial
membranes in the presence of proinflammatory cytokines which activate MMPs.

S_CRPM <15% 1-110 ng/mL MMP-mediated C reactive protein (CRP) degradation fragment. CRP is an acute reactant elevated in
chronic inflammatory diseases. CRPM is a metabolite of CRP.

S_ARGS <15% 0.01-0.4 pmol/mL  ADAMTs-mediated aggrecan degradation products. Aggrecan is the major proteoglycan of articular
cartilage. Like MMPs, ADAMTs are expressed and activated in the presence of proinflammatory
cytokines.

S_c1oC <15% 500-7500 ng/mL CTSK mediated type X collagen degradation fragment.

s_c2m <15% 0-10 ng/mL MMP-mediated type Il collagen degradation fragment.

s_coLL2_1 <15% 200-2200 nM Typr Il collagen degradation fragment similar, but from a different domain compared with C2M

S COLL2_ 1 N <15% 150-6000 pg/mL Inflammation-related (nitrated) type Il collagen degradation fragment. Nitrosylation is a post-

0, translational modification induced by an increase in oxidative stress associated with inflammation.

S_comp <15% 1-50 units/L Cartilage oligomeric matrix protein (COMP) is an articular cartilage protein, which is released when
cartilage is turned over.

S_CTXI <10% 0-3 ng/mL Cross-linked, isomerized and CTSK-generated fragment of type | collagen C-terminal telopeptide. It is a
marker of bone resorption.

S_HA <15% 10-800 ng/mL Hyaluronic acid is a glycosaminoglycan distributed widely across connective, epithelial and neural

tissues, including articular cartilage. It is released as part of tissue remodeling and turnover induced by,
for example, inflammation.

S_hsCRP <10% 0-60 mg/mL High-sensitive C reactive protein (hsCRP) is an acute reactant elevated in chronic inflammatory diseases
and used as a diagnostic marker in different rheumatic diseases.

S_PRO_C2 <10% 5-1000 ng/mL Type 1B collagen propeptide (synthesis). When new type Il collagen is expressed by cartilage cells,
PRO_C2 is released and is a reflection of cartilage formation.

S_NMID <10% 1-180 ng/mL Bone gamma-carboxyglutamic acid-containing protein.

S_RE_C1IM <15% 10-500 ng/mL MMP-mediated type | collagen degradation. See S_C3M and S_CTX_I.

U_CTXI_ALPHA <15% 0-10 pg/mmol CTSK generated fragment of type | collagen C-terminal telopeptide (corrected for creatinine) is a non-

isomerized version of S_CTXI and therefore believed to reflect degradation of young bone in contrast to
the isomerized which measures old bone.

u_cTxn <15% 10-2500 ng/mmol  MMP and CTSK-mediated type Il collagen degradation fragment (corrected for creatinine). See CTXI and
C2M as well.

Figure 12: Radar plot showing the profile of the three clusters describing the three main endotypes. In
grey: cluster 1 corresponds to the low tissue turnover endotype. In orange: cluster 2 corresponds to the
structural damage endotype. In blue: cluster 3 corresponds to systemic inflammation. The median
biomarker concentrations for each cluster are represented with a circle (instead of a dot) when the
difference between medians is statistically different. Values between 10% and 90% quantile are shown
on the graph as percentages. Subsets of biomarkers are associated with different characteristics of OA:
cartilage degradation, cartilage remodeling, bone formation, bone resorption, joint tissue degradation,
and inflammation [109].
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The democratization of high throughput omic technologies is helping the deeper phenotyping
effort put nowadays for OA. A transcriptome atlas was built from a total of 131 OA patients to
deconstruct the complexity of OA and to decipher the crosstalk between articular tissues. By
the technique of cluster generation, they identified four subtypes of OA presenting distinct
metabolism: GAG metabolic disorder, collagen metabolic disorder, activated sensory neurons,
and inflammation. Clusters have obviously specific genetic profiles and marker genes but the
tissular joint crosstalk is also impacted differently. Interestingly, one of the clusters is enriched
for the ossification and osteoblast regulation pathways. The same cluster correlates with a
narrowing of the joint space [111]. Two other studies performed on smaller patient samples
successfully identified subtypes of OA. They corroborated the inflammation and the ECM-
related cluster and all studies associated the inflammation cluster with a narrower joint space

even though their study design was independent [112,113].

The efficiency of OA treatments is mostly unpredictable as we could expect from such a
heterogenous and complex disorder. The principal aim of the studies listed here is to develop
personalized medicine and successful treatments for OA. Currently, we are witnessing the first
steps toward this approach. For instance, first suggestions of treatments could be proposed

based on the newly classified OA [111] (Table 5).

Table 5: Identification of molecular and clinical features related to four different OA subtypes with a
proposed adapted treatment for the patient, adapted from [111].

Feature GAG metabolic disorder Collagen metabolic disorder  Activated sensory neurons Inflammation
Molecular  PCOL CE2/ACAN TGF-8/COL6A1 1 GRIK2/GRM7 TMSB4X/CD34 1
VCAN | Collagen catabolic Synapse assembly T Immune response
GAG metabolic P
Clinical Typical symptom Severe osteophyte Younger age of KRS Apparently narrow joint
space
Treatment  GAG supplement Collagen supplement Analgesia Anti-inflammation
principles
Drugs Hyaluronic acid Gelatin NGF-inhibitor (tanezumab)  NSAIDs
Hyaluronic Hyaluronic collagen Acetaminophen Corticosteroids
Glucosamine Undenatured collagen Opioids IL-1 inhibitor (canakinumab)

TNF-a inhibitor
(adalimumab, infliximab,
etanercept)
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1.5.2 Physiopathology of OA

OA is characterized by pathological changes in all tissues of the joint. It induces degradation
and loss of the articular cartilage, inflammation of the synovium, abnormal subchondral bone
remodeling leading to sclerosis and osteophytes, joint shape alteration, degeneration of
ligaments and menisci and hypertrophy of the joint capsule [102]. A schematic illustration of

the global picture is represented by figure 13.

Each periarticular tissue modification could be reviewed in great details as they all have been
extensively investigated. Yet, with the purpose of summarizing, | will go further with the

cartilage and subchondral bone pathological changes.

57



I. BACKGROUND

A Healthy i | B Osteoarthritis

Vascular infiltration

Osteoclast (increased
\ bone turnover)

Bone

Calcified cartilage

Deep zone

Osteophyte formation

Middle zone

Cartilage

Macrophage (activated)
Superficial zone

Fissural lesion

Synovium —- Synovium (fibrotic)
Macrophage

(inactive)

Cartilage erosion

Hypertrophic chondrocyte
Chondrocyte
Apoptotic chondrocyte

Pore formation in the

Osteoclast
5.4 subchondral hone plate
{minimal bone ”
turnover) Sclerotic bone formation
O(s.teob]as; ! L osteoblast (activated)
inactive

Figure 13: lllustration and comparison of the healthy joint and the pathological changes induced by OA
on joint tissues. Chondrocytes are represented in the cartilage matrix colored in red to represent its
composition rich in GAGs which are loss in OA and correspond to a loss of staining. The integrity of the
cartilage is lost, articular cartilage is damaged and eroded, and chondrocytes become hypertrophic
during the development of OA and even undergo apoptosis. Inflammation markers and proteases are
secreted by chondrocytes. The synovium shows a pathological phenotype, and its macrophages are
activated. There is an increased vascularization of the subchondral bone which upregulates the
expression of VEGF. Osteoclasts and osteoblasts are activated in the subchondral bone and the bone
remodeling process is impaired and generates subchondral bone sclerosis and ectopic bone formation
leading to osteophytes [114].

58



I. BACKGROUND

1.5.2.1 Articular cartilage modifications

Articular cartilage degradation is the hallmark of OA and the cartilage undergoes deep
metabolic and physiological modifications. From macro-observations, modification of the
cartilage is clearly visible with the fresh white and translucent healthy cartilage turning

yellowish and with a distinct texture due to the fibrillations. Ultimately, there is a complete

erosion of the cartilage and the subchondral bone that was beneath becomes visible (Fig 14).

Figure 14: (Left) Healthy cartilage from a knee joint of a 43 years old human and (right) OA lesions of
the articular cartilage of the knee joint of a 88 years old human [115].

As the degradation of cartilage is a key feature of OA, there are several scores assessing its
damage. The gold standard is the “osteoarthritis research society international” (OARSI) score
described by [116] (Fig 15). It is divided from grade O to grade 6 with grade O representing an
intact surface and intact cells; grade 1 still shows an intact surface but which is uneven with

superficial abrasion and may have chondrocytes death, proliferation and generation of
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clusters or hypertrophy; grade 2 displays a surface discontinuity with deeper fibrillations, a
loss of histological staining for the Safranin-O Fast Green/ Toluidine Blue and a disorientation
of chondrocytes; grade 3 is marked by vertical fissures/clefts through the middle zone that
can be branched when more severe; grade 4 is the erosion of the cartilage, there is cartilage
loss; grade 5 is the denudation step with apparent subchondral bone at the joint surface;
grade 6 is the most severe and correspond to the deformation, the subchondral bone is
apparent and remodeled, it shows microfractures. The OARSI score is particularly relevant to
distinguish early to mild OA and has been validated in human and animal studies [117-119].
The severity of the OARSI score correlates with the loss of biomechanical properties of the

articular cartilage [120].

Other articular cartilage modifications correlate with the development of OA such as the
duplication of the tidemark. Its area is increased and starts to be innervated and capillary
vessels penetrate the tidemark and modify the environment of chondrocytes. The
angiogenesis of the cartilage and the hypertrophic phenotype are regulating each other
positively in an interdependent way [121,122]. The duplication of the tidemark is the
consequence of the activation of the endochondral ossification mechanism and the

mineralization supervised by hypertrophic chondrocytes [123,124].
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Figure 15: Representation of the histological OARSI score with key characteristics. From grade O to 5.
Grade 0: intact surface; grade 1: superficial fibrillations and cell abnormalities; grade 2: surface
discontinuity and chondrocytes clusters; grade 3: branched clefts; grade 4: erosion; grade 5: denudation
with subchondral bone being apparent at the surface. Pictures were taken with magnification 100X
from [120].
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1.5.2.1.1 Biological mechanisms of cartilage

degeneration

In OA, previously quiescent chondrocytes become more active, they proliferate and form
clusters; this process is mimicking what is occurring during skeletal development. The cartilage
turnover is increased and in response to mechanical stress or inflammation, chondrocytes
upregulate their production of collagenase and aggrecanase. The main degrading enzymes are
from the MMPs and A Disintegrin and Metalloproteinase with Thrombospondin Motifs
(ADAMTS). From the MMP family, MMP-13 is particularly efficient against type Il collagen
[102,125]. Chondrocytes increase their production of chemokines and cytokines contributing
to the inflammation of the cartilage. There are several upregulated cytokines but the main
one is IL-1B. IL-1B was shown to have a key incidence in the development of pathological
modifications. In OA chondrocytes culture in alginate, the stimulation by IL-1B was
considerably increasing the expression of MMPs and downregulating the aggrecan, favoring
the degradation outcome [126]. Other in vitro experiments showed that IL-1B was able to
inhibit proteoglycan synthesis [127]. Tumor necrosis factor a (TNF-a) is a second crucial
cytokine enhancing the catabolic pathway. Both IL-13 and TNF-a inhibit the type Il collagen
and aggrecan synthesis and stimulate the production of reactive oxygen species and MMPs

[128,129].

Following the aging process or after trauma, chondrocytes enter into senescence and secrete
various factors grouped as senescence-associated secretory phenotype (SASPs). SASPs are
secreted in the microenvironment where they induce senescence and inflammation to the
neighboring cells, promoting cartilage damage and OA [130,131]. The breakdown of the

cartilage results in damage-associated molecular patterns (DAMPs) released from the ECM.
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DAMPs contribute to the initiation of the inflammation and its perpetuation by triggering
synovial inflammation. It induces neo-angiogenesis, activation of macrophages, which polarize
preferentially into M1 leading to a higher M1 to M2 ratio (M1 being proinflammatory
macrophage and M2 being anti-inflammatory), and the subsequent production of
inflammatory mediators which are released back into the joint cavity, promoting further
cartilage degradation [132-134] (Fig 16). DAMPs come from the cleavage of a wide variety of
proteins and namely from fibronectin, hyaluronan, lubricin, SLRPs with OMD included, and
collagens [132,135-143]. They play predominant intracellular roles but they are also released
into the joint cavity either passively by damaged cells or cells under necrosis or even through

exosomes [144].

Further, it is proposed that the early degeneration of the cartilage is related to the ectopic
hypertrophy of chondrocytes, another key feature of OA. The damage caused by MMPs and
ADAMTS is correlated with the expression of terminal differentiation-marker genes such as
COL10A1 and MMP-13 [125]. Articular chondrocytes that have switched into hypertrophy
contribute to the destabilization of the articular integrity. They are involved in the
mineralization of the cartilage by the expression of ALP and can later enter the cellular death

pathway [145-147].
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Figure 16: Schematic representation of the effect of DAMPs in OA. (1) The articular cartilage releases
DAMPs in the joint cavity during degradation. (2) It triggers the proliferation of the lining cells and
inflammatory cells infiltrate the tissue alongside (3) neo-vascularization. (4) Inflammatory mediators,
cytokines, chemokines and lipid mediators, and DAMPS are released back into the joint cavity
maintaining the inflammatory cycle through (5) the activation of chondrocytes which increases MMPs
production leading (6) to more cartilage damage. lllustration from [132] and designed by Jérémie
Zappia.

Changes in the pericellular matrix is preceding the early shifting of phenotype presented by
chondrocytes in OA and, later, the pericellular matrix becomes loosely organized. The
pericellular matrix is the closest ECM to chondrocytes, and it implies that their closest cellular
environment is transformed with the disease, impairing biochemical and biomechanical cell
responses. Several proteins of the matrix, SLRPs included, act as reservoirs of growth factors

and regulate their bioavailability. For instance, in the pericellular matrix, fibrillin and fibulin
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sequestrate TGF-B while biglycan and syndecan modulate the Wnt pathway. However, both
TGF-B and Wnt are activated during OA [50,148]. Most of the Wnts induce cartilage
degeneration, they promote chondrocyte differentiation and hypertrophy but also the
upregulation of MMPs culminating in the promotion of OA [149-153]. Concerning TGF-B, it
can promote the expression of MMPs and, in long-term exposure, the loss of proteoglycan in
the deep layer of the cartilage. However, the scope of action of the Wnt and TGF-p pathways
is highly complex and as pleiotropic factors their influence is multifactorial and the outcome

of their activation can be positive for the integrity of the cartilage [154,155].

1.5.2.2 Subchondral bone modifications

The cartilage damage was the first modification to be widely studied for the understanding of
OA physiopathology, but overall the subchondral bone is however not to be neglected and

has aroused the interest of researchers, especially in recent years.

Bone marrow lesions (BMLs), sometimes described as bone marrow edema, are modifications
of the subchondral bone which are identified by an abnormal signal on MRI. BMLs are
associated with different pathologies including OA and they are related to different features
such as bone marrow necrosis, fibrosis, microfractures and fibrovascular ingrowth [156,157].
According to [158], out of 710 people above 50 years old, without any radiographic evidence
of knee OA, 52% displayed BML. The prevalence of BML increases with age and there is a
strong correlation between cartilage damage from OA and BML with 88% of BMLs correlating
with denuded cartilage or severe cartilage damage [158,159]. BMLs are associated with higher
OARSI histological score than non-OA and OA with no BML, and they are associated with
microarchitectural modifications of the subchondral bone, the plate thickness is increased,

there is higher bone volume, more numerous trabeculae with their geometry shifting to plate-
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like structure, and the bone mineral density (BMD) is significantly increased at BML locations.
Subregions of the knee joint show different relations to BMLs and associated joint
modifications with the anterior medial region being the more prone to develop BMLs
[160,161]. BMLs are induced by repetitive mechanical stress and they represent the
subchondral bone response, which turns to increase the bone remodeling to attempt to repair
the damage, leading to pathophysiological modifications for both bone and cartilage

[160,162].

Even though subchondral bone sclerosis was commonly identified in advanced OA, studies
highlighted subchondral bone modifications preceding cartilage damage (Fig 17). With
mechanical overload, there are abnormal bone resorption and microdamage that affect rod
trabeculae. At first, with increased bone resorption, the subchondral bone may get thinner
and more porous with less trabecular bone and thereafter evolves into thicker and sclerotic
bone [163]. There are fewer rod trabeculae, thus there is a thickening of the trabeculae to
keep on the mechanical demand, and plate trabeculae become over-represented with the
consequence of altered mechanical properties of the subchondral bone becoming stiffer. The
orientation of plate trabeculae in OA also differs from healthy subchondral trabeculae
worsening the global mechanical properties. The osteochondral unit is impaired and the
articular cartilage starts to display OA pathological degeneration. Human and spontaneous OA
guinea pig model studies showed that subchondral microarchitecture modifications occur
before cartilage degradation, suggesting that subchondral bone structural changes are
initiating cartilage degradation [98,164]. Modifications of the subchondral bone were
confirmed in vivo in humans, in 20 women, by [165], showing a strong correlation between

Kellgren-Lawrence grade and the subchondral bone microarchitecture of the medial tibial
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plateau, with higher bone volume, increased trabecular thickness with a shift toward plate

trabeculae in the medial tibial plateau than in the lateral.

Moreover, a direct effect from osteoblasts on chondrocytes was identified in vitro, in a co-
culture design. Osteoblasts from the sclerotic area of the subchondral bone in OA patients
accelerated the hypertrophic differentiation of chondrocytes and induced the mineralization

of their ECM [166].

Altogether, these findings indicate a bone-driven phenotype for OA, with the subchondral

bone playing a major function in the initiation of OA, at least for a subtype of patients (Fig 17).
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Figure 17: Schematic representation of the microarchitectural modifications of the subchondral bone
in OA. In early OA, the cartilage is still intact but the beginning of alterations of the subchondral bone
can be observed. Mechanical overloading affects mostly rod trabeculae. Because of microdamage and
abnormal bone resorption, the number of rod trabeculae is reduced and, in an attempt to compensate,
there is a thickening of the subchondral trabeculae. It results in an impaired rod-to-plate trabeculae
ratio and a thickening of the subchondral plate which generates a locally stiffer bone. The undermined
subchondral bone is impeded in its support function for the articular cartilage and further mechanical

stress contributes to its degradation in advanced OA [98].
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1.5.2.2.1 Biological mechanisms of the

subchondral bone sclerosis

Subchondral bone sclerosis derives from an unbalanced bone remodeling which disturbs both
the bone resorption and bone deposition functions (Fig 18). Abnormal stress conditions in the
subchondral bone conduct to higher osteoclast activity. It was shown that TRAP staining was
increased in subchondral bone in the murine model and in human [167,168]. The pro-
resorptive environment is helped by osteocytes adjacent to microdamage which undergo
apoptosis and secrete pro-osteoclastic molecules during the early stage of OA development

[62,169].

In reaction of the bone resorption, there is a locally higher concentration of TGF—1, which
recruits MSCs leading to aberrant bone formation and angiogenesis helping OA progression
(Fig 18). In humans, TGF—B1 concentration was higher in subchondral bone associated with
OA compared to healthy controls. In vitro, it was confirmed that TGF-B1 from osteocytes
activates Smad2/3 and that TGF—B1 level correlates with subchondral BMD modification, and
ALP and osteopontin expression. Furthermore, when TFG-B is inhibited in MSCs from the
subchondral bone, it has a protective effect on chondrocytes, showing once more the
importance of osteochondral crosstalk [167,168]. In parallel, osteocytes from the subchondral
bone stimulate the mineralization process through the activation of the Wnt pathway and the

decrease of the production of sclerostin (SOST), a Wnt antagonist [170,171].

The behavior of osteocytes in regard to their surrounding bone matrix is altered. Osteocytes
can actively resorb their bone matrix through the perilacunar/canalicular remodeling (PLR) to
maintain bone homeostasis. However, lacunocanalicular networks are disrupted by OA in

subchondral bone from the human knee and it was associated with reduced MMP13 and CTSK,
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two PLR enzymes. In mice, the mutation of MMP-13 in osteocytes mediated the suppression
of PLR, they had increased subchondral bone volume and it compromised the cartilage with

premature OA [172].

Results from hip-OA showed also subchondral bone sclerosis associated with the disease, with
a higher trabecular number, a shift from rod to plate trabecula and thicker trabeculae.
Interestingly, they showed that the bone remodeling process is impaired with higher
osteoclast number in subchondral bone in OA but most importantly, a higher number of SP7
and osteocalcin positive osteoblasts. Even though there is higher bone resorption, as the bone

formation is superior, the outcome leads to subchondral bone sclerosis [173].

Subchondral bone sclerosis is also associated with neo-angiogenesis of the cartilage, and
specifically increased of type-H vessels promoting OA (Fig 18). The activation of the
mammalian target of rapamycin complex (mTORC) pathway in chondrocytes stimulates the
production of VEGF in bone and was shown to be sufficient for the development of type-H
vessels in the subchondral bone. The development of type-H vessels supports further sclerosis
of the subchondral bone by regulating bone resorption and the stimulation of factors implied
in osteogenesis [35,36,174]. Osteoblasts also display activation of mTORC in the subchondral
bone leading to its sclerosis and OA. Again, TGF-B1 reveals itself as a master regulator of the
sclerotic phenotype as its activation elevates the neo-angiogenesis by enhancing VEGF

synthesis [122,167,175-178].

The biological mechanisms involved in subchondral bone sclerosis including the uncoupled
bone remodeling, neo-angiogenesis and impaired osteochondral crosstalk were reviewed in
[163]. They illustrated the modifications occurring in the subchondral bone in early OA and

late OA (Fig 18).

69



I. BACKGROUND

Early-stage OA

Non-calcified cartilage

Calcified cartilage

o o

ASIC*J Netrin-1
0
[ 5 =
*I—‘ o‘. " 0.... o®
)—C&l e i /’Lf sosT ‘7({{"’\7
—C o TGF ’1 \_/( 3\/— @ \<_/ T

oy

Subchondral bone

Bone marrow cavity

Noggin DIJ.I.A NJotch

Late-stage OA

Non-calcified cartilage L/ o \ )
L PDGF-BB PDGF-A
TGF-B1
Calcified cartilage SLIT3 FGF-1
VEGF A °
F TGF-B1
\ { \ TGF-B1
e RANKL e
Subchondral bone ( ®o ®e C JC ) .!'1 )
/ \/-—\L//\/(. L ‘;1 %\.L
A = D) — o \ 2
Bone marrow cavity —- ( - 7,,./\/ \/»«T\<_/ \

5 Mature osteoclast @ Osteocyte @ Bone lining cell ) Bone marrow mononuclear cell
e Mature osteoblast ° Preosteoblast 4. Endothelial progenitor cell = Apoptotic osteocyte

< 5 z —p Differentiation
® Preosteoclast CeD) Endothelial cell > Osteoprogenitor

Secretion

Figure 18: Schematic representation of the biological mechanisms involved in the subchondral bone
with early-stage OA and late-stage OA. In early-stage OA, there is abnormal bone resorption with the
upregulation of RANKL and downregulation of OPG by osteoblasts increasing the number of osteoclasts
in the subchondral bone. The production of prostaglandin E2 (PGE2), IL-6, MMP9 and VEGF enhances
the pro-osteoclastic environment. This effect is reinforced by the type-H vessels producing RANKL and
MMP9. The enhanced bone resorption releases cytokines from the bone matrix, such as insulin-like
growth factor 1 (IGF1) and TGF-B1. It is followed by the neo-angiogenesis of the subchondral bone and
its invasion by type-H vessels and, consequently, the osteogenesis is stimulated and enhanced as well.
Type-H vessels are surrounded by osteoprogenitors and stimulate their proliferation and differentiation
namely by expressing platelet-derived growth factor A (PDGF-A), TGF-81 and FGF-1. Osteoclasts
secrete Netrin-1 and H* promoting sensory innervation with the expression of acid-sensing ion channel
3 (ASIC3); deleted in colon cancer (DCC); and transient receptor potential vanilloid 1 (TRPV1) which are
pain-related. In late-stage OA, the mineralization is enhanced namely with the activation of the Wnt
and TGF-81 pathways. Osteocytes also reduce the production of SOST, an inhibitor of the Wnt pathway,
to increase the mineralization outcome. Osteoblasts and osteocytes are still contributing to the
capillary invasion through the production of VEGF, slit guidance ligand 3 (SLIT3), and TGF-61. Pre-
osteoclasts help the angiogenesis too by producing PDGF-BB. The invasion of type-H vessels is
maintained and their endothelial cells communicate through the intercellular Notch/delta-like protein
4 (DLL4) pathway and it leads to the induction of Noggin, a BMP inhibitor, for the correct differentiation
of the osteoprogenitors. A subgroup of osteoblasts promotes subchondral bone sclerosis through the
expression of PDGF-A, TGF-681 and FGF-1. Sensory innervation is supported by nerve growth factor
(NGF) and PGE2 coming from pre-osteoclasts and osteoblasts respectively. PGE2 is the ligand of
Prostaglandin E2 receptor 4 (EP4), mediating the pain response and inflammation as well [163].
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I.5.3 Small Leucine-Rich Proteoglycans

Numerous collagens, glycoproteins and proteoglycans compose the ECM and they constitute
what is called the “core matrisome”. Among the proteoglycan of the matrisome, a specific
family, the SLRP, includes OMD but also 17 other members with the well-known biglycan, and
decorin, classified in five classes. SLRPs are composed of a core protein covalently decorated
by GAGs. The core protein is characterized by a variable number of central leucine-rich repeat
(LRR) domains, each made of one a-helix and one B-strand structuring SLRPs as solenoid-like
proteins with a horseshoe shape ideal for protein—protein interaction helping their functions
in fibrillogenesis, cytokines reservoir in the ECM, and binding to cellular receptors. SLRP
members display distinct features, such as different LRR lengths, glycosylation patterns, the
nature of their GAG chains or even the composition of their N-terminal domain containing
four cysteines spaced by a varying number of amino acids which were used to classify them

(Table 6) [50].
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Table 6: Classification of the SLRP family in five classes; BGN: Biglycan; DCN: Decorin; ASP: Asporin;
ECM2: Extracellular Matrix Protein 2; ECMX: Extracellular Matrix Protein X; LUM: Lumican; KTN:
Keratocan; FMOD: Fibromodulin; OMD: Osteomodulin; PRELP: Proline/arginine-rich end leucine-rich
repeat protein; EPN: Epiphycan; OGN: Osteoglycin; OPTC: Opticin; CHAD: Chondroadherin; NYX:
Nyctalopin; TSK: Tsukushi; PODN: Podocan; PODNL: Podocan like protein. Classification is based on the
N-end cysteine cluster and a 3D representation of a representative member generated with the PyMol

software (Schrédinger LCC, version 2.1.1) is illustrated with lateral asparagines (N shown in red). X-Ray

crystallographic analysis for the SLRP Family members of class Ill and class IV are not yet available. The

different post-translational modifications, GAG type, glycosylation and other features are listed. LRR:
leucine-rich repeat. The table is from [50] and was designed and generated by Jérémie Zappia.

N-linked oligosaccharide

Tyrosine sulfation

Class | N-end 3D representation and Member | GAG type/ Glycosylation | Other
cysteine PDBID
motif
| CX3CXCXeC BGN Chondroitin sulfate Only ECM2 has a
peculiarity in its
Dermatan sulfate motif with only 2
N-linked oligosaccharides | conserved
cysteines.
DCN Chondroitin sulfate
Dermatan sulfate
N-linked oligosaccharides
O-linked oligosaccharides
ID: 2FT3
ASP N-linked oligosaccharides
Potential O-linked
oligosaccharides
Acid aspartic sulfation
ECM2
ECMX
I CX3CXCXoC LUM Keratan sulfate tyrosine cluster that
KTN poly-lactosamine can be sulfated
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FMOD

ID:5YQ5

OMD

poly-lactosamine
Keratan sulfate

N-linked oligosaccharides
Tyrosine sulfation

acidic patch

PRELP

N-linked oligosaccharide

CX2CXCX6C

EPN

Chondroitin sulfate
Dermatan sulfate
O-linked oligosaccharides
N-linked oligosaccharides

acidic patch

OGN

Keratan sulfate
Chondroitin sulfate
Dermatan sulfate

N-linked oligosaccharides

CX3CXCXe-17C

OPTC

O-linked oligosaccharides

Tyrosine sulfation

LRRs with only 7
repeats.

ID: 5MX1

CHAD

Keratan sulfate

(existence of potential
site)

NYX
TSK

(existence of potential

site)

CX3.4CXCXoC

PODN

(existence of potential
site)

acidic patch

PODNL

(existence of potential

site)

High number of LRR
with 20 repeats for
POD and 21 repeats
for PODNL
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1.5.3.1 SLRPs in OA

SLRPs were demonstrated to play key functions in the ECM and were related to various
pathological conditions. Several members of the SLRP family were investigated from the OA
perspective and related to its development or onset. Firstly, biglycan, decorin, asporin,
lumican, keratocan, fibromodulin, osteomodulin, PRELP, epiphycan, osteoglycin, opticin,
chondroadherin, tsukushi and podocan-like protein were observed and/or were shown to
have functions in skeletal tissues [179-183]. Most of them bind to the collagen network and
regulate fibrils organization and diameter while protecting collagens to be enzymatically
cleaved by collagenases. However, in pathological conditions such as OA, there is an extensive
degradation of SLRPs by MMPs with specific fragmentation patterns associated with the
severity or localization of tissues affected by OA. SLRPs are not only affected by protein
degradation but their gene expression is also modified with OA [50,184—-191]. In addition,
several SLRPs bind to TGF-B and BMPs, which are deeply connected to the cartilage integrity
and the onset of subchondral bone sclerosis, influencing the cellular response [192—-199]. They
are also involved in the inflammatory response as they are included in the DAMPs identified
in OA. They bind to Toll-like receptors (TLRs) and they activate the complement pathway

[132,138,139,191].

The in vivo functions of SLRPs in OA were extensively investigated thanks to mouse models
with single and double SLRPs deficiency, represented in table 7. The deficient mouse models
showed that SLRPs maintain the integrity of the skeletal tissues in vivo including the joint
which was developing OA in the absence of biglycan, fibromodulin, decorin, epiphycan and
associated double knock-out mice. The microarchitectures of bone and cartilage, in addition

to the collagen fibrils, were affected in mostly all the SLRP-deficient models. In consequence,

74



I. BACKGROUND

the biophysical properties of the joint are impaired because of the degenerative changes and

the joint is less suitable to endure mechanical loading (Table 7).

Table 7: Summary of the skeletal phenotypes of SLRPs deficient mouse and their association with OA.

Table generated and designed by Jérémie Zappia.

SLRPs

Skeletal Phenotypes

OA

Ref

Biglycan

Fibromodulin

Decorin

Lumican

Epiphycan

Osteoglycin

Opticin

Chondroadherin

Low bone mass

Ectopic ossification in tendons,
menisci and cruciate and patellar
ligaments

Abnormal collagen fibrils in bone
and tendons

Collagen loss in articular cartilage
Torn cruciate ligaments

Altered
microarchitecture

subchondral bone

Decreased nucleus pulposus
Early disc degeneration
Phenotype aggravated with age
Ectopic ossification in ankles,
tendons, menisci and cruciate and
patellar ligaments

Abnormal collagen fibrils in
tendons

Decreased tendon stiffness

Torn cruciate ligaments
Phenotype aggravated with age
Abnormal collagen fibrils in bone

Abnormal collagen fibrils in
tendons

lighter and shorter femur
Phenotype aggravated with age

Higher bone mass

Altered bone microarchitecture
Decreased osteoclast number
Abnormal collagen fibrils in
tendon

Abnormal collagen fibrils in
articular cartilage
Altered bone and cartilage
microarchitectures

Premature knee OA and
subchondral bone
sclerosis, observed from 3
months in [200]and from 6
months in [201]

Altered subchondral bone
microarchitecture in the
DMM model

Premature knee OA and
subchondral bone
sclerosis, observed from 9
months

Accelerated cartilage
damage and osteophyte
formation in the DMM
model with alignment of

collagen fibrils

Premature knee OA,
observed from 9 months

Prevent cartilage damage
in DMM model

[200-206]

[200,204,207,208]

[203,206,209]

[208]

[201]

[183,210]

[211]

[212,213]
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Tsukushi

Biglycan/
Fibromodulin

Biglycan/
Decorin

Lumican/
Fibromodulin

Biglycan/
Epiphycan

Altered bone and cartilage
mechanical properties

Abnormal collagen fibrils in
cartilage

Shorter skeleton

Lower bone mass and altered
bone and cartilage
microarchitectures

Lower bone mass

Shorter long bones

Decreased flexibility of knee and
ankle joints

Ectopic ossification in ankles,
menisci and cruciate and patellar
ligaments

Abnormal collagen fibrils in
tendons

Torn cruciate ligaments

Altered
microarchitecture

subchondral bone

increased articular chondrocytes
apoptosis

Increased osteoclast activity
Phenotype aggravated with age
Shorter and wider long bones
Low bone mass

Abnormal collagen fibrils in bone
Altered
microarchitecture

subchondral bone

Joint laxity and hypermobility
Misaligned knee patella and
overgrowth of the metaphyseal
bone

Bowed legs and gait abnormalities
Decreased tendon stiffness
Shorter long bones

Ectopic ossification in tendons
and ligaments

Collagen loss in articular cartilage
Deficiency of superficial articular
chondrocytes

Phenotype aggravated with age

Premature knee OA and
subchondral bone
sclerosis, observed from 3
months

Premature
temporomandibular joint
OA, observed from 5
months

Accelerated cartilage
damage and osteophyte

formation in the DMM

model with altered
subchondral bone
microarchitecture and

alignment of collagen
fibrils

Premature  knee OA,
observed from 5 months

Premature knee OA,
subchondral bone
sclerosis and osteophytes,
observed from 4 months

[181]

[200,204,214—

219]

[203,206]

[208]

[201]
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Further, detrimental phenotypes and OA were more severe in the double knock-out models,
indicating the synergy of SLRPs and their likely overlapping functions (Table 7). Besides, as a
result of the mutation of an SLRP gene, compensation mechanisms can arise with the
upregulation of other SLRPs to alleviate the deleterious outcome [200,201,203,204,206,208].
Concerning the beneficial effect of the lack of opticin after DMM, it results from the
upregulation of lumican and epiphycan, but a decrease of fibromodulin, preventing joint
damage [211]. However, even if most of the reported SLRP-deficient mouse models develop
OA, they are progressing in their own fashion. For instance, more severe spontaneous articular
damage is observed in biglycan-deficient mouse than with fibromodulin or epiphycan deficient
models; or with no subchondral bone sclerosis associated with decorin-deficient mouse in a
DMM model [200,201,209]. Therefore, distinct biological mechanisms are associated with
SLRP members, despite compensation mechanisms being present and then with some

anticipated limitations.

The regulation of the bioavailability of cytokines was also investigated in mouse models to
identify mechanisms leading to OA. In mouse lacking biglycan and fibromodulin, the
sequestration of TGF-B1, which can be bound by both SLRP, is decreased in the ECM leading
to the overactivation of the pathway and later to the degradation of the cartilage. The
increased availability of TGF-B1 was corroborated in vitro, alongside the resulting upregulation
of MMPs and ADAMTS in the absence of biglycan and fribromodulin [218]. The biglycan and
fibromodulin regulate bone remodeling as well through the direct binding of RANKL, the
master differentiation factor of osteoclasts. While RANKL sequestration is decreased in the
double deficient mice, its expression is increased and the expression of its receptor TNFa too.
This is enhancing osteoclastogenesis, with elevated osteoclast number in the double deficient

SLRP mice. The promoted bone resorption is coupled with higher osteogenic potential and
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more active osteoblasts are conditions supporting the development of subchondral bone
sclerosis associated with OA [219]. The lumican controls similar functions by inhibiting
osteoclastogenesis but promoting pre-osteoblast viability and differentiation in vitro

[220,221].

1.5.3.2 Osteomodulin

Osteomodulin (OMD), also known as osteoadherin, was the target of the research led in the
present thesis. A detailed description of this SLRP is therefore opportune, with particular

attention to its functions in skeletal tissues.

OMD is from the second class of the SLRP family and is decorated by keratan sulfate chains. It
was discovered in 1995, from bovine bone extract with a concentration of 0.4mg/g of tissue
wet weight. It was first associated with bone tissue and teeth, it is strongly expressed by
osteoblasts and binds to them through integrin a,fs. Moreover, OMD presents a large acidic
patch in the C-terminal domain increasing its affinity for mineralized tissues with
hydroxyapatite crystals and displays different glycosylation patterns according to the
development of bone with more substitution of keratan sulfate during the initiation of the
mineralization [50,222—-227]. However, recent investigations demonstrated that OMD is
expressed in other cell types and tissues such as articular chondrocytes, pre-hypertrophic
chondrocytes and fibro chondrocytes; aortic arteries; brain; or even umbrella cells in bladder
epithelia indicating broader functions than primarily expected [228-232]. It is noteworthy to
highlight that OMD is associated with ectopic mineralization, with cardiovascular calcification

[233-235].

Most of the studies performed on OMD analyzed its function on skeletal tissues and

mineralization. Its expression is upregulated in the osteogenic condition/osteoblast
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differentiation and OMD improves the osteogenic fate of cells cultured in vitro; it is correlated
to the increased expression of SP7 and RUNX2, improved ALP activity and mineralization. The
silencing of OMD by shRNA confirmed its functions and showed a decreased osteogenic
induction. Further, the expression of OMD by osteoblasts is enhanced under osteoclast
activity and a mouse model with reduced osteoclastogenesis has a downregulated expression
of OMD. It establishes a correlation between osteoblast maturation, bone remodeling and the
expression of OMD. Mechanistically, OMD has a high affinity for BMP-2 and BMP receptors,
the formation of this cluster facilitates and stabilizes the binding of BMP-2 with its receptor
and activates the canonical BMP pathway leading to the promoted osteogenic profile whereas
the absence of OMD induces the downregulation of the BMP pathway. Furthermore, there is
a positive feedback via the BMP pathway as SMAD-4 binds to the promotor of OMD to
stimulate its expression [195,236—241]. However, the effect of TGF-B1 takes the opposite path
and downregulates the expression of OMD [242]. In parallel of leading cells to an osteogenic
fate, OMD helps in the regulation of apoptosis and proliferation. The overexpression of OMD
enhanced cell viability in vitro by decreasing the activity of Caspase-3/7 while its knock-down

promoted apoptosis [236,243].

Concerning OA-related features, OMD was shown to be upregulated in BMLs, which are
premonitory signs of the development of subchondral bone sclerosis [223,244]. OMD is deeply
connected to the subsequent subchondral bone sclerosis, but inversely, observations from our
laboratory demonstrated its protein production and gene expression downregulated by
osteoblasts in monolayer culture coming from sclerotic areas of OA patients compared to non-
sclerotic areas [187]. Its downregulation by osteoblasts presenting the sclerotic phenotype is
consistent with the uprising activation of TGF-B1 in such conditions and with its previously

described negative feedback on OMD [167,168,187,242]. The decreased level of OMD in
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subchondral bone associated with OA was validated by an independent study enrolling ten
patients with primary OA. The same study showed a reduction of OMD in a rat model followed
by surgically-induced OA compared to normal rats [245]. The depletion of OMD in the
subchondral bone may affect its properties and increase its fragility as OMD directly binds to
type | collagen to regulate fibrils formation and their diameter. OMD reduces the diameter of
collagen fibrils and allows a better organization of the collagen network with fewer twisted
fibrils by controlling the rate of fibril formation [246,247] (Fig 19). There is also an increased
fragmentation pattern of OMD from OA patients indicating enhanced degradation of OMD.
This phenomenon may promote inflammation given that OMD binds directly to factor to the

complement pathway for its activation [139].

C fibril formation
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Figure 19: Effect of the binding of OMD on type | collagen. (A) Collagen without OMD. (B) Collagen with
OMD. (C) Representation of the fibril formation without or with OMD leading to more various, larger
and twisted fibrils or to more regular and straight fibrils respectively [246].
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Either in vitro or in vivo, there is a large repertoire of models for OA, each one with its perk

and inconvenient (Fig 20). The biological response of tissues can be predicted by in vitro

models that allow to investigate research hypothesis in a simplified model. Cells from the

different tissues of the joint can be used for in vitro monolayer culture and even 3D cultures.

The study of the crosstalk between different cell types can be achieved with more complex

co-culture models [248].

Monolayer culture
Large cells number
Low cost

Co-culture
Cell-cell interplay

3D organoid
Mimic in vivo microenvironment
Cell-cell interaction
Tissue like organisation
Chondrocyte phenotype stabilisation

i Easy genetic manipulations, useful in
: OA genes studies

i Small, transparent embryos and

: juveniles

i High throughput drug screening

Deciphering molecular mechanisms
Rapid development
Low cost
Availability

In vitro models

Monolayer culture
Co-culture

Zebrafish

In vivo models
Small models

o @ &

Monolayer culture
Rapid dedifferentiation of chondrocytes
Far from the original tissue

Co-culture
Different growing methods

3D organoid
Large cells number required
Right scaffold need
More difficult to achieve

Not mammals
Small size of the joints
Extra whole genome duplication
Limited availability of antibodies

Experimental OA far from human OA

Mechanism/development of OA similar
to that in humans
Similar cartilage characteristics
No spontaneous regeneration

Large models

Higher cost
Difficult implementation
Small cohort

High sensitivity

Figure 20: summary of the different models used in OA research [248].
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However, animal models are useful for studying the joint morphology, the development and
onset of OA. There are at least 18 different species of animal that can be used to study the
physiopathology of OA including guinea pigs, mice, rats and even zebrafish which were added
to the list recently [249]. For experimental studies, small animals are easier and cheaper to
handle but their anatomy, histology and molecular aspects are different enough to raise the
guestion of reliability when it comes to translate the outcome to humans. For instance, the
murine cartilage thickness, of 0.03 mm on average, is 70 times smaller than in humans with
2.2 to 2.5 mm of articular cartilage thickness on average. One of the main benefits presented
by the mouse model is the easier opportunity to generate genetically modified lines to study

genetic disease pathways [250].

1.5.4.1 Mouse models

As previously introduced, OA is a complex disorder, and it can be classified into primary or
secondary OA according to the origin of the disease. In animal models, there are naturally
occurring, or so-called, spontaneous OA models translating primary OA and several surgically-
induced models. For instance, the destabilization of the medial meniscus (DMM) is a model

for secondary OA [251].

In parallel to humans, a cartilage integrity OARSI score was designed for the murine model
and divided into 6 grades (Fig 21). The grade O represents a healthy and intact cartilage; grade
0.5 represents a loss of proteoglycan; grade 1 has still an intact articular cartilage but with
small fibrillations; grade 2 displays vertical clefts and partial loss of surface lamina; grade 3
goes approximately until 25% of the erosion of the cartilage to the calcified cartilage while
grade 4 encompasses between 25 and 50% and grade 5 from 50 to 75%, the final grade 6

corresponds to the erosion extending 75% of the articular cartilage or its complete loss [252].
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=,

Figure 21: Representation of the murine histological OARSI score with key characteristics. The medial
femoral condyle can be observed at the top of the picture and the medial tibial plateau can be observed
at the bottom. With the first score corresponding to the condyle and the second to the tibia, here is the
attributed score for each image : (A) 0, 0.5; (B) 0, 1, (C) 0.5, 2; (D) 3, 3; (E) O, 4; (F) 5, 6. Pictures are
issued from [252].
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1.5.4.1.1 Spontaneous models

Mice develop OA spontaneously with aging, which is a close equivalent to human primary OA.
It was reported that the incidence of OA was increasing with age and in 16 months C57BI/6,
80% of them were showing signs of OA. There was a loss of proteoglycan associated with
defects of the Golgi apparatus [253]. The medial plateau always shows the most severe OA
lesions with increased chondrocytes cell death associated with aging [254]. However,
designing experiments with spontaneously occurring OA lesions in mice can appear

challenging and time-consuming.

Although mice develop OA naturally, the specific STR/ort strain, derived from a serendipitous
generation, offered the opportunity of a newly interesting model because of its naturally fast
development of OA. Male mice display OA from 18 weeks of age. While rapidly generating OA,
this strain displays cartilaginous lesions with key hallmarks such as proteoglycan loss, cartilage
clefts, osteophytes and subchondral bone sclerosis. Subchondral bone sclerosis is even one of
the first modifications reported in STR/ort mice. However, compared to C57BI/6 mice, STR/ort
mice have a higher bone mass for both the cortical and trabecular bone. The bone phenotype
of this strain is associated with a greater osteoblast number, which are more active, impaired
osteoclast function and endochondral ossification defects. Other peculiarities than bone and
cartilage physiology can be reported from the STR/ort strain, namely for immune cells and

their metabolism [255].

Recently, investigations on a new model of spontaneous OA in mouse was reported.
Senescence-accelerated mice prone 8 (SAMP8) mouse have a fast aging process with a
reduced lifespan and develops OA faster, starting to exhibit mild lesions at 14 weeks.

Concerning the subchondral bone, first modifications were reported at 6 weeks with a thicker
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subchondral plate and increased angiogenesis. These observations report modifications of the
subchondral bone prior to the cartilage damage in the primary OA model of SAMP8 male mice

[256-258].

1.5.4.1.2 Destabilization of the medial meniscus

OA can be surgically induced and namely through the destabilization of the medial meniscus
(DMM). This surgery allows the gradual development of OA, still resembling the human
pathology. The study of OA following the DMM corresponds to the observation of post-
traumatic OA. An incision is made through the skin and the patellar ligament to section the

medial menisco-tibial ligament without removing the meniscus [251].

This surgery induces OA with high reproducibility. The result of the DMM surgery is dependent
on the time left post-surgery to allow the progression of OA. It is also age-dependent with
exacerbated severity of cartilage degradation, subchondral bone sclerosis, and osteophyte in
older mice. This phenomenon could be explained by the fact that the skeleton is highly
dynamic and different events occur during its development. The DMM is not only
accompanied by cartilaginous lesions but also by impaired bone remodeling with elevated

osteoclast number and subchondral bone sclerosis. [259,260].

85



I. BACKGROUND

1.5.4.2 Zebrafish Model

Even if small mammals with mouse and rat are still the preferred models, the zebrafish gained
popularity in the 80’s as a model for toxicology, developmental biology, and biomedical and
genetic research. It became a fashionable model due to numerous advantages reviewed in
[261] and namely its easy genetic manipulation to screen numerous genes of interest. The
zebrafish is a small vertebrae of freshwater and a bony fish from the Teleostei infraclass.
Although being further to human than its rodent models counterparts, the zebrafish remains
a very reliable model as 71.4% of human genes have at least one ortholog in the zebrafish.
Furthermore, from this pool of genes, there are 82% of disease-associated genes related to at

least one orthologue in the zebrafish [261,262].

Concerning bone and cartilage biology, the zebrafish presents the same skeletal development,
cell types and gene expression as mammals with few exceptions (Table 8). Because of the
shared similarities and the ease of genome editing, a burst of zebrafish strains emerges in
order to model a vast range of skeletal disorders like osteoporosis, craniosynostosis, Ehlers-
Danlos syndrome, fibrodysplasia, ossificans progressiva, osteogenesis imperfecta to name
only the most famous ones. Recently, researchers have even used the zebrafish as an OA

model, which is of great interest to us in the specific context of this thesis [261,263].
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Table 8: Comparison of skeletal features in humans, rodents and zebrafish, adapted from [263].

Skeletal feature Human Rodent Zebrafish

Bone types Dermal Dermal Dermal
Compact Compact Compact
Spongy Spongy Tubular (spongy)

Skeletal cell types Chondrocytes Chondrocytes Chondrocytes
Osteoblasts Osteoblasts Osteoblasts
Osteocytes Osteocytes Osteocytes

Ossification types

Development
Average brood size
Mineralization begins
Skeletal maturity
Direction of loading
Repair after fracture
Regeneration after
amputation

Gene conservation (vs
humans)

Bone marrow
Visualization of cell
dynamics of bone

BMD assessment

Drug screening
Ex vivo/ in vitro study
of bone

Osteoclasts
(multinucleate)

Endochondral
Intramembranous
Perichondral

In utero

n/a

4-5 weeks

Up to 30 years
Axial

Yes

Limited (digit tip)

100%

Yes
No

CT(fixed/live); high
resolution peripheral
guantitative CT
(HRpQCT, fixed/live);
ultrasound (live); DXA
(live)

In vitro

In vitro differentiation
of stem cells

Ex vivo culture of
primary cells

Osteoclasts
(multinucleate)

Endochondral
Intramembranous
Perichondral

In utero

6-8

About 2 weeks
4-5 months
Orthogonal

Yes

Limited (digit tip)

85%

Yes
Limited (intravital
imaging)

UCT (fixed); DXA (live)

In vitro

In vitro differentiation
of stem cells

Ex vivo culture of
primary cells

Osteoclasts
(multinucleate and
mononucleate)
Endochondral
Intramembranous
Perichondral

In ovo

100-150

3-4 dpf

2-4 months

Axial

Yes

Yes

75%

No

Transparency in
mutants.

Larval stages and fin
regenerates, adult
scale regeneration
UCT (fixed)

In vivo

Ex vivo scale culture
Ex vivo culture of
primary cells
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The zebrafish, as mammals, presents synovial lubricated joints, with the jaw joint and joints
of the pectoral fin. Histology of the joint shows a complex structure with distinct layers of
flattened articular chondrocytes, and with hypertrophic chondrocytes located beneath the
articular surface. The articular cartilage is itself laying on the subchondral bone (Fig 22 A, B).
The synovial joint of the zebrafish expresses the different markers found in mammals, such as
aggrecan, type Il collagen, type X collagen and lubricin. The expression of those markers
conserves their spatial features between the superficial and deeper layers of the cartilage. A
single-cell analysis confirmed the distinct characteristics of the different cartilage layers.
Interestingly, the expression of lubricin was proven to be essential for the maintenance of the
cartilage with mutants showing cartilage degeneration resembling OA. The shared OA features
encouraged researchers to develop a translational OARSI score (Fig 22C) [264,265]. Several
genes associated with OA were characterized in the zebrafish, as well as transgenic lines
marking chondrocytes at different maturation stages, establishing the zebrafish as a new

excellent model for OA [266—268].
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Stage 2: 10-25%
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surface abrasion with layer; excavation: matrix surface contour
some matrix loss within loss in superficial and
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Figure 22: (A) Revised phylogenetic tree replacing the synovial joint apparition (black asterisk) in a
common ancestor of all bony vertebrates instead of the old model placing it with lungfish and tetrapods
(grey asterisk). (B) Head of the zebrafish stained with Alcian blue with a focus on the jaw joint and
pectoral fin joints. aa: anguloarticular; q: quadrate; sc: scapula; r: ray; pr: proximal radial; dr: distal
radial. (C) Representation of the zebrafish histological OARSI score with key characteristics for the jaw
joint. Grade 0: the surface of the cartilage is intact; grade 1: the cartilage is still intact but the surface
is uneven with small fibrillations; grade 2: there are deeper fibrillations, matrix loss and surface
abrasion; grade 3: there are vertical clefts extending to the deeper cartilage layers; grade 4: erosion of
the superficial layer of the cartilage; grade 5: denudation of the cartilage with the subchondral bone
surface being exposed,; grade 6: the subchondral bone surface is exposed and deformed. Illustration
adapted from [264].
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In parallel to surgically-induced OA in rodents, a surgery sectioning the interopercular—
mandibular ligament was developed in the zebrafish. It induces joint destabilization followed
by articular cartilage degeneration of the jaw joint. The OARSI score was attributed to injured
jaw joints compared to uninjured ones for 1-year-old fish, showing a significant increase of
the histological score 14 days post-surgery. The zebrafish, being a highly regenerative
organism, showed complete recovery of the OA lesions by 28 and 42 weeks post-surgery [265].
In contrast to mammals with low to inexistent regenerative capacities, the zebrafish, with full
regeneration of the articular cartilage after induced OA, opens new perspectives of research

and offers unique advantages to explore cartilage regeneration/repair mechanisms.

Another specificity of the zebrafish, and other bony fish, is their exoskeleton composed of
elasmoid scales, being part of the dermal skeleton. Elasmoid scales are mainly made of an
outer calcified layer encapsulating type | collagen fibrils, and they are covered by osteoblasts
and osteoclasts. Transcriptomic analysis showed their strong osteogenic expression and
studies reported them as a valuable model for basic bone biology, skeletal diseases, bone
remodeling and bone repair mechanisms. Elasmoid scales can be plucked to study

regenerative abilities in vivo or to use them in ex vivo culture [261,263,269-271].
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My host laboratory, the musculoSKeletal Innovative research Lab (mSKIL), has acquired
expertise in the field OA and namely has investigated on the bone-driven phenotype of OA by
focusing on the subchondral bone and its osteoblasts. Previous observations reported the
specific phenotype of osteoblasts from sclerotic and neighboring non-sclerotic areas of OA
patients. The secretome analysis displayed a different proteomic signature associated with
the sclerotic phenotype of osteoblasts. OMD showed the greatest diminution of secretion in
the supernatant of sclerotic osteoblasts and its gene expression was also downregulated. The
guantification of OMD by western blot on human serum confirmed its reduction in OA patients
as well as the reduction of its minor fragmented forms. Further, the competitive Elisa assay
against OMD in human serum in 22 healthy persons and 22 severe OA patients supported the
decreased OMD level in OA patients, indicating the strong correlation between OMD and the

disease [187].

OMD was selected as an interesting target to explore in OA and more precisely in bone-driven
OA. However, the challenge had to be tackled almost from scratch as very few information
had been gathered on OMD and its functions. The extent of our knowledge was very poor,
and it is even more graphic to represent the number of annual publications on OMD (Fig 23).
Therefore, | had the opportunity to study OMD from its fundamental aspects and to uncover

its function on bone and cartilage.

Our hypothesis was that OMD is strongly correlated to OA and was an active player in its
development. As OMD was mostly associated with mineralized tissues and more precisely
with bone, it would safeguard the bone structure and homeostasis of the ECM. With the
concept of phenotypes/endotypes of OA in mind, this work could set OMD as a factor part of

the “bone-driven” OA phenotype. Its downregulation and/or absence might lead to
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subchondral bone sclerosis and promote OA. Until now, it remains unclear how OMD could
affect the joint. Besides, the functions of OMD were never been studied in vivo, leaving a blank
canvas to investigate. To answer these questions, | used different models, murine-zebrafish-
in vitro primary cultures, taking advantage of their specificities. For in vivo models, the
functions of OMD were explored through a loss of function and gain of function in order to be
as complete as possible. In this manuscript the mutant loss of function in the mouse model is

referred to as “KO mouse” and the overexpressing line as “UP mouse”.

Number of papers published yearly on OMD

Number of paper

0
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

year of publication

Figure 23: Number of papers with “Osteomodulin” or “Osteoadherin” in their title published by year.
The research was performed on Pubmed in February 2023.
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lll.L1 Mouse strains and housing

The mutant mouse strain deficient for Omd used for this research project, C57BL/6
Omdt™/Mmucd, RRID: MMRRC_011749-UCD, was obtained from the Mutant Mouse
Resource and Research Center (MMRRC) at the University of California at Davis, an NIH-
funded strain repository, and was donated to the MMRRC by Lexicon Genetics Incorporated.
The mutation targeted the coding exons 1 and 2 by homologous recombination. The
genotyping protocol from MMRRC was applied. The overexpressing mouse strain for Omd
used for this research project, C57BL/6 Tg(Bglap-Omd)iKieg, EMMA ID EM:02120, was
obtained from the European Mouse Mutant Archive (EMMA), a repository supported by the
national research programs and by the EC's Research and Innovation programme Horizon
2020. The transgenic line expressed Omd under the osteocalcin promoter in addition to its
natural expression, hence Omd overexpression is only osteoblast specific. Strains were
crossed with the wild-type (WT) C57BL/6 to maintain the line. Transgenic, WT, and mutant
mice were maintained on a 12-hour-light/dark cycle with food and water supplied ad libitum
in rooms maintained at 18-24°C; with humidity levels maintained at 45-65% and cardboard
houses being replaced every week for their enrichment. To ease the nomenclature in the
paper, we refer to the Omd deficient mice as “KO” and to the Tg(Bglap-Omd) as “UP”. The
ethical committee of the University of Liege approved all experimental procedures (reference

no. 19-2090).

I11.2 Mouse model of OA

Post-traumatic OA was induced by DMM on UP, WT, and KO strains at 16 weeks, only on male
mice. The surgical transection of the medial menisco-tibial ligament of the right knee was

performed to induce mild instability of the knee [251]. The mice were euthanized 12 weeks
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after surgery and their knees were histologically analyzed. For spontaneous OA, UP, WT, and

KO mice were euthanized at 16 months and their knees were histologically analyzed.

Remark concerning the experimental design:

The surgical model including only male mice requires an aside on sex-inclusivity in
biomedical research. A main concern raised by the NIH, from the notice number NOT-OD-
15-102, is the integration of the consideration of key biological variables, such as sex, to
improve the global quality of biomedical research. Most of the preclinical research
reported their studies from male animals, omitting the observation of females while
observations from both sexes is crucial to turn discoveries into health opportunities. This
problematic results in a biased perspective for the understanding of mechanisms or
diseases daffecting both sexes. Therefore, the NIH encourages researchers to improve their
experimental design by the addition of female animals in their research strategy or to
provide justifications to study only one sex when applicable. Since the NIH reformed its
grant policy in 2016 taking into account sex as a biological variable, there was an
improvement toward the inclusivity of both sexes [272]. Following the NIH
recommendations, both sexes were studied to characterize the functions of Omd, except
for the DMM model. This experimental strategy was motivated by much more moderate
OA lesions developed by female mice in this surgical model [259] which was not meeting

our expectation to observe severe OA development.

1.3 Knee joint histology and histomorphometry

Knee joints of the mice, at 4, 8, 16 months, and 28 weeks from the DMM model, were fixed
for 24 hours in 4% paraformaldehyde (PFA) at 4°C, followed by decalcification in hydrochloric

acid (DC2 medium; Labonord) for 2 hours and 30 minutes at 4 °C then washed in milliQ water
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overnight at 4°C before embedding in paraffin. Coronal sections of 5 um were cut within the
central area with 3 sections of at least 80 um apart selected for the analysis with the Safranin-
O Fast-Green staining (Table 9). An additional central section was used for the Toluidine Blue
staining (Table 10). Each compartment of the knee joint was scored by two readers following
OARSI guidelines for the mouse model as described in [252] and the mean score from the 3

sections was calculated (Table 11, 12).

Table 9: Safranin-O Fast-Green staining.

Safesolv 15
Safesolv 1
Methanol 100% 1
Methanol 95% 1
Methanol 70% 1
Methanol 50% 2
Methanol 30% 2

2

MilliQ water

Ehrlich Hematoxylin 15
MilliQ water 30 sec
MilliQ water 30 sec
Methanol 30% 2
Methanol 50% 2
Methanol 70% 2
Methanol 70% - HCI 1% 30 sec
Methanol 70% 2
Methanol 70% NH4OH 1% 4
Methanol 70% 2
MilliQ water 2
Fast-Green 0,165% 30 sec
Acetic acid 1% 5 sec
Safranin-0 0,05% - Ammonium acetate 0.1M 4

Methanol 100%
Methanol 100%
Safesolv

N P

Mounting with Safemount
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Table 10: Toluidine Blue staining.

Safesolv 15
Safesolv 1
Methanol 100% 1
Methanol 95% 1
Methanol 70% 1
Methanol 50% 1
MilliQ water 2
Toluidine Blue 0.04% 10
MilliQ water 10 sec
MilliQ water 10 sec
MilliQ water 5
Drying
Safesolv 5

Mounting with Safemount

Table 11: OARSI guidelines for histological scoring, with Safranin-O Fast-Green staining, of murine OA

modifications.
Score OA cartilage damage (Safranin-O Fast-Green)

0 Normal

0.5 Loss of Safranin-O without structural changes

1 Small fibrillations without loss of cartilage

2 Vertical clefts down to the layer immediately below the superficial layer and some loss
of surface lamina

3 Vertical clefts/erosion to the calcified cartilage extending to <25% of the articular surface

4 Vertical clefts/erosion to the calcified cartilage extending to 25-50% of the articular
surface

5 Vertical clefts/erosion to the calcified cartilage extending to 50-75% of the articular
surface

6 Vertical clefts/erosion to the calcified cartilage extending >75% of the articular surface
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Table 12: OARSI guidelines for histological scoring, with Toluidine Blue staining, of murine loss of
proteoglycan associated with OA.

Score Loss of cartilage proteoglycan (Toluidine Blue)
0 Normal staining of non-calcified cartilage
1 Decreased but not complete loss of Toluidine Blue staining over 1-100% of the articular
surface
2 Complete loss of Toluidine Blue staining in the non-calcified cartilage extending to <25%

of the articular surface

3 Complete loss of Toluidine Blue staining in the non-calcified cartilage extending to 25-

50% of the articular surface

4 Complete loss of Toluidine Blue staining in the non-calcified cartilage extending to 50-

75% of the articular surface

5 Complete loss of Toluidine Blue staining in the non-calcified cartilage extending to >75%

of the articular surface

Histomorphometry of the sections was performed with the software QuPath version 0.3.2
[273]. The sections were photographed at 10X magnification and high resolution. The cartilage
histomorphometry analysis was performed on the section stained with Toluidine Blue. The
total cartilage, the calcified cartilage, the plate length, and the growth plate area were
measured. For the growth plate, the area was measured inside a consistent circle of a fixed
size under the articular plateau. The subchondral bone area analysis was performed on the 3
sections stained with the Safranin-O Fast-Green. The bone area was measured under the tibial
plateau according to its length and the bone marrow area was removed. The measured

regions of interest (ROI) are explained in the figure 24.
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Toluidine Blue—Cartilage Safranin-O Fast Green—Subchondral bone

Figure 24: lllustration of the ROl measured with QuPath for the histomorphometry analysis. (A, B)
Toluidine Blue staining was used for uncalcified (1) and calcified (2) cartilage measurements. The yellow
line was drawn to measure the plate length. Inside the yellow circle, the area of the growth plate was
defined (3). (C) The Safranin-O Fast Green was used to measure the subchondral bone volume. The
subchondral bone volume was measured inside the yellow box and calculated using the formula TV —
(Bone marrow volume (4) + cartilage volume).

The scripts generated for the histomorphometry analysis using Qupath are deposited in
GitHub and publicly accessible for the cartilage (Toluidine Blue) and the bone (Safranin-O Fast

Green) analysis respectively at:

- https://doi.org/10.5281/zen0d0.7898818

- https://doi.org/10.5281/zenod0.7899774.
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Il.4 Immunohistochemistry

Epitope retrieval was performed using the chondroitinase ABC (50 units/mL, Sigma-Aldrich) in
60mM sodium acetate and 100mM Tris (pH 8) for 30 min at 37°C. Animal-Free Blocking
Solution (Cell Signaling Technology, dilution 5X) was used to block the sections before
overnight incubation with the primary polyclonal goat antibodies anti-mouse OMD (R&D
systems, AF3308, 0.8 pg/mL) in Antibody diluent (Dako, S2022). The sections were then
incubated for 30 minutes with the secondary polyclonal rabbit antibody anti-goat coupled
with horseradish peroxidase (HRP) (DakoP0449, dilution 1:400) diluted in Antibody diluent.
The revelation of the secondary antibody was determined by using DAB (Cell Signaling
Technology, 8059) for 2 minutes. Sections were counterstained by the Hematoxyline of Carazzi

(Sigma-Aldrich) for 4 minutes.

.5 Micro-computed tomography (LCT) and image analysis

Tibiae and femurs from mice were dislocated and fixed for 24 hours in 4% PFA at 4°C and
transferred into phosphate-buffered saline (PBS) for storage, at 4°C. Samples were imaged
using the Phoenix NanoTom M (GE Measurement and Control Solutions, Germany) (Fig 25). A
target of diamond was applied, and scans were operated at a voltage of 60 kV and a current
of 170 pA, voxel size of 3 um and 10 um for the tibia and the femur respectively. A filter of
aluminum of 0.2 mm was used to reduce beam hardening during the acquisition. The exposure
time was 500 ms, and 1800 images were acquired over 360° using the fast scan mode (frame
averaging = 1; image skip = 0). During reconstruction (Datos|x, GE Measurement, and Control
Solutions), we applied a beam hardening correction of 8. After reconstruction, scans were
oriented in the same plane, using DataViewer (Bruker MicroCT, Kontich, Belgium). Images

were analyzed using CTAn (Bruker MicroCT, Kontich, Belgium).
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Figure 25: Photography of the Phoenix NanoTom M with its 180 kV/20 W ultra-high performance
nanofocus X-ray tube from the KULeuven (source: https://kuleuven.xct.be/ge-nanotom-m).

For the tibial trabecular architecture, we selected 150 images (450 um height) starting at 30
um below the growth plate level. Using 3D analysis, the trabecular bone volume (BV), total
ROI volume (TV), number of trabeculae, porosity, trabecular separation, and the structure
model index (SMI) were calculated. For the cortical architecture, we selected 100 images (300
um height) starting at 1500 um below the growth plate level and corresponding to the mid-
shaft. Using 3D analysis, the BV, TV, cortical thickness, porosity and tibial crest length were
calculated. 3D visualization was performed using CTVox (Bruker MicroCT, Kontich, Belgium).
The subchondral bone of the tibia, showing a coronal view of the medial and lateral plateaus,

was also visualized in 3D using CTVox and a 2D visualization was generated using DataViewer.

For the femur, the whole bone was scanned with a voxel size of 10 um and BMD was obtained
from AlbOs3 (3.85 g/cm3) and borosilicate (2.23 g/cm3) uCT phantoms. For the femoral

trabecular architecture, we selected 50 images (500 pum height) starting below the growth
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plate level. Using 3D analysis, the BV, TV, number of trabeculae, porosity, and trabecular
separation were calculated. For the cortical architecture, we selected 100 images (1000 pum
height) at the mid-shaft. Using 3D analysis, the BV, TV, cortical thickness, and porosity. For the
femoral head, the whole region was assessed and the trabecular BV, TV, number of
trabeculae, porosity, and the trabecular separation were calculated by 3D analysis. 3D

visualization was performed using CTVox (Bruker MicroCT, Kontich, Belgium).

Concerning the porosity parameter, bone is a naturally porous material, and the volume of all
open and closed pores was measured as a percent of the total VOI volume. With a voxel size
of 3 um, the porosity is addressing the bone vasculature while it is unlikely taking the lacunar-
canalicular porosity into account, and the osteocyte network, with lacunae ranging roughly
around 10 um [274], cannot be analyzed with confidence above a 1 um resolution (Bruker
personal communication). A schematic representation of the uCT analysis design is

represented in figure 26.

Femoral head
Trabecular

E ar.
Vs
NN
Growth plate—r—_ _____ -“l‘. ) ¢

Trabecular
Growth pIater_—_: fAN <a.
- - -8 ) y p; 9 1Y
=~ N
3 CAX]
. . 4 -
Tibia Femur Can”

Figure 26: Schematic representation of the distinct areas used for the analysis of the tibia (voxel
size=3um) and for the femur (voxel size=10 um). For the tibia, the 3D analysis was performed on 150
images for the trabecular bone and on 100 images for the cortical bone. For the femur, the 3D analysis
was performed on 50 images for the trabecular bone, on 100 images for the cortical bone and on the
whole area for the femoral head. Figure designed by Jérémie Zappia with Biorender.
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1.6 Mechanical testing

The biomechanical properties of the tibia of 16 months mice were determined using a three-
point bending test in an Instron 5565 tensile testing machine (Fig 27). Tibiae were stored in
PBS, and the remaining soft tissues and fibulae were carefully removed. The samples were
assessed at room temperature on a special holding device on their anteroposterior axis. Force
was applied on the midpoint of the tibia diaphysis with a 100 N load cell, at 8 mm separation
(span length) with a perpendicular constant speed of 0.05 mm/s and with a preload of 1 N,
until it fractured. From the load-deformation curve, the values for the maximal load (N) and
stiffness (N/mm) were obtained. The stiffness was calculated as the slope of the initial linear

uploading portion of the curves [275].

Figure 27: Photography of the Instron 5565 tensile testing machine (from MaJEB sprl) with a tibia
disposed to endure the three-point bending assay.
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.7 CatWalk XT

The gait analysis of the mice was performed using the CatWalk XT System (Noldus,
Netherlands; software version XT 10.5) (Fig 28). The CatWalk XT platform was placed in a dark
and silent environment to enhance the quality of the recording and reduce animal stress. The
walkway consists of a glass plate suspended above a camera and narrowed by two
perpendicular black panels defining a passage for the mouse. A green LED light, situated at
the edge, lights up the glass platform of the walkway and the light refracted correlates with
the contact intensity of the paw. The ceiling possesses a red LED light contrasting the body of

the mouse.

Figure 28: Illustration of the Catwalk XT device with the illuminated glass platform and with illuminated
paws of a rodent, photography from https.//www.noldus.com/catwalk-xt/resources.

The Catwalk XT was calibrated before the beginning of every session. The same detection
settings were used for each mouse: camera gain of 18.99 dB, green intensity threshold of 0.1,
detection threshold of 0.1 a.U, red ceiling light of 17.2 V, and green walkway light of 16.5 V.

The setting were optimized for mice allowing consistent recording and gait parameters
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evaluation. The gait was recorded, and the CatWalk XT software automatically labeled the
footprint and generated the various associated gait parameters for the compliant runs (Fig
29). A compliant run was defined as a run where the mouse did not stop while going through
the walkway with at least 12 footprints, the maximum variation was set at 60% and the speed
was comprised between 10 and 45 cm/s. These criteria were selected in order to minimize the
variation between the run of each mouse. At least 3 runs for each mouse were recorded and
the data represent the mean value. The data of the left and right paws were pooled for the
front and hind paws to simplify the run parameter visualization (except for the DMM model
where only the values from the right paws, correlating to the side of the surgery, were
reported). Thus, the value for the front and hind paws represent the average of 6 different

values. Every run was manually checked and corrected if needed.
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Figure 29: (A) lllustration of a compliant runway from the Catwalk XT with marks showing the stride
length, print position and base of support, illustration from https://www.noldus.com/blog/automated-
gait-analysis (B) Schematic representation of a rodent body with marks showing the base of support of
front and hind paws and with the graphical representation of stance (s), swing (s), stride length (cm),
and step cycle (s), figure adapted from [276].
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After the classification of the paw print, the following parameters were reported (definition

from the manual of instruction of the Catwalk XT):

e Base of support: Indicates the average width between the contralateral paws. It is
expressed in cm.

e Initial dual stance: The duration (in seconds) of ground contact for both contralateral
paws simultaneously.

e Max contact area: Indicates the maximum area of a paw that comes into contact with
the glass plate. It is expressed in cm?

e Max contact mean intensity (referred to as intensity): Describes the mean intensity of
a paw at maximum contact.

e Print area: Indicates the area of the complete print (not only at Max contact but for all
frames that make up a stance). It is expressed in cm?.

e Stand: Indicates the duration of the stance phase. It is expressed in seconds.

e Stand index: Indicates the speed with which the paw loses contact with the glass plate.

e Swing: Indicates the duration of the absence of paw contact toward the walkway
between two consecutive steps. It is expressed in seconds.

e Stride length: Indicates the distance between successive placements of the same paw.
It is expressed in cm.

e Step cycle (s): Indicates the time in seconds between two consecutive initial contacts
of the same paw.

e Swing speed: Indicates the speed of a swing. It is computed from stride length and

swing duration. It is expressed in cm/seconds.
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e Terminal Dual Stance: Indicates the second step in a step cycle of a hind paw that the

contralateral hind paw also makes contact with the glass plate.
l1l.8 Zebrafish husbandry and strains

Zebrafish (Danio rerio) were raised in standard conditions, in a recirculating system from
Techniplast (Buguggiate, Italy). The temperature and characteristics of the water were
controlled as follows: pH=7.4, nitrates (NO3?") <50 mg/L, nitrites (NO2’) <0.8 mg/L, ammonium
(NH3) <2 mg/L, carbonate hardness (KH) 3-10°KH, total hardness (GH) 6-16°GH, and
temperature=28 °C. The light cycle was controlled with 14h of light and 10h in the dark. Fish
were fed twice daily with dry powder (ZM fish food®, Zebrafish Management Ltd, Winchester,
UK) with size of the powder adapted to their age, and once daily with fresh nauplii from
Artemia salina (ZM fish food®) and larvae aged less than 14 days were also fed twice daily with
a live paramecia culture. Embryos are reared in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33
mM CacClz, 0.33 mM MgS0s, and 0.00001% methylene blue) in Petri dishes at 28°C and they

are fed with paramecia starting from 5 days post fertilization (dpf).

Mutant lines deficient for omd were generated using CRISPR-Cas9 mutagenesis with the guide
RNA 5’-CAA-GAG-CTG-CGC-CAA-TG-TCA-3’. The gRNAs targeting omd were incubated with
Cas9 protein (Thermo Fisher Scientific) before microinjections into 1-cell stage zygotes. The
mutation targeted the START codon. The reporter line used to visualize osteoclasts is the
transgenic line TgBAC(ctsk:Citrine) and was kindly provided by Prof. Stefan Schulte-Merker.
The ethical committee of the University of Liege approved all experimental procedures

(references no. 16-1961 and 19-2133).

108



. MATERIAL & METHODS

1.9 Alcian blue staining in the Zebrafish

Zebrafish larvae were fixed with 4% PFA during 2 hours at room temperature. and rinsed with
PBS-Tween (PBST) for 10 minutes three times. The staining is carried out using an Alcian blue
solution (0.04% Alcian Blue, 10 mM MgCl,, 80% ethanol) for 18 hours with gentle stirring. In
order to remove nonspecific staining, larvae were washed with a solution of 80% ethanol, 10
mM MgCl; during 3 days under gentle agitation. Following the staining step, larvae were
rehydrated by passing them successively in 5 minutes baths of decreasing ethanol
concentration (80%-50%-25%-water). Natural pigmentation of the larvae was bleached out
with a solution of hydrogen peroxide/potassium hydroxide (H202 3%, KOH 0.5%) for 20 to 60
minutes. Larvae are then rinsed with a 25% glycerol solution (25% glycerol, 0.1% KOH) during
10 minutes three times and lastly for 30 minutes. Then, one wash of 10 min is carried out with
a 50% glycerol solution (50% glycerol, KOH 0.1%), and finally, larvae are stored at 4°C and

protected from light.

11.10 Alizarin red staining in the Zebrafish

Zebrafish larvae were fixed with 4% PFA during 2 hours at room temperature. and rinsed with
PBST for 10 minutes three times. The embryos (10-50/eppendorf tube) at the desired stage
must have been suitably euthanized and fixed with 4% PFA. Natural pigmentation is directly
removed with a solution of hydrogen peroxide/potassium hydroxide (H,02 3%, KOH 0.5%) for
20 to 60 minutes. Larvae are then rinsed with a 25% glycerol solution (25% glycerol, 0.1% KOH)
during 10 minutes three times and lastly for 30 minutes. The staining is carried out with a
0.05% Alizarin red S (Sigma Aldrich) solution for 30 minutes with gentle shaking and protected
from light. Larvae are then rinsed with 50% glycerol (50% glycerol, 0.1% KOH) during 10

minutes twice, stored at 4°C and protected from light.
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l11.11 Injection of MRNA of omd in the Zebrafish

For omd overexpression, zebrafish omd mRNA and GFP mRNA, serving as a control, were
microinjected into 1-cell stage zygotes. The following primers were used to generate the omd
mRNA: forward 5’-CGA GAG AGA TAT TCA ATC CCA CAG-3’ and reverse 5'-TCA ACC AAC AAG
GAA TGG AAG-3'. The T7 promoter sequence for in vitro mRNA synthesis with the kit
mMessage mMMACHINE®T7 Ultra (Invitrogen) was added afterward with a nested PCR- using
the forward primer : 5’-GCG AAT TGT AAT ACG ACT CAC TAT AGG GCC ACCATG ACATTG GCG
CAG-3’. The GFP mRNA was synthetized with the kit mMessage mMMACHINE®SP6 Ultra from
the linearized pCS2 plasmid containing the coding sequence of the GFP. The yielded mRNAs
were purified with the kit AllPrep DNA/RNA Mini (QIAGEN) and quantified with the Nanodrop.
Fertilized eggs were injected with either 0.4 ng or 0.8 ng of mRNA in combination with 1.6
U/uL of rRNasin and 0.5% of rhodamine dextran allowing to control the correct injection of
larvae thanks to its red fluorescence (Fig 30). Phenotypic characterization was performed at
24-hour post fertilization (hpf) and 4-dpf. At 4-dpf, the larvae were fixed with 4% PFA

overnight at 4°C and then stained with Alcian blue as described in the section 111.9.

Brightfield Rhodamine dextran

Figure 30: Photography of injected zebrafish larvae at 24hpf with the representation under brightfield,
green fluorescence showing the expression of GFP and red fluorescence showing the correct injection
of rhodamine dextran.
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11.12 Whole-mount in situ hybridization in the Zebrafish

Zebrafish larvae at 48-hpf, 5-dpf and 8-dpf were used for whole-mount in situ hybridization.
Larvae were raised in presence of 0.003% of 1-phenyl-2-thiourea until 5-dpf to avoid
pigmentation development. Larvae were fixed overnight in 4% of PFA at 4°C and stored in
100% methanol at -20°C until use. Visible in situ hybridizations were performed throughout
several days starting with the rehydration by successive incubations for 5 minutes in
75%methanol/25%PBST, 50%methanol /50%PBST, 25%methanol /75%PBST and three times
in 100% PBST. If necessary, a bleaching of larvae can be carried out to remove natural
pigmentation with a solution of hydrogen peroxide/potassium hydroxide (3%H202, 0.5%KOH).
Larvae are then digested with proteinase K (Thermo Scientific) at 40 pug/ml during 30 minutes
at 37°C for the 48-hpf larvae, at 50 pg/ml during 30 minutes at room temperature fot the 5-
dpf, at 40 pg/ml during 50 minutes at room temperature for the 8-dpf larvae. After the
digestion, larvae are fixed for 20 minutes with 4% PFA and then washed five times for 5
minutes in PBST. The pre-hybridization is carried out for 2 up to 5 hours of incubation at 65°C.
in HybMix+ (50%formamide, 5X SSC, 0,1%Tween20, 50 pug/ml of heparin, and 500ug/mL of
Torula RNA adjusted to pH 6.0 with citric acid) in order to block nonspecific hybridization sites.
The following step is the hybridization with 200 pL of HybMix+ containing 20-50 ng of DIG
(digoxigenin) labeled omd antisense RNA probe and 5% dextran sulfate. For 48-hpf larvae, the
hybridization is performed overnight at 65°C. For older larvae, incubation at 65°C lasts
between 3 and 4 days. After the hybridization, larvae are thoroughly washed in 100% HybMix-
(50%formamide, 5X SSC, 0.1%Tween and adjusted to pH 6.0 with citric acid) at 65°C. Several
washing are carried out with an increasing concentration of SSCT and a decreasing

concentration of HybMix- as follows: washes of 15 minutes at 65°C in 75% HybMix-/25% 2X
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SSCT, 50% HybMix-/50% 2X SSCT, 25% HybMix-/75% 2X SSCT and 100% 2X SSCT. Then, two
washes of 30 minutes in 0.125X SSCT at 65° C are carried out. The larvae are then washed with
decreasing concentration of SSCT and increasing concentration of PBST. Successive washes of
5 minutes in 75% 0.125X SSCT/25%PBST, 50% 0.125X SSCT/50%PBST and 25% 0.125X
SSCT/75%PBST at room temperature are carried out. The larvae are finally washed for 10
minutes in 100% PBT at room temperature. The larvae are then incubated for minimum 2
hours in 500 uL of blocking buffer (PBST with 2% of sheep serum and 2 mg/mL BSA) at room
temperature to avoid nonspecific binding of anti-DIG antibodies. The blocking buffer is
replaced by the solution of anti-DIG antibodies coupled with a phosphatase (1:2000) in the
blocking buffer and larvae are incubated overnight at 4°C. The following day, antibodies are
removed and larvae are quickly washed once in PBST and then six times for 15 minutes in PBST
at room temperature. Larvae are incubated in the staining buffer (100 mM NaCl; 50 mM
MgCl; 100 mM Tris-HCI pH 9,5; 0,5%Tween20) for 5 minutes twice and then the staining
relative to the probe is revealed at room temperature with the staining buffer combined with
3.5 uL/mL Nitro Blue Tetrazolium Chloride (NBT: 100 mg/mL in 70% dimethylformamide) and
3.5 pL/mL 5-Bromo-4-chloro-3-indolyl phosphate (BCIP: 650 mg/mL in 100%
dimethylformamide) reacting to generate a blue precipitate and 1 puL/mL of levamisole to
reduce the background signal. The intensity of the staining is checked with a binocular
microscope. The reaction is stopped by washing extensively with 5X Tris-buffered saline (TBS)
0.5%Tween (5XTBS: 250 mM Tris and 750 mM NaCl adjusted at pH 7.6). Larvae are stored in

1% PFA at 4°C until image acquisition.
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111.13 Histology of the zebrafish jaw joint

1-year-old zebrafish were fixed with 4% PFA at 4°C for a minimum of 24 hours and were
decalcified in 1M EDTA solution for 20 days. Zebrafish were dehydrated in ethanol, embedded
in paraffin, and sagittally sectioned at 5 um. Sections showing the jaw joint were stained with
Toluidine Blue. OARSI score was attributed to 1 section per jaw joint as described in [264]

(Table 13).

Table 13: Guidelines adapted from OARSI for histological scoring, with Toluidine Blue staining, of OA
modifications in the zebrafish.

Score OA damage (Toluidine Blue)
0 Normal
1 Small fibrillations without loss of cartilage
2 Fibrillations extend through the superficial layer, surface abrasion with some matrix loss

within the superficial layer

3 Vertical fissures/erosion into deeper cartilage layers

4 Cartilage matrix loss, delamination of superficial layer, excavation, matrix loss in

superficial and deeper layers

5 Cartilage lost, bone surface intact

6 Bone surface remodeling and deformation of articular surface contour

11.14 Zebrafish osteoclast assay in the caudal fin

The mutants omd x TgBAC(ctsk:Citrine) were used at 1 year for the osteoclast analysis. Their
caudal fins were cut and the fin was allowed to regenerate for 7 days. Regenerated caudal fins
were cut for analysis and were incubated for 20 minutes with 0.01% Alizarin red S (Sigma-
Aldrich) to stain the mineralized bone matrix. Quantification of fluorescence from regenerated

rays was performed using Imagel software [277].
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l11.15 TRAP staining of the Zebrafish scales

Ontogenetic scales of 1.6-year-old fish were plucked from the flank of the zebrafish and fixed
with 4% PFA at room temperature for 30 minutes. Scales were incubated for 2 hours in the
TRAP staining solution. The TRAP staining solution is made freshly out of two stock solutions
referred to as solutions A and B. The solution A consists of a solution of 10 mg/mL naphthol
AS-MX phosphate dissolved in N, N’-dimethylformamide. The solution B is a solution of 50 mM
sodium tartrate and 1.6 mM Fast Red Violet LB dissolved in 0.1M sodium acetate buffer
(adjusted to pH 5.0 with 100% acetic acid). The final TRAP staining solution is made of the
association of 1 part of solution A to 100 parts of solution B together. After their staining,
scales were washed with PBST three times at room temperature and fixed back with 4% PFA

during 30 minutes. Quantification of the TRAP staining was performed using the ZFBONE

software on FlJI [278] (Fig 31).

Opening scale assay — TRAP staining in Creating ROI (scale area) and adjusting The TRAP staining area is generated
ZFBONE the threshold and can be visualized and measured

Figure 31: Representation of the TRAP staining analysis with the ZFBONE software available on FlJI.

l11.16 Regeneration of Zebrafish scales and second harmonic generation

Zebrafish were anaesthetised and put on a wet tissue containing system water and
anaesthetic in order to pluck the scales under a microscope with a watchmaker’s tweezers

from the midline of the lateral left flank near the dorsal fin. Zebrafish were isolated during 10

114



. MATERIAL & METHODS

days to allow the regeneration of their scales. After 10 days, zebrafish were immersed in
40 uM Calcein (Sigma Aldrich) Danieau’s buffer solution (pH 7.4) for two hours and washed in
system water for at least 15 minutes prior to imaging. After the image acquisition, the
regenerated scales (10-days) from the left flank are collected as well as the odontogenic scales
(0-day) coming from the right flank. The collected elasmoid scales were fixed for 1 hour in 4%
PFA and stored in PBS at 4°C before being mounted in 1% low-melting point agarose. Second
harmonic generation (SHG) images were acquired using a x25/0.95 water dipping lens, 880 nm
laser excitation, and simultaneous forward and backward detection (440/20) with a Leica SP8
AOBS confocal laser scanning microscope attached to a Leica DM6000 upright epifluorescence
microscope with multiphoton lasers allowing fluorescent acquisition and SHG of the same
sample and z-stack acquisition (z step size 2 um). Microscope parameters for SHG were set as

previously described [279]. Maximum projection pictures were assembled using Fiji.

.17 Fourier transform infrared (FTIR) analysis

Measurements were carried out at the Department of Life and Environmental Sciences,
Universita Politecnica delle Marche, by using a Hyperion 3000 Vis—IR microscope equipped
with a liquid nitrogen-cooled bidimensional focal plane array (FPA) detector coupled with an
INVENIO-R interferometer (Bruker Optics GmbH, Ettlingen, Germany). The bidimensional FPA
detector let simultaneously acquire infrared (IR) images (~164x164 um?) containing 4096

pixel/spectra (64x64), with a spatial resolution of 2.56 um.

Caudal fin samples were deposited onto CaF, optical windows and let air dry for 20 minutes.
The analysis was focused on the third ray of each fin, and, in particular, IR images were
acquired on the edge and the first bifurcation connecting segments. Measurements were

performed at room temperature in transmission mode, using a x15 condenser/ objective, in
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the 4000-900 cm™ spectral region (spectral resolution 4 cm™), averaging 256 scans.
Background spectra were obtained on clean regions of CaF; optical windows with the same
acquisition parameters. Raw IR images were corrected for the contribution of atmospheric
CO; and water vapor, and vector normalized in the entire spectral range for avoiding artefacts
induced by local thickness variations (Atmospheric Compensation and Vector Normalization

routines of OPUS 8.1 software, Bruker Optics GmbH, Ettlingen, Germany).

False color images showing the spatial distribution of collagen and hydroxyapatite within the
mapped regions were obtained by integration of IR images in the 1290-1194 cm™ (vibrational
modes of collagen, COLLAGEN maps) and 1138-1000 cm™ (vl and v3 modes of PO43 in
hydroxyapatite, PHOSPHATES maps) spectral regions. To evaluate spectral differences among
samples, for each IR image N. 20 IR spectra were extracted in correspondence with the edge
and the first bifurcation and used to calculate the average and average + SD spectra (Averaging
routine, OPUS 7.5 software package, Bruker Optics, Ettlingen, Germany). IR spectra were
interpolated in the 1485-900 cm™ spectral region, multi-points baseline linear fitted, and
vector normalized; spectra were then curve fitted with Gaussian functions in the same spectral
range for highlighting all the underlying peaks. The position (expressed as wavenumbers) of
each underlying peak was identified based on second derivative analysis and fixed before
running the iterative process to obtain the best reconstructed curve (residual close to zero;
bandwidth 10 to 40 cm™ range) (GRAMS/AI 9.1, Galactic Industries, Inc., Salem, NH, USA). The
height of each underlying band was obtained and used to calculate the following spectral
parameters: Mineral-to-Matrix index (MM) associated with the mineral maturity and
calculated as the ratio between the intensity of the peaks at 1024 cm™ and 1087 cm?, related
to apatitic phosphates respectively in well-crystallized stoichiometric hydroxyapatite and in

poorly crystalline apatite [280]; Carbonate-to-Phosphate index (C/P) related to the carbonate
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content of bioapatite and calculated as the ratio between the intensities of the peaks at 1412
cmtand 1024 cm?, respectively attributed to vibrational modes of carbonate and phosphate
groups; Collagen-to-Phosphate index indicating the relative amount of the organic matrix
respect to the inorganic component and calculated as the ratio between the intensity of the
peaks at 1340 cm™ and 1024 cm?, corresponding respectively to the vibrational modes of

proline in collagen and phosphate groups.

The bifurcation and edge areas of the caudal fin were analyzed separately as different
distributions of collagen and phosphates were found in the bifurcation area. Collagen was
more intensely localized in the origin of the bifurcation for 3 months and 1 year WT zebrafish,
while phosphates were mainly present before the origin of the bifurcation for 3 months WT

zebrafish (Fig 32).
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Figure 32: Description of the selected areas of the caudal fin used for the FTIR analysis (a) Brightfield
image of the caudal fin of the zebrafish, (b) schematic representation of the caudal fin composed of
segmented bony rays which present bifurcation. (c) Schematic representation of the bifurcation and
edge areas. Figure adapted from [281] and designed by Jérémie Zappia. (d) Brightfield images of the
bifurcation and edge areas of the caudal fin of 3 months WT zebrafish and associated topographical
distribution of collagen and phosphate groups. (e) Brightfield images of the bifurcation and edge areas
of the caudal fin of 1 year WT zebrafish and associated topographical distribution of collagen and
phosphate groups.
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111.18 Human trabecular osteoblast culture for RNA-seq analysis

Tibial bones were obtained from 6 male and 5 female patients undergoing total knee
replacement surgery for OA. The age of the patients ranged from 58 to 89 years. All tissue
samples used in this study were obtained after receiving approval from the University of Liege
Medicine Faculty ethics committee (No. B70720108313, reference 2010/43) and written
informed consent was obtained from each subject. Non-sclerotic trabecular bone was easily
removed from the tibia with surgeon pliers and then cut into small fragments of approximately
2 mm3. Fragments were washed with Dulbecco’s Modified Eagle Medium (DMEM) and then
submitted to enzymatic digestions with a solution of 0.6 mg/mL clostridial collagenase IA
(Sigma Aldrich) and 1% Ultroser G (Sartorius), a serum substitute, for 240 minutes at 37°C; this
solution was provided at reason of 7 mL/g of bone for correct digestion. After digestion,
several washes with DMEM were performed until all the residual fat from the bone was
removed. The digested bone pieces were placed in T-175 flasks (approximatively 2.5 g/flask)
and cultured in DMEM supplemented with 15% fetal bovine serum (FBS), 10 mM HEPES, 100
U/mL penicillin, 100 mg/mL streptomycin, and 2 mM L-glutamine until osteoblasts migrated
out of bone explants. Once the cells are migrating out of the explants, the medium was
replaced with fresh media containing 10% FBS, 10 mM HEPES, 100 U/ml penicillin, 100 mg/mL
streptomycin, and 2 mM L-glutamine. At confluence, osteoblasts were collected by
trypsinization, and seeded (22.000 cells/cm?) in 12-well plates (Nunc). Then, they were grown
for 3 to 4 days, until confluence, in DMEM containing 10% FBS, 100 U/mL penicillin, 100 mg/mL
streptomycin, 10 mM HEPES, 2mM L-glutamine, 50 mg/mL ascorbic acid (Sigma Aldrich), and
2 mM proline (Invitrogen). Then, osteoblasts were maintained for 3 days in differentiation

media, composed of DMEM containing 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM
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L-glutamine, 10 mM HEPES, 2% Ultroser G, 1a,25-Dihydroxyvitamin D3 (Sigma Aldrich), 50
mg/mL ascorbic acid, and 2 mM proline. During the 3 days in the differentiation media,
osteoblasts were treated with 10 ng/mL of the human recombinant OMD (R&D systems, 2884-
AD) or in its absence for the same patient, serving as its own control. A representation of the

timeline of the in vitro culture is represented in figure 33.

Total RNA was extracted from osteoblast cultures using the RNeasy mini kit (Qiagen) following
the instructions of the manufacturer. The yield of the extracted RNA was determined
spectrophotometrically by measuring the optical density at 260 nm. The purity and quality of

extracted RNA were further evaluated using an RNA Nano 6000 Bioanalyzer Agilent.

Stop

Trabecular bone fragments Trypsinization RNA extraction
DMEM high glucose and pyruvate 12-wells plate with 22.000 cells/cm? RNeasy mini kit
1% HEPES 1%PS + Ascorbic acid (50ug/ml) rhOMD
15% FBS + Proline (20pg/ml)
1% L-Glut

Switchto 10%FBS + 10nM 1a,25-Dihydroxyvitamin D3

+ 2% Ultroser G instead of FBS
+ 10ng/ml rhOMD (except for control
condition)

Figure 33: Representative timeline of the in vitro culture of trabecular osteoblasts for RNA-seq analysis.
High-quality RNAs with RNA integrity number (RIN) of >9,3 and with 100 ng of RNA from each
culture were used for the RNA-seq analysis. Libraries were prepared with the lllumina Truseq
stranded mRNA sample prep kit according to the manufacturer's instructions. Based on
poly(A) selection of mRNAs, the coding strand information was kept. Poly(A) plus RNA was
enriched using oligo(dT) beads followed by fragmentation and reverse transcription.
Afterward, the 5' and 3' ends of cDNA fragments were prepared to ensure efficient ligation of

"Y" adapters containing a unique barcode and primer binding sites. Finally, ligated cDNAs were
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PCR-amplified to be ready for cluster generation and sequencing. Sequencing was performed
on Novaseq (lllumina), paired-end reads (150-10-10-150), NovaSeq S4 V1.5 300 cycles XP
workflow, generating around 20 M reads per sample. Denaturated NGS library fragments were
flowed across a flow cell and hybridized on a lawn of complementary lllumina adapter oligos.
Complementary fragments were extended, amplified via bridge amplification PCR, and
denaturated, resulting in clusters of identical single-stranded library fragments. Fragments
were primed and sequenced utilizing reversible terminator nucleotides. Base pairs were
identified after laser excitation and fluorescence detection. Raw data were demultiplexed into
individual libraries. After filtering out reads mapping to rRNA, tRNA, mitochondrial RNA, and
other contaminants (e.g., adapters, etc.) using bowtie2, reads were aligned onto the human
reference genome (GRCh38 and Ensembl 106 annotation) and quantified with Star to give the
Counts file. Quality control of sequencing reads was assessed with FASTQC and quality control
after mapping with Picard tools. Compilation of tool metrics was performed with MultiQC.
Differential expression analysis was made in R (version 4.2, https://www.R-project.org/ ) using
the DESeq?2 package (1.36.0)[282], biomaRt package (version 2.52) [283]. Volcano plots were
generated using ggplot2 (version 3.3.6). A false discovery rate (FDR) of 0.01 was used to assess
the statistical significance. Pathway and biological function enrichment analysis was
performed using the WEB-based "Gene SeT Analysis Toolkit" (http://www.webgestalt.org;
accessed 10 November 2022) based on the integrated GO (Gene Ontology), KEGG (Kyoto

Encyclopedia of Genes and Genomes) [284,285], Panther and WikiPathways databases.

The transcriptomic data analyzed for this study are deposited in GeneExpression Omnibus
(GEO) repository, under accession number GSE230198 that is publicly accessible at

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE230198.
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11.L19 Human osteoblast culture for ALP assay and in vitro Alizarin red

staining

For the ALP assay and in vitro Alizarin red staining, trabecular, sclerotic osteoblasts, and non-
sclerotic cortical bone were obtained from patients undergoing total knee replacement
surgery for OA. Cortical bone was considered sclerotic if its thickness was reaching at least 2
mm and non-sclerotic if its thickness was not exceeding 1 mm. Trabecular, sclerotic, and non-
sclerotic cortical bone were isolated from the tibia and then cut into small fragments of
approximately 2 mm?3. Fragments were put in culture as described in the section I11.18 with
the trabecular and non-sclerotic cortical osteoblasts seeded at 22.000 cells/cm?, and sclerotic
cortical osteoblasts seeded at 17.000/cm?. Sclerotic osteoblasts were seeded at a different
density because of their bigger cell size due to their sclerotic phenotype [286]. For the ALP
assay, osteoblasts were cultured in the differentiation medium described in the section 111.18
until 14 days and treated with 10 and 40 ng/mL rhOMD during 3 days prior to the end of the
culture or in its absence for the same patient, serving as its own control. For the Alizarin red
staining, the non-sclerotic and the neighboring sclerotic osteoblasts are issued of the same
patients and consequently, the non-sclerotic osteoblasts served as a control for the sclerotic
phenotype. Cortical osteoblasts were cultured until 17 or 21 days and treated with 10 and 40
ng/mL rhOMD during 3 days prior to the end of the culture. Finally, 2 days before the end of
the culture, 10mM of B-glycerophosphate, the mineralization substrate, is added into the
differentiation medium. A representation of the timelines of the previously explained in vitro

cultures is represented in figure 34.
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A) Culture design for the ALP assay

Seeding rhOMD treatments
Trabecular and cortical bone Trypsinization + 10and 40 ng/ml rhOMD (except for control condition)
fragments 22.000 cells/cm?
DMEM high glucose and pyruvate + Ascorbic acid (50ug/ml) rhOMD
1% HEPES 1%PS + Proline (20pg/ml) d——

15% FBS
1% L-Glut

Stop
+10nM 1a,25-Dihydroxyvitamin D3
Switch to 10%FBS + 2% Ultroser G instead of FBS ALP assay
DNA guantification
B) Culture design for the Alizarin red staining
Seeding rhOMD treatments Stop
Non-sclerotic and sclerotic Trypsinization + 10and 40 ng/ml rhOMD (except for control conditions) Alizarin red
cortical bone fragments 22.000 cells/cm? (Non-sclerotic cortical) hOMD
DMEM high glucose and pyruvate 17.000 cells/cm? (Sclerotic cortical) r
1% HEPES 1%PS + Ascorbic acid (50pg/ml) < >
15% FBS + Proline (20ug/ml)
1% L-Glut
— —— — — — -
* * *
‘l 17 J 18 j 21

Mineralization
+ 10nM 1a,25-Dihydroxyvitamin D3
Switch to 10%FBS + 2% Ultroser G instead of FBS +10mM B-glycerophosphate

Figure 34: Representative timeline of the in vitro culture of trabecula and cortical osteoblasts for the
ALP assay (A) and the Alizarin red staining (B). For the Alizarin red, cultures were stopped at 17, and 21
days.

111.20 ALP assay

At the end of the culture (14 days), cells are washed with PBS three times and 500 uL of 1
mg/mL of clostridial collagenase diluted in PBS is added during 15 minutes at 37°C to allow
the collection of osteoblasts in 15 ml falcon tubes. The wells are rinsed with 500 pL of PBS and
scrapped to collect every residual cell. Osteoblasts are centrifuged at 1200 rpm during 10
minutes and pellets are washed with 500uL PBS before a second centrifugation. The PBS is
removed and dry pellets can be stored at -20°C until use. The pellets are suspended in 1 mL of
5 mM Tris pH 7.4 on ice. Each pellet is sonicated for 20 seconds at 50Hz and the suspension is

then vortexed and transferred to a masterblock for storage at -20°C. DNA quantification is
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performed by measuring the fluorescence of bisbenzimidazole (Hoechst 33258) which binds
to DNA. In a 96-well plate, 200 pL of Hoechst’s solution diluted 100 times with the DNA buffer
(2M NacCl, 43.8mM Naz;HP0O4.2H,0 and 5.5mM KH;POa4 at pH 7.2) is added to 50 uL of the
sample. A standard solution from 10 pg/mL to 0.625 pug/mL of DNA is prepared by serial 2X
dilutions and 50 pL of each dilution is used with 200 uL of the previous Hoechst’s solution to
create the standard curve. Each sample is measured in triplicate as well as the standard curve.
After 30 to 45 minutes at room temperature and protected from the light, the fluorescence is
read with the Fluoroskan Ascent FL at 355 nm of excitation and 460 nm of emission. The

qguantified DNA is used to normalize the ALP activity.

For the quantification of the ALP activity, 100ul of para-nitrophenylphosphate is added to 50
puL of sample in a 96-well plate. In the presence of ALP, para-nitrophenylphosphate is
transformed into p-nitrophenol and inorganic phosphate. A standard solution from 1000 uM
to 15.63 uM of p-nitrophenol solution is prepared by serial 2X dilutions and 50 uL of each
dilution is used with 100 pl of para-nitrophenylphosphate to create the standard curve. The
96-well plate is incubated at 37°C with shaking and para-nitrophenol absorbance is measured
at 405nm after 10 to 15 min with the ThermoScientific MultiScan GO - Skanit RE 5.0. Results

were expressed in nanomoles of para-nitrophenol released per min and pg of DNA.

l11.21 Alizarin red staining of in vitro osteoblast culture

At the end of the culture (17, and 21 days), cells are washed with PBS three times, and fixed
with 4% PFA for 20 min at room temperature. Afterward, they are washed three times with
milliQ water. Then, cells are stained with Alizarin Red S 1% solution (Sigma Aldrich) diluted in
milliQ water and adjusted to pH 4.2 with NH4OH 0.5%, during 15 minutes protected from light.

Finally, cells are washed with milliQ water until the non-specific staining is removed.
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l11.22 Solid phase binding assay

Human recombinant RANKL (OriGene, Germany) was bound for 2 hours under constant
agitation to Well-Coated™ Nickel (G-Biosciences) previously washed with PBST. Unbound
protein was removed by repeated washing with PBST. RANKL-coated plates were incubated
overnight at 4°C with human recombinant OMD (R&D systems). The OMD bound to the coated
plate was detected using the primary biotinylated polyclonal goat antibodies anti-human
OMD (R&D systems, ref: BAF2884, 0.4 ug/mL). Plates were incubated with streptavidin-POD
(Roche, dilution 1:25000) for 30 minutes to allow detection. Finally, plates were read at
450 nm after applying TMB (TMBplus2, D-Tek, Denmark) for 8 minutes. The direct binding
between OMD and RANKL was assessed with a fixed concentration of RANKL (0.2 pg/mL) and
decreasing concentrations of OMD (1000 to 15.65 ng/mL by serial 2X dilution), with the
negative control missing RANKL; and with decreasing concentrations of RANKL (800 to 6.25
ng/mL by serial 2X dilution) and fixed concentration of OMD (0.5 pg/mL), with the negative

control missing OMD.

11.23 Mouse osteoclast culture

WT mice of at least 4 months of age were used to collect bone marrow cells. The bone marrow
of the femur and the tibia was flushed with 10 mL of aMEM containing 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin. Cells were strained through a 70 um filter and then
centrifuged at 1200 rpm for 7 minutes at 22°C. After centrifugation, cells were suspended in
12 mL of media containing 5ng/mL M-CSF in a petri dish and incubated overnight at 37°C. The
non-adherent cells were centrifuged at 1200 rpm for 7 minutes at 4°C the day after. The cells
were suspended in osteoclast differentiation medium aMEM containing 10% FBS, 100 U/mL
penicillin,100 mg/mL streptomycin, 30 ng/mL M-CSF and 10 ng/mL RANKL. For the treated
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conditions, 10 and 40 ng/mL of recombinant mouse OMD (R&D systems) were pre-incubated
for at least 15 minutes with RANKL and M-CSF prior to adding to the suspension of the cells.
Cells were seeded (525 000 cells/cm?) in 24-well plates. Cells were maintained until 4 days of
differentiation and were stained with a TRAP staining kit (Sigma Aldrich) according to the

manufacturer’s instructions.

111.24 Assay in the serum for bone turnover markers

The serum was extracted from blood of 16 months mice collected at the euthanasia. The level
of PINP was measured by Rat/Mouse P1NP ELISA (Immunodiagnostic Systems, Boldon, UK),
and the level of TRAcP 5b by the Mouse TRAP Assay, a solid phase immunofixed enzyme
activity assay (Immunodiagnostic Systems, Boldon, UK), according to the manufacturer’s

protocol.

111.25 Western blot

Western blots were conducted in native condition and denaturing SDS page. Serum of patients
is depleted in IgG and albumin using ProteoPrep kits (Sigma Aldrich) and during this process,
serum is diluted by approximately 3.3 times. Supernatants of subchondral osteoblast culture
were concentrated approximately 20 times using Amicon Ultra 3 kDa 2 mL column (Millipore).
The rhOMD was used as a positive control. Depleted serum (10-15ul) or osteoblasts
concentrated supernatant (3 pL) were fractioned by electrophoresis on Mini-PROTEAN 12%
TGX Stain-Free Precast Gels (Biorad) and transferred onto a polyvinylidene difluoride
membrane. Membranes were blocked during 1 hour at room temperature with Roche
Blocking Reagent, 1% in TBS (200mM Tris, 1500mM NaCl in milliQ water and adjusted at pH

7.6 with HCI). Membranes were then incubated overnight at 4°C with three antibodies raised
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against different regions of OMD, a polyclonal rabbit antibody against the 234-263 amino acids
from the central region of human OMD (Thermofisher, PA5-14383) 1:1000 dilution in 0.5%; a
polyclonal rabbit antibody against the 394-421 amino acids from the C-terminal region of
human OMD (Thermofisher, PA5-14382) 1:1000 dilution in 0.5%, and a biotinylated polyclonal
goat antiserum, affinity purified, raised against the whole OMD (R&D systems, BAF2884) 1:428
dilution in 0.5% Roche blocking reagent. The membrane is washed three times with TBS
0.1%Tween and incubated for 1 hour at room temperature with streptavidin-HRP (Roche,
1:2500 dilution) diluted in blocking solution for the detection of the antibody raised against
the whole OMD protein. For the antibodies against the central and C-terminal regions of OMD,
there is an incubation with goat anti-rabbit secondary antibody conjugated with HRP (Sigma
Aldrich, 1:4000 dilution). Then, the membrane is washed three times with TBS 0.1%Tween and
with a final wash of TBS The reaction was revealed with Luminata classico Western blotting
substrate (Millipore) and the image was captured with the ChemiDoc™ MP System (Biorad)

with the optimal exposure for chemiluminescence.

.26 Statistical analysis

Results were statistically analyzed using GraphPad Prism 8.0.2 Tests performed and statistical
significance are indicated in the figure legends with p values <0.05 considered statistically

significant.
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V. MAIN RESULTS

Preliminary notice

This section assembles the main results of a paper which is currently under review in
Bone Research from the Nature portfolio. The paper entitled “Osteomodulin down-

regulation is associated with osteoarthritis development” is available in “Appendix 2”.

The bookmark provided with the physical manuscript for the ease of the reader comes
to a particular interest to navigate across the following results. The bookmark
comprises the more useful abbreviations with associated descriptions and summary
tables for the mouse, zebrafish, and in vitro models, also figuring in the section “VII.
Conclusions and future perspectives”. Summary tables were designed to improve

readability regarding the comparison within the different models and between them.
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IV.1 General growth characteristics of Omd KO and UP mice

Omd KO mice had a lower weight and body size compared to the WT, only at 4 months. UP
mice had a smaller weight than the WT at 4 months while their body size was not significantly
different (Fig 35A, 35B). At 8 and 16 months, weight and size were similar in all genotypes (Fig
35A, 35B). UP mice displayed a longer femur than the KO at 8 months. The femoral length
evolved differently over time between the genotypes with the UP reaching the mature size
the soonest. Their femoral length was significantly increased at 8 months compared to the
length at 4 months. At 16 months, each genotype reached a similar femoral length (Fig 35C,
35D). Apart from some differences in their general growth characteristics over time, overall

modifications of the level of Omd expression did not induce gross phenotypes.
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Figure 35: Macro observations of the cartilage of the knee joint of male mice. Mice that were
candidates for the DMM surgery were added to the macro observations when possible. The macro
observations were conducted at 4, 8 and 16 months. (A) For the body size: n=22 for the KO, n=20 for
the WT and n=14 for the UP at 4 months; n=8 for the KO and n=10 for the WT and UP at 8 months;
n=14 for the KO, n=12 for the WT and n=11 for the UP at 16 months. (B) For the body weight: n=22 for
the KO, n=26 for the WT and n=22 for the UP at 4 months; n=8 for the KO and n=9 for the WT and n=10
for the UP at 8 months; n=13 for the KO, n=12 for the WT and n=11 for the UP at 16 months. (C) For the
femoral length: n=8 for each genotype at 4 months; n=8 for the KO and n=9 for the WT and n=10 for
the UP at 8 months; n=11 for the KO, n=12 for the WT and n=11 for the UP at 16 months. (D) The
femoral length was displayed to show the evolution of the femurs over time within the genotypes. (A-
C) Ordinary one-way ANOVA was performed to compare the body size, the body weight, and the
femoral length between the genotypes, at each time-point. Kruskal-Wallis was performed when the
distribution was not Gaussian. (D) Two-way ANOVA was performed to examine the influence of time
on the femoral length inside each genotype. The data were plotted as a box plot showing all points with
differences being considered significant at p-values<0.05 (*p<0.05, **p<0.01, ***p<0.001,
***%p<0.0001).
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IV.2 OMD is mainly localized in bone and calcified cartilage in mouse knee

joint tissues

We have performed immunohistochemical detection of OMD in the knee joint of 4, 8, and 16-
month-old mice. OMD was present at all ages in WT and UP mice but absent in KO mice
indicating the specificity of the immunostaining (Fig 36A). OMD was strongly localized in the
calcified cartilage ECM, while heterogeneous and light staining was also observed in the deep
zone of the uncalcified articular cartilage ECM and in some chondrocytes (Fig 36A, 36B). In
bone, the lining cells were strongly stained as well as the ECM, mostly the mineralization front
(Fig 36A, 36C, 36D). The ECM and some cells in the meniscus were stained (Fig 36A). The
cartilaginous ECM of the growth plate was not stained (Fig 36C). The immunostaining asserted

OMD as a proteoglycan having a strong specificity for the mineralized skeletal tissues.
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Figure 36: (A) Immunostaining of OMD (in brown) in the knee joint (medial tibial plateau) of KO, WT,
and UP male mice at 4, 8, and 16 months. Scale bar=100 um. (B-D) Zoom on specific areas from WT of
16 months. Scale bar=50 um. Representative pictures with n=3 for each group. (B) Uncalcified articular
cartilage (ac) and calcified cartilage (cc), separated by the tidemark (td — dotted line); chondrocytes
(arrowheads). (C) Subchondral bone (sb), growth plate (gp) and lining cells (Ic). (D) Metaphysis of the
tibia showing the cortical bone (cb), the outer medial tibial side and the inner tibial side facing the bone

marrow are indicated with (*).
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IV.3 Omd influences bone and cartilage microarchitectures

IV.3.1 Effect of Omd on articular cartilage structure

Histological analysis revealed that the tibial growth plate significantly decreased between 4
and 8 months in all genotypes, but further decreased between 8 and 16 months only in the
WT but not in other genotypes. At 16 months, the growth plate of the KO was larger than in

the WT (Fig 37A, 37B).

In the 4-month-old KO mice, the calcified cartilage layer was thinner in the medial tibial
plateau and thicker in the tibial lateral plateau than in the WT (Fig 37C, 37E). The ratio of
calcified cartilage/total cartilage for the medial tibial compartment of the KO was significantly
lower than in the WT and UP mice at each time point (Fig 37D). In the tibial lateral plateau,
this ratio was higher in the 4-month-old KO and UP mice than in the WT and in the 16-month-
old KO than in the UP mice (Fig 37F). Further, this ratio decreased with age in the KO and UP
genotypes while it remained stable in WT. The thickness of the cartilage (including non-
calcified and calcified cartilage) was not different between genotypes except in the medial
plateau of 8-month-old KO mice, in which cartilage was thinner than in WT (Fig 38). Our data

showed Omd able to influence the cartilage microarchitecture.
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Figure 37: Histomorphometry of the cartilage was performed with QuPath at 4, 8, and 16 months. Knee
joints of male mice were stained with Toluidine Blue and areas corresponding to the total cartilage, the
calcified cartilage, and the growth plate were measured for the medial tibial plateau and the lateral
tibial plateau. (A) Measures of the growth plate area of both medial and lateral tibial plateaus were
plotted to display the evolution of the growth plate over time with n=13 for the KO, n=16 for the WT
and UP at 4 months; n=16 for the KO and WT, and n=15 for the UP at 8 months; n=16 for the KO, n=14
for the WT and n=18 for the UP at 16 months. (B) Toluidine blue of the growth plate for the KO and the
WT at 16 months are represented. Scale bar=100 um. (C, E) The thickness of the calcified cartilage was
measured on the medial and lateral plateaus from the tibia. (D, F) The ratio between the calcified
cartilage and the total cartilage two was reported for both the medial and lateral plateaus.

Legend continues on the next page
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For the medial plateau (C, D): n=7 for the KO, n=8 for the WT and UP at 4 months; n=8 for the KO and
WT and n=7 for the UP at 8 months; n=8 for the KO, n=7 for the WT and n=9 for the UP at 16 months.
For the lateral plateau (E, F): n=7 for the KO, n=8 for the WT and UP at 4 months; n=8 for each genotype
at 8 months; n=8 for the KO, n=7 for the WT and n=9 for the UP at 16 months. Two-way ANOVA was
performed to evaluate the genotype effect (in black) and the time effect inside a genotype (in the
corresponding color). The data were plotted as a box plot showing all points with differences being
considered significant at p-values<0.05 (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 38: Histomorphometry of the cartilage was performed with QuPath at 4, 8, and 16 months. Knee
joints of male mice were stained with Toluidine Blue and the thickness of the total cartilage (including
non-calcified and calcified cartilage) was measured. (A) For the medial tibial plateau: n=7 for the KO,
n=8 for the WT and UP at 4 months; n=8 for the KO and WT and n=7 for the UP at 8 months; n=8 for
the KO, n=7 for the WT and n=9 for the UP at 16 months. (B) For the lateral tibial plateau: n=7 for the
KO, n=8 for the WT and UP at 4 months; n=8 for all the genotypes at 8 months; n=8 for the KO, n=7 for
the WT and n=9 for the UP at 16 months. Two-way ANOVA was performed to evaluate the genotype
effect (in black) and the time effect inside a genotype (in the corresponding color). The data were
plotted as a box plot showing all points with differences being considered significant at p-values<0.05
(*p<0.05).
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IV.3.2 Effect of Omd on bone structure

Iv.3.2.1 Metaphysis of the tibia

The total volume of the trabecular bone was lower in the KO than in other genotypes (Fig 39A,
39B). The trabecular BV/TV ratio was not significantly different between genotypes at 4
months. In contrast, this ratio was significantly higher in the KO than in the UP mice at 8 and
16 months and lower in UP mice than the WT at 8 months (Fig 39A, 39B). The number of
trabeculae of the KO was higher at 8 and 16 months than the WT and UP while no difference
was observed at 4 months (Fig 39C). The UP had significantly fewer trabeculae at 16 months
compared to the WT. The porosity was lower in the KO and higher in the UP than in WT at all
ages. The porosity was significantly lower in the KO at 8 and 16 months than in the UP (Fig
39C). The space between trabeculae was greater in UP than in KO mice at 16 months but no
difference between genotypes was observed for the trabecular thickness. At 16 months, the
structure model index of the UP mice was significantly higher than in another genotype which

indicated a shift from a plate to rod-like geometry of the trabecular bone (Fig 40A).

In the cortical bone, the BV/TV ratio was higher in the KO compared to the UP mice at 8 and
16 months and to the WT at 16 months (Fig 39D, 39E). The cortical bone thickness increased
with age in all genotypes but was significantly higher in the KO relative to the UP at 8 months
and then relative to the WT and UP at 16 months (Fig 39F). Cortical bone porosity was also
affected by Omd expression. The porosity was consistently the lowest in the KO and the
highest in the UP mice. The cortical bone porosity was significantly lower in KO compared to
the UP mice at 8 and 16 months and then compared to the WT at 16 months (Fig 39C, 39F). In

addition, the tibial crest was longer in KO than in WT and UP (Fig 40B).
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Whether in the loss of function or the overexpression of Omd models, both lead to interesting
bone phenotypes. The KO mice conserved their bone volume better and had less porous bone
while the UP mice displayed more severe loss with a decrease in the trabecular number and
an altered trabecular shape, and the WT adopted an intermediate phenotype. In addition,
morphological changes had been reported between genotypes with tibiae from the mutant
not only being smaller and narrower but showing a dissimilar shape as well with an extended

tibial crest.
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Figure 39: uCT analysis of the metaphysis of the tibia of the male mice at 4, 8 and 16 months. The
trabecular bone (left) and the cortical bone (right) were analyzed separately. Regions measured for the
trabecular bone and cortical bone are illustrated on the schematic tibia with the growth plate (GP),
marked with a red dotted line, used as a reference for their selection. (A, D) The 3D rendering of each
genotype is represented with a scale bar of 500 um. Red arrows indicate the tibial crest on the 16
months cortical bone. The zoom on the 16 months cortical bone illustrates the lateral side of the tibia
with a scale bar of 500 um. (B, E) The bone parameters measured for the trabecular and cortical bone
were the bone volume (BV); the total volume (TV) and their ratio (BV/TV). The data were plotted as a
box plot showing all points. One-Way ANOVA was performed with differences being considered
significant at p-values<0.05 (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (C, F) The trabecular
number, trabecular porosity, cortical thickness, and cortical porosity are represented over time. At 4
months: n=8 for each genotype; at 8 months: n=8 for the KO, n=10 for the WT and UP; at 16 months:
n=9 for the KO, n=11 for the WT, and n=10 for the UP. Two-Way ANOVA was performed on the kinetic
analysis with error bars representing + SEM and differences being considered significant at p-
values<0.05, * represents significant differences between the KO and the UP, # represents significant
differences between the KO and the WT and A represents significant differences between the WT and
the UP (*/ #/Ap<0.05, **/ ¢ /AAp<0.01, ***/ & & $p<0.001).
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Figure 40: uCT analysis on the metaphysis of the tibia of the male mice at 4, 8 and 16 months (A) The
trabecular bone parameters over time, with the trabecular separation, the trabecular thickness and the

trabecular structure model index. Two-Way ANOVA was performed with error bars representing + SEM

and differences being considered significant at p-values<0.05, * represents significant differences
between the KO and the UP and A represents significant differences between the WT and the UP
(*/Ap<0.05, **/AAp<0.01, ***p<0.001). (B) The length of the tibial crest of 16-month-old mice. One-
Way ANOVA was performed, and the data were plotted as a box plot showing all points with differences
being considered significant at p-values<0.05 (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). At 4
months: n=8 for each genotype; at 8 months: n=8 for the KO, n=10 for the WT and UP; at 16 months:
n=9 for the KO, n=11 for the WT, and n=10 for the UP.
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The microarchitecture modifications due to the loss of function of Omd reflected on the bone's
physical properties. The biomechanical test showed a higher whole bone strength of the KO
mice tibia at 16 months, consistent with a better bone volume conservation, that could endure
a higher maximal load compared to WT and UP mice. The stiffness of the KO mice was also

significantly greater than the UP mice at 16 months (Fig 41).
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Figure 41: Biomechanical testing of the tibia from 16 months mice. (A) The maximum load (N) and (B)
bone’s stiffness (N/mm) were assessed using a three-point bending test with n=9 for the KO, n=10 for
the WT and n=11 for the UP. One-Way ANOVA was performed, the data were plotted as a box plot
showing all points with differences being considered significant at p-values<0.05 (*p<0.05,
***%p<0.0001).
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IvV.3.2.2 Epiphysis of the tibia and the effect of Omd on the

development of bone sclerosis

KO mice had a greater lateral subchondral bone BV/TV ratio than the UP mice at 8 and 16
months and compared to the WT at 16 months. In the medial tibial plateau, BV/TV was more
elevated in KO mice than in UP mice but only at 16 months (Fig 42A, 42B). Computed

tomography illustrated that bone volume was higher in the KO than in the WT and the UP

mice (Fig 42C).

Omd deficiency leads to a thicker bone at the tibia epiphysis and subchondral bone sclerosis.
In contrast, overexpression of Omd by osteoblasts was associated with a decrease of bone

volume. The differences between genotypes were clearly exacerbated in older mice.
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Figure 42: (A) Histomorphometry of the subchondral bone on Safranin-O Fast Green of the knee joint
of male mice at 8 and 16 months was performed with QuPath on the lateral and medial plateaus of the
tibia separately. At 8 months: n=8 for each genotype; at 16 months: n=7 for the KO, n=7 for the WT,
and n=9 for the UP. The data were plotted as a box plot showing all points. Two-Way ANOVA was
performed with differences being considered significant at p-values<0.05 (*p<0.05, **p<0.01). (B)
Representative picture of the Safranin-O Fast Green of the knee joint of male mice showing the
subchondral bone area for the lateral and medial plateau of the tibia separately. Scale bar=100 um. (C)
UCT of the subchondral bone of the tibia of the mice at 16 months. The pink asterisk indicates the lateral
plateau and the blue asterisk indicates the medial plateau.
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IV.4 Omd may play a beneficial role against articular degradation and

prevents subchondral bone sclerosis

To study the role of Omd in the pathology of OA, we compared the spontaneous development
of bone and cartilage structural changes in KO, WT and UP mice during their aging, but also
after destabilization of the medial meniscus. In unoperated mice, cartilage lesions appeared
with aging and a higher OARSI score was observed in the medial tibial plateau of KO mice than
in WT (Fig 43A). This observation was consistent with the greater loss of proteoglycans for the
medial tibial plateau of KO mice compared to the WT (Fig 43B, 43C). No differences were
observed in the lateral tibial plateau and femoral condyles in 16-month-old mice. In the DMM
model, the lesions of the medial tibial plateau were severe and no difference between
genotypes was observed (Fig 43D, 43G). Cartilage lesions were less severe in the lateral tibial
plateau and KO mice tended to have a greater OARSI score than the WT (Fig 43D, 43G) but the
difference was not significant (p-value=0.0585). No significant difference was observed for the

scored loss of proteoglycan (Fig 43E).

In WT with DMM-induced OA, the BV/TV ratio of the subchondral bone of the medial tibial
plateau was significantly higher than in non-operated mice while it was not affected in the
lateral plateau. For the medial tibia, the source of variation analysis confirmed the highly
significant effect of the surgery on the BV/TV ratio, but also confirmed that results were
genotype-dependent. The comparison of the medial subchondral bone BV/TV ratio between
genotypes in DMM groups showed that it was lower in the UP mice than in the WT. Moreover,
the UP mice from the DMM group displayed a BV/TV ratio remaining similar to the non-
operated WT. The two-way ANOVA comparison of the DMM model with the non-operated

mice showed no interaction between the two groups which indicates that expected values are
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not related between both groups (Fig 43F, 43G). These results suggest that the expression of

Omd helps to prevent the development of subchondral bone sclerosis associated with OA.

Omd would protect from the onset of subchondral sclerosis, and then, may play a role in the

prevention of the subsequent articular damage, particularly for spontaneous OA.
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Figure 43: Analysis of the development of OA lesions in the different genotypes after spontaneously
occurring with age (left) or after the DMM (right). The spontaneous OA lesions were considered in the
16-month-old male mice and the DMM was performed on 16-week-old male mice and they were
stopped at 28 weeks. (A, D): The cartilage degradation was assessed with the OARSI score (from 0 to
6) according to the OARSI recommendations. The score was attributed to the lateral and the medial
tibial plateaus and to the lateral and medial condyles for the spontaneous model and the DMM model.
(B, E): The score of the loss of proteoglycan (from 0 to 5) was assessed according to the OARSI
recommendations for the lateral and medial tibial plateaus for the spontaneous model and the DMM
model. For the OARSI score of the 16-month-old mice: n=8 for the KO and the WT and n=9 for the UP
and for the loss of proteoglycan n=10 for the KO, n=8 for the WT and n=10 for the UP. For the DMM
model: n=9 for the KO, n=10 for the WT, and n=8 for the UP. One-way ANOVA was performed with
differences being considered significant at p-values<0.05(*p<0.05). (C): lllustrations of the lateral and
medial plateaus stained with Toluidine Blue of the 16-month-old mice with zooms on proteoglycan loss
issued from the KO and indicated by the arrowhead. Scale bar=100 um. (F): Histomorphometry of the
subchondral bone on Safranin-O Fast Green of the knee joint of the DMM mice was performed with
QuPath on the medial and lateral plateaus separately. Each genotype was compared to a similar age
group of 8-month-old mice. At 8 months: n=8 for each genotype; for the DMM: n=9 for the KO, n=10
for the WT, and n=8 for the UP. The data were plotted as a box plot showing all points. Two-Way
ANOVA was performed with differences being considered significant at p-values<0.05 (*p<0.05,
**p<0.01). (G): lllustrations of the lateral and medial plateaus stained with Safranin-O Fast Green in
the DMM. Scale bar=100 um.
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IV.5 Loss of Omd expression induced gait abnormalities in mice

The gait pattern of mice was assessed at all ages using the CatWalk XT platform. At 4 months, the print
area was reduced in the KO compared to the WT, and at 8 months, the print area was smaller in the
KO than in the WT and UP mice. The difference between the KO and other genotypes was not
significant anymore at 16 months, yet it is due to the reduced values of the WT and UP mice at 16
months while the print area of the KO remained similar at each time-point. The swing, which is the
duration of no contact of the paws with the walking platform, and the single stance, defined as the
duration of contact of the paws with the walking platform, were shorter in the KO mice than in other
genotypes at 8 and 16 months. Finally, the intensity of the contact of paws toward the glass platform
was higher in the KO compared to the WT at 8 and 16 months and compared to the UP at 8 months

(Fig 44 & Appendix 3.1).

The gait analysis clearly showed that KO mice have different gait behavior than other genotypes. Their

abnormal gait could be explained by their distinct bone structure and worse cartilage degradation.
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Figure 44: Analysis of the gait of 4, 8, and 16-month-old male mice with the CatWalkXT. The intensity
corresponds to the mean intensity at the maximum paw contact normalized with the mean of the

maximum contact paw area, the speed, and the weight of the mouse. At 4 months: n=8 for each

genotype; at 8 months n=8 for each genotype; at 16 months: n=14 for the KO, n=12 for the WT and

n=10 for the UP. The data were plotted as a box plot showing all points. One-Way ANOVA was

performed when the distribution was Gaussian and Kruskal-Wallis was performed when the distribution

was not Gaussian with differences being considered significant at p-values<0.05 (*p<0.05, **p<0.01,

**%0<0.001).
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IV.6 omd is expressed in the zebrafish skeleton and its mutation induces

articular cartilage lesions and impaired bone remodeling

The zebrafish genome presents a single homolog to the human OMD gene, the ortholog omd

encoding a 401 amino acids protein presenting 46% identical and 63% similar amino acids.

We characterized the localization of omd expression in larvae zebrafish using whole-mount in
situ hybridization at 48-hour post fertilization (hpf), 5-day post fertilization (dpf) and 8-dpf.
We observed a strong expression of omd specific to craniofacial cartilages including the jaw

joint during the development (Fig 45).

To gain first insights into the function of omd in zebrafish cartilage development, we studied
the overexpression of omd by microinjecting 0.4 ng and 0.8 ng of its mRNA into zygotes. At
24-hpf, omd induced a ventralization of embryos that was not observed upon microinjection
of control GFP mRNA (Fig 46A, 46B). Further, larvae injected with omd developed deformities
at 4-dpf, mostly affecting the axial symmetry. Larvae presenting axial deformities
demonstrated evident cartilage defects with abnormal development of the craniofacial
cartilage (Fig 46C). As omd overexpression was inducing developmental defects, we designed
a zebrafish omd mutant line (omd”") for further characterization in adults. /n situ hybridization
of omd” individuals revealed that the mutation led to the absence of omd mRNA in the

craniofacial structures (Fig 45), indicating that no Omd protein was produced in the mutants.
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Figure 45: Whole mount in situ hybridization for the omd mRNA on WT zebrafish larvae at 48-hpf, 5-
dpf and 8-dpf; and on omd-/- larvae at 5-dpf. Ventral and lateral views are illustrated. Scale bar=200
um. Cartilage structures are annotated as followed Ep: Ethmoid plate; Pq: Palatoquadrate; Ch:
Ceratohyal; Cb: Ceratobranchial arches; Mc: Meckel’s Cartilage; Tr: trabecula; Hs: Hyosymplectic
cartilage. The meckels’s cartilage and the palatoquadrate articulate themselves into the jaw joint.
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Figure 46: Analysis of the overexpression of omd in the zebrafish. (A) The overexpression model was
generated by the injection of the zebrafish mRNA of omd in the 1-cell zygote followed by the
observation of the ventralization at 24-hpf and the developmental deformities at 4-dpf. (B) The
percentage of ventralized larvae was reported at 24-hpf after the injection of 0.4 ng (n=314) or 0.8 ng
(n=103) of omd. The injection of 0.4 ng (n=301) or 0.8 ng (n=72) of the mRNA of the GFP served as a
control. The data were plotted as a percentage of the observed class in stacked columns. A Chi-square
test was performed with differences being considered significant at p-values<0.05 (****p<0.0001). A
normal embryo and ventralized embryo with a red arrow pointing to the ventralization are illustrated.
Scale bar=200 um. (C) The percentage of developmental deformities presented by the larvae was
reported at 4-dpf after the injection of 0.4 ng (n=367) or 0.8 ng (n=96) of omd. The injection of 0.4 ng
(n=169) or 0.8 ng (n=79) of the MRNA of the GFP served as a control. A different class of deformities
was attributed: normal, cyclops, narrow eyes, one asymmetrical eye, asymmetrical eyes, small eyes
and other defect which included non-specific defects. The larvae were stained with Alcian Blue and the
representative illustration of each class was selected. Scale bar=200 um. The data were plotted as a
percentage of the observed class in stacked columns. A Chi-square test was performed with differences
being considered significant at p-values < 0.05 (*p<0.05, ****p<0.0001).
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We then compared the lubricated synovial jaw joints in one-year-old omd”~ zebrafish to those
in WT to detect articular cartilage damage. For the palatoquadrate, the OARSI score of
mutants (ranging from 1 to 3) was greater than in the WT, and clefts on their articular cartilage
were observed (Fig 47A). As the murine model showed that the level of expression of Omd
was related to the onset of the subchondral bone sclerosis and that the zebrafish displays
lubricated synovial joints with similar articular degradation and subchondral bone
modifications than in the physiopathology of OA [264,265], we took advantage of the
zebrafish to assess the osteoclast in vivo. We used this model to investigate the expression of
cathepsin K, a marker of osteoclasts, in the regenerating caudal fin at 7 days post-amputation,
a condition associated with osteoclastogenesis. The cathepsin K expression was significantly
higher in Tg(ctsk:Citrine); omd” indicating that more osteoclasts were generated in the
absence of omd expression (Fig 47B). Furthermore, osteoclast activity was studied in elasmoid
scales through TRAP staining. More TRAP staining was present on elasmoid scale of the omd”.
The staining appeared to be more evenly distributed throughout the scales of the mutant and
particularly localized on the edges and along the grooves of the scale. The circularity of the

scales was also impacted. The scales of the omd”- were more circular than in the WT (Fig 47C).

The zebrafish confirmed our observations of the mouse model. The omd mutant zebrafish
showed more severe spontaneous articular cartilage degradation in the synovial jaw joint. It
also demonstrated that the regulation osteoclastogenesis was a possible mechanism of action

for Omd.
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Figure 47: The mutant deficient for omd was generated through CRISPR/Cas 9. (A) Histology of the jaw
joint was performed on 1-year-old zebrafish. The OARSI score of the palatoquadrate was attributed to
the jaw joint stained with Toluidine Blue with n=4 for the WT and the mutant. The data were plotted
as a box plot showing all points. Mann-Whitney test was performed with differences being considered
significant at p-values<0.05 (*p<0.05). Scale bar=50um (B) The mutant line was crossed with the
Tg(ctsk:Citrine) for the osteoclasts analysis during the caudal fin regeneration. The caudal fin of 1-year-
old zebrafish was cut and the regenerating fin was observed after 7 days. The osteoclasts are
represented in yellow-green from the ctsk:Citrine signal and the mineralized ray were stained with
Alizarin red. The data were plotted as a box plot showing all points. The pixel intensity of the
regenerating rays is plotted and normalized by the background intensity with n=14 for the WT and n=16
for the mutant from two independent experiments which were pooled to perform the unpaired student
t-test with differences being considered significant at p-values<0.05 (**p<0.01). Scale bar=200 um (C)
TRAP staining was performed on the elasmoid scales of 1.6-year-old zebrafish. The TRAP staining area
was normalized with the total scale area. The TRAP staining and the circularity of the scales were
assessed with ZFBONE - Fiji with n=5 for the WT and the mutant and with 6 to 15 scales/zebrafish
analyzed. Scale bar=0.2 mm The data were plotted as a box plot showing all points. Unpaired student
t-test with differences being considered significant at p-values < 0.05 (*p < 0.05, **p < 0.01).
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IV.7 OMD inhibited osteoclastogenesis by binding to RANKL

We investigated the effects of the treatment of OMD on gene expression in cultured human
primary trabecular osteoblasts. The RNA-seq revealed that only 35 genes (with padj<0.05)
were differentially expressed after the OMD 10 ng/ml treatment, and with relatively modest
fold-changes to expression (Fig 48 & Table 14). GSEA analysis using webgestalt on GO terms
revealed an increase of some genes linked to the response to acid chemicals (genes AKR1C1,
AKR1C2, AKR1C3) and a decrease of few genes involved in extracellular structure organization
(G0:0043062) and ossification (genes ACAN and /IBSP), and of the molecular function of actin
binding. The Reactome database revealed an up-regulation of genes responsible for collagen
network degradation and a down-regulation of ECM proteoglycans, ECM organization,

collagen formation, and integrin cell-surface interactions.
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Figure 48: RNA-seq analysis of primary human pre-osteoblast cultures treated with 10 ng/ml of rhOMD
during 72-h with n=11 (6 men and 5 women). (A) Vulcano plot with Threshold padj<0.01 and
Log2FoldChange. (B) IBSP gene expression comparison.
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Table 14: RNA-Seq analysis of primary human pre-osteoblasts treated with 10 ng/ml of rhOMD during

72-h. List of differential gene expression, upregulated and downregulated genes sorted according to

their padj. Genes with significant differential gene expression are highlighted in yellow with differences

being considered significant at padj<0.05.

DOWN REGULATED GENES

Symbol  GeneNam baseMear log2FoldC pvalue

ACAN aggrecan 2411,105 -0,21316 1,15E-09
IGFBP5  insulin liki 13873,32 -0,10647 9,35E-07
TNS1 tensin 1 1957,83 -0,16004 9,75E-07
PLEC plectin 38057,42 -0,11604 2,58E-06
IBSP integrinb 2395,991 -0,17361 4,61E-06
TNC tenascin C 105105,7 -0,0909 1,12E-05
SYNE1 spectrin re 3486,373 -0,12999 1,2E-05
PTPN13 proteinty 3741,085 -0,11847 1,32E-05
COL5A2 collagent 51954,47 -0,06604 1,34E-05
TXNIP thioredox 15535,19 -0,10128 1,64E-05
SGCD sarcoglyce 2555,874 -0,0979 1,78E-05
FLNB filamin B 10552,17 -0,07663 4,24E-05
SPTBN1 spectrinb 10107,85 -0,06612 8,62E-05
LIMCH1 LIMandce 1654,4 -0,11633 9,55E-05
HSPG2 heparans 28481,36 -0,10747 0,000147
SYNPO  synaptopc 3704,595 -0,06861 0,000148
HS6ST1  heparans 1556,86 -0,09836 0,000162
LMO7 LIMdoma 17862,34 -0,06548 0,000166
SPTAN1 spectrina 7236,551 -0,08121 0,000205
COL1A2 collagent 666596,3 -0,06554 0,00021
COL11A1 collagent 50162,35 -0,06306 0,000299
COL5A1 collagent 47123,68 -0,04974 0,000384
MXRA5  matrixrer 2293,83 -0,10979 0,000425
HELZ helicase w 1166,073 -0,10198 0,000431
ABI3BP  ABIfamily 6374,285 -0,06805 0,000477
MAP1B  microtubL 10094,58 -0,09141 0,000534
COL8A1 collagent 82986,12 -0,06984 0,00054
PTGIS prostaglar 6809,253 -0,05672 0,000564
APBB2  amyloid b 4753,324 -0,06391 0,000705
PKD1 polycystin  7354,84 -0,08114 0,000711
MYH9 myosin he 46465,18 -0,06421 0,00074
PEAK1 pseudopo 6901,382 -0,07987 0,00083
GPATCH8 G-patch d¢ 1488,658 -0,08035 0,000837
SESN3 sestrin 3 = 4449,148 -0,08196 0,000931
YPEL2 yippee lik 1213,81 -0,08322 0,000934
COL1A1 collagent 1158022 -0,06005 0,001002
RBMS2  RNA bindi 2232,312 -0,07013 0,001056
HUWE1 HECT, UBA 6282,322 -0,09353 0,001069
TSC22D3 TSC22 don 14129,08 -0,06494 0,001126
HIP1 huntingtir 4042,762 -0,06478 0,001165
PSD3 pleckstrin 1551,104 -0,08423 0,001177
MYO1B myosinIB 4223,286 -0,0564 0,00119
CALD1 caldesmor 51369,15 -0,04442 0,001207
BCAT1 branched 4138,794 -0,06052 0,001211
TNFRSF19 TNF recep 6751,301 -0,05444 0,001302
UBXN7 UBX domz 1479,219 -0,08739 0,001468
SLIT3 slitguidar 1195,11 -0,07588 0,001622
KIRREL  kirre like r 8694,271 -0,05128 0,001766
NIN ninein 2950,583 -0,07118 0,001794
NPR3 natriuretic 13269,95 -0,05616 0,001821
UBR5 ubiquitin | 3463,241 -0,06462 0,001935
CDC42EP3 CDC42 effi 11417,31 -0,05895 0,002177
SLC1A4  solute car 1846,819 -0,0919 0,002346

padj

4,37E-06

0,00124

0,00124
0,002147
0,002933
0,004463
0,004463
0,004463
0,004463
0,004463
0,004539
0,009514
0,018268
0,019012
0,025749
0,025749
0,026324
0,026324
0,028671
0,028671
0,038083
0,045765
0,046977
0,046977
0,050593
0,054225
0,054225
0,055138
0,064538
0,064538
0,065642
0,070926
0,070926
0,075806
0,075806
0,079643
0,079648
0,079648
0,079648
0,079648
0,079648
0,079648
0,079648
0,079648
0,084191
0,093316
0,098215
0,103687
0,103687

0,10369
0,108555
0,116988
0,119656

UP REGULATED GENES

Symbol  GeneNam baseMear log2FoldC pvalue

AKR1C2 aldo-keto 1705,866 0,154283 2,81E-06
AKR1C1 aldo-keto 3117,068 0,159071 5,5E-06
FAM43A family wit 3638,33 0,10487 1,54E-05
SQSTM1 sequestos 8620,097 0,119888 1,44E-05
AKR1C3 aldo-keto 1891,064  0,1345 2,99E-05
MMP14 matrix me 23797,94 0,094313 9,97E-05
FTL ferritin lig 35409,69 0,081661 0,000173
CLDN11 claudin 11 2835,194 0,092978 0,000203
TPP1 tripeptidy 2574,102 0,095033 0,000261
CLCN7  chloridev 2196,712 0,09093 0,000338
FTH1 ferritin he 81394,98 0,080242 0,000415
NPC1 NPCintrac 2682,786 0,10771 0,000637
CLTA clathrin lig 2136,327 0,079295 0,001074
DvL2 dishevelle 1140,743 0,079653 0,001112
GAS1 growth ari 5160,697 0,065182 0,001547
VEGFB  vasculare 1162,952 0,094535 0,00158
ZFP36 ZFP36ring 3131,86 0,088973 0,001773
BRI3 brain prot 1615,66 0,083511 0,002006
GPNMB  glycoprote 5155,937 0,006262 0,002126
MGAT4B alpha-1,3- 2693,392 0,054505 0,003441
SOD2 superoxid 14580,55 0,068289 0,003426
WBP2 WW dom: 1908,878 0,062006 0,003577
NAB2 NGFI-A bii 1215,107 0,014482 0,004731
DPP7 dipeptidy 2394,176 0,049598 0,005547
BOC BOC cell a 1846,687 0,056083 0,005589
CDC25B  cell divisic 1323,586 0,058092 0,006085
GALNT15 polypepti 2109,369 0,048227 0,006655
WISP2 cellular cc 1573,634 0,006838 0,008358
PKIG cAMP-der 1347,838 0,04383  0,0083
KDSR 3-ketodih' 1542,999 0,044489 0,008395
STAT2 signal trar 6227,577 0,034558 0,008548
STARD7 StARrelat 5283,118 0,037387 0,008857
SLC11A2 solute car 1519,108 0,043173 0,008982
SLC17A5 solute car 1335,216 0,040273 0,009654
CEBPD  CCAATen 1833,523 0,038947 0,01063
DUSP3 dual speci 1327,221 0,041396 0,010575
GYPC glycophor 1285,764 0,011388 0,01098
SLC6A8  solute car 1302,508 0,051077 0,011669
STOM stomatin  3014,524 0,026907 0,01237
ZFP36L2 ZFP36ring 6985,44 0,009698 0,013162
STAT6 signal trar 6152,852 0,032288 0,013633
TCEAL9  transcripti 2036,363 0,012282 0,014173
MAP2K2 mitogen-z 5082,902 0,02987 0,014668
FAM21A WASH con 2004,276 0,026392 0,015571
SRSF6 serine anc 2807,197 0,01927 0,015866
SOAT1  sterol O-a 1242,091 0,016173 0,01673
APOD apolipopr 2303,608 0,018665 0,016663
MTSS1  MTSS I-BA 2079,747 0,004651 0,019007
RNF185 ringfingel 1204,454 0,023571 0,018919
FAM20C FAM20Cg 7464,93 0,036159 0,019476
GPX4 glutathior 4727,607 0,023814 0,0202
TMEMG63A transmem  1162,97 0,012537 0,020702
INSIG1 insulininc 4375,429 0,007516 0,022364

padj

0,002147
0,002998
0,004463
0,004463
0,007134
0,019012
0,026447
0,028671
0,034383
0,041542
0,046977

0,06077
0,079648
0,079648
0,096723
0,097216
0,103687
0,110923
0,115875
0,145864
0,145864
0,149979
0,180477
0,197423
0,197423
0,207729
0,219834
0,246365
0,246365
0,246365
0,247039
0,248994
0,248994
0,254005
0,266878
0,266878
0,270709
0,283546
0,292192
0,298886
0,304149
0,314356
0,322232
0,324614
0,327174
0,339764
0,339764

0,35199

0,35199
0,358286
0,363375
0,364267
0,369597
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These observations led us to explore the interaction of OMD with RANKL, which is the
regulator of osteoclast differentiation, using a solid phase binding assay. These experiments
revealed a clear interaction between the two proteins, which correlated to the increasing
amounts of both OMD and RANKL, demonstrating that they bind directly to each other (Fig
49A). The potential biological effects of this interaction were tested on primary murine
osteoclasts culture. We showed that OMD added at 10ng/ml and 40ng/ml reduced osteoclast
number. No difference between 10 and 40 ng/ml of OMD was observed, both reducing the
osteoclast number by 50% on average (Fig 49B). Furthermore, serum markers for bone
formation (N-terminal propeptide of type | procollagen: P1NP), and osteoclast number (TRAcP
5b) showed impaired bone turnover in the KO mice at 16 months. The serum level of P1INP
was significantly higher in the KO mice compared to the UP mice, and the KO mice showed

significantly increased TRAcP 5b compared to the WT and UP mice (Fig 49C).

We propose a model where osteoblasts secrete OMD in the ECM to trap RANKL and prevent
it from binding to the pre-osteoclast receptor RANK to inhibit their differentiation into fully
committed osteoclasts. In this model, OMD depletion induces uncoupled bone remodeling, in
which increased osteoclast number and bone resorption, further associated with the

stimulation of bone formation, lead to subchondral bone sclerosis (Fig 49D).
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Figure 49: (A) Solid Phase binding assay on the capture of RANKL by OMD. RANKL was coated on a plate
followed by OMD addition. On the left: Binding assay with different concentrations of OMD (1000 to
15.65 ng/ml by serial 2X dilution), with 0.2 ug/ml of coated RANKL (red curve) and negative control
without RANKL (blue curve). On the right: Binding assay with different concentrations of coated RANKL
(800 to 6.25 ng/ml) and 0.5 ug/ml of given OMD (pink curve); negative control without OMD (purple
curve). Wilcoxon test was performed with differences being considered significant at p-values<0.05
(*p<0.05, **p<0.01). (B) Assay of the effect of OMD on primary murine osteoclast culture. The
peripheral blood mononuclear cells were collected from murine bone marrow and differentiated into
osteoclasts with M-CSF and RANKL. Osteoclasts were counted after 4 days of differentiation following
a TRAP staining. Each point represents a mouse, n=7. The osteoclast count was represented in
percentage of cells with the corresponding control set as 100%. Blue arrows point at osteoclasts. Scale
bar=50 um. The data were plotted as a box plot showing all points. One-way ANOVA was performed
with differences being considered significant at p-values < 0.05 (*p<0.05). (C) Level of PINP and TRAcP
5b measured in the serum of KO, WT and UP mice. The data were plotted as a box plot showing all
points with n=12 for the KO and WT, and n=10 for the UP. One-Way ANOVA was performed when the
distribution was Gaussian and Kruskal-Wallis was performed when the distribution was not Gaussian
with differences being considered significant at p-values<0.05 (*p<0.05, **p<0.01, ****p<0.0001). (D)
Schematic representation of the mechanism of OMD on osteoclastogenesis. Osteoblasts secrete RANKL
which binds to the RANK receptor on the membrane of pre-osteoclasts to induce their differentiation
into osteoclasts. In parallel, osteoblasts also secrete OMD which displays the ability to capture RANKL
and would prevent its binding to RANK.
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OMD is a small proteoglycan involved in bone and dental matrix mineralization but also in
ectopic mineralization of other tissues, such as in arteries [225,233-235,241], suggesting it

could be involved in cartilage mineralization and degradation during aging and OA.

We have previously demonstrated that osteoblasts located in the sclerotic area of OA
subchondral bone produced less OMD than neighboring osteoblasts coming from the non-
sclerotic area. Interestingly, OMD levels were also lower in the serum of OA patients [187]. To
study the impact of Omd expression on bone remodeling, skeletal development and
architecture, we followed mice deficient for Omd and mice overexpressing Omd during 16

months.

While the presence of OMD in bone has been previously reported [222,239], we showed for
the first time that OMD is localized in mineralized tissues of the murine knee joint and is
identified in calcified cartilage and tidemark. Interestingly, we observed that the calcified
cartilage layer was thinner in the medial tibial compartment but thicker in the lateral tibial
compartment of KO mice than in other genotypes indicating that OMD plays a key role in
cartilage mineralization. The consequences of calcified cartilage thickness on cartilage
degradation in OA remain controversial. One study showed that the calcified cartilage was
thinning with OA, resulting in the reduction of the cartilage elastic modulus [287]. However,
other studies showed that the calcified cartilage thickness increased with the progression of
OA [288,289]. The presence of the more severe cartilage lesions in the medial tibial plateau of
aging KO mice, where the calcified cartilage was thinner, supports the hypothesis that a
thinner layer of cartilage calcified is a factor promoting cartilage degradation. Of course, this
theory needs to be confirmed in other models. In the DMM OA model, there was no significant

difference in cartilage damage between genotypes. This finding contrasted with the
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observation performed in the aging KO mice in which the cartilage lesions severity were higher
in KO mice than in other genotype. This observation can be explained by the higher severity
of the lesions in DMM model reflecting more of a late stage of OA. We can anticipate a ceiling
effect in DMM-induced OA model because the cartilage lesions were too severe. However,
considering that most of the phenotypic changes induced by the modification of the
expression of Omd were worsened with age, the experimental design of the DMM model does
not make it possible to exclude an effect of Omd on the articular cartilage degradation

occurring at the stage set for the surgery.

At the bone level, 8 and 16-month-old KO mice had greater trabecular and cortical BV/TV than
the WT while, inversely, UP mice had a reduced ratio. This finding highlights that Omd plays a
key role in bone remodeling. More precisely, keeping the homeostatic expression of Omd
helps to preserve its volume and structure. Omd overexpression not only reduced BV/TV but
also increased the structure model index, which is an indicator of the altered shape of
trabeculae, and led to higher bone porosity. Over time, aging was aggravating those
observations. This indicates that, when overexpressed, Omd may turn to cause detrimental
effects on skeletal tissues. In the KO, the global bone morphology was affected. Their tibia was
narrower and their tibial crest longer, this morphological change may affect muscle insertion
and, by so, the muscle-to-bone relationship. Further, KO mice were more prone to
spontaneously develop subchondral bone sclerosis, as indicated by higher BV/TV, like in
sclerotic subchondral bone in OA. The modifications of the bone microarchitecture affected
the bone’s physical properties as well, important features relative to the bone quality, with
KO mice showing higher whole bone strength of the tibia at 16 months, an expected behavior

following the observations from the uCT analysis.
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We also observed sclerosis of the subchondral bone following the DMM procedure, in all the
genotypes. Yet, the subchondral bone of the medial tibia of UP mice was thinner than the KO
and WT mice suggesting that Omd could prevent subchondral bone sclerosis in OA. Although
these observations are indicating that the overexpression of Omd would protect from the
onset of OA-associated sclerosis, we are still willing to be cautious about the efficiency of the
protective effect as the BV/TV ratio is initially slightly lower in UP mice showing altered bone
microarchitecture. Nonetheless, our data suggest that Omd plays a role in subchondral bone
sclerosis, a key feature of OA, involved in cartilage degradation. Therefore, we can hypothesize
that the impact of Omd on cartilage degradation could be secondary to its effect on bone. In
the spontaneous model, the loss of function of Omd is associated with articular cartilage
degradation, suggesting that Omd might prevent cartilage degeneration. This hypothesis has
to be verified in a larger number of animals or a more advanced aging-related OA model where
more pronounced differences with a higher articular degradation in the KO mice are

anticipated.

The gait analysis with the Catwalk XT identified different motor patterns between the
genotypes. The gait pattern of KO mice, including the print area, the swing, the intensity of
the contact, and the single stance of paws toward the glass platform, were modified. More
precisely, for their hind paws, the KO mice had a reduced print area, a shorter swing and single
stance, and a higher intensity of the contact of the paw. This may result in pain, discomfort,
or of mechanical disorders associated with joint damage or with skeletal tissue abnormalities.
It is important to highlight that a decreased hind print area is considered the best predictor
for spontaneous OA [290]. Furthermore, the single stance was reported to be significantly
decreased in OA mice [291] and the swing may also be reduced with OA [292]. Our report on

the gait parameters is consistent with previous observations found in the literature and
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corroborates the susceptibility of the KO mice to develop further OA joint damage. On the
other hand, the gait patterns at 16 months may be affected by the initiation of OA leading to

abnormal loading on affected limbs.

To corroborate our findings from the mice model, we studied mutant adult zebrafish which
did not express omd. In zebrafish, we found cartilage lesions in the articular cartilage in the
jaw joint. Again, this suggests that omd prevents spontaneous cartilage lesions during aging
and that a decrease of OMD production by osteoblasts and hypertrophic chondrocytes could
be deleterious for cartilage. Altogether, these findings support that a loss of OMD contributes
to OA development. We have then investigated by which mechanism of action OMD could
regulate bone and cartilage metabolism. Our transcriptomic data revealed that OMD is
unlikely to perform its function on osteoblasts through direct gene expression regulation as
very few genes were modified and with a low magnitude. It remains noteworthy to specify
that among the regulated genes, IBSP was downregulated by OMD. /BSP overexpression by
hypertrophic chondrocytes is associated with OA [293]. Consequently, OMD could control

cartilage calcification in OA by downregulating IBSP production.

Direct binding of OMD to key bone regulatory factors is another possible mechanism of action.
SLRPs are known to bind cytokines, growth factors, and ligands like RANKL [50,219]. Herein,
we showed that OMD is not only enhancing the differentiation of osteoblasts [239], but is also
able to bind directly to RANKL and block its biological activity on osteoclasts. Measures of bone
markers in the serum of 16 months mice corroborated the elevated osteoclast number and
higher bone turnover in the loss of function model. Concerning the UP mice, they showed the
lowest PINP level and it might indicate that their poor conservation of bone volume would be

due to low bone formation rather than bone resorption. The mutant zebrafish model
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confirmed the role of omd in osteoclastogenesis. The number of cathepsin K positive
osteoclasts increased in the regenerating caudal fin of the mutants. Further, observations of
elasmoid scales, which share a similar transcriptomic profile with the mammalian skeleton
including genes related to human diseases [270], highlighted higher TRAP staining and more
circular scales in zebrafish lacking omd. As osteoclasts are inducing OMD expression in mature
osteoblasts [240], OMD presents a negative feedback activity on them. Moreover, sulfated
GAGs are known to inhibit the differentiation of osteoclasts and the sulfation level of OMD is
higher during the ECM mineralization process [226,294]. Our findings present OMD as a novel
regulator of the bone remodeling process able to protect from subchondral bone sclerosis in
pathological conditions like OA. Those observations are crucial since we know that bone
remodeling plays a key role in the bone-driven OA phenotype with uncoupled bone
remodeling leading to impaired bone resorption and bone deposition functions, then resulting
in subchondral bone sclerosis with an elevated number of osteoclasts [167,168,295]. We
identified OMD as a novel player in the uncoupled bone remodeling associated with OA.
Finally, we can point out that the bone and cartilage phenotypes due to the loss of function
of Omd are consistent with other murine SLRPs-deficient models [200-
203,207,208,212,219,296]. It ultimately reinforces previous statements declaring overlapping

functions within the SLRP family.

In conclusion, alterations of the OMD expression modify the bone and cartilage metabolism
and structure. OMD helps to preserve bone and cartilage integrity and a local decrease of its
production leads to the development of OA mainly by increasing subchondral bone sclerosis
and thinning the calcified cartilage while its overexpression alleviates the subchondral bone
sclerosis. OMD is able to directly bind to RANKL and inhibit osteoclastogenesis to regulate

bone remodeling and limit subchondral bone sclerosis. Our previous and current researches,
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making use of both in vitro and in vivo experiments either with human, mouse or zebrafish
models, build a strong and compelling body of evidence of OMD being a key factor in OA

associated with subchondral bone sclerosis.
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Preliminary notice

Sections IV and V, presenting the main results that were selected for publication in Bone
research, were all concerning male mice because they are showing less variability concerning
the bone and cartilage biology and the development of OA. However additional data were

collected on both male and female mice, and also on the zebrafish and in vitro models.
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VI.1 Further characterization of the bone phenotype by uCT in the mouse

model

Femurs of male mice were analyzed by uCT for further characterization of the bone phenotype
in male mice. The whole femurs of 8 and 16 months mice were reconstructed and illustrated
in the figure 50. The femur of KO mice at 8 months showed a distinct phenotype concerning
the femoral head that seems to conserve the calcified cartilage encapsulating the bone
compared to the WT and UP mice with a fully ossified femoral head. All mice from the KO
group displayed this phenotype. At 16 months, the phenotype of the femoral head of KO mice
became more similar to WT and UP mice. However, the capsule of calcified cartilage still could
be observed to a lesser extent. From the KO group, 2/3 of the mice showed this milder
phenotype. Corroborating the visual observations, the density of the femoral head was
significantly lower for the KO at 8 months when the phenotype is evident but was not
significant at 16 months. A lower density for the KO at 8 months is consistent with the femoral
head being less engaged in the ossification process (Fig 52A). The representation of the 16
months femurs may also indicate thicker subchondral bone from the condyle area of the knee
joint in KO mice compared to the WT and especially to the UP mice. This observation would

need quantification of the subchondral bone volume for confirmation (Fig 50).
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Figure 50: uCT analysis of the femur of male mice at 8 and 16 months with a zoom on the femoral head
of 8 months mice. The red arrows point to the femoral head and highlight the distinct bone phenotype
of the KO. The blue arrows point to the subchondral bone of condyles. Scale bar=1mm.
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As the uCT analysis from the tibia showed that the bone microarchitecture of the KO and UP
mice were the most impacted at 16 months when compared to WT, analysis of the bone
parameters of the femoral head and the femoral shaft was performed on 16 months mice.
The volume of the trabecular bone of the femoral head, the cortical bone of the femoral shaft,
and the trabecular bone of the distal epiphysis were reported as the BV, TV and BV/TV. There
was a difference in the BV of the trabecular bone of the femoral head between the KO and UP
mice, with the KO showing the lowest BV and the UP the greatest. The BV/TV of the trabecular
bone of the femoral head showed that both the KO and the UP tended to have a higher ratio
than the WT (p-value KO vs WT: 0.15; p-value UP vs WT: 0.11) (Fig 51A). For the BV/TV of the
cortical bone of the femoral shaft, the KO had the greatest ratio (p-value KO vs WT: 0.05; p-
value KO vs UP: 0.06) (Fig 51B). For the trabecular bone of the distal epiphysis, no distinct

differences were observed for the BV, TV and the BV/TV at 16 months.
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Figure 51: uCT analysis of the femur of 16 months male mice. For the analysis, the femoral head and
the femoral shaft were separated. A) BV, TV and BV/TV of the trabecular bone of the femoral head. B)
BV, TV and BV/TV of the cortical bone of the femoral shaft. C) BV, TV and BV/TV of the trabecular bone
of the femoral head. B) BV, TV and BV/TV of the trabecular bone of the femoral shaft. The data were
plotted as a box plot showing all points. One-Way ANOVA was performed with differences being
considered significant at p-values<0.05 (*p<0.05, **p<0.01). For each genotype, n=3.
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The trabecular thickness of the femoral head seems to be the highest in the UP mice but was
not significant (p-value UP vs WT: 0.06) (Fig 52B). Regarding the trabecular number, the
femoral phenotype was consistent with the data reported from the trabecular bone of the
tibia but was not significant. The KO had the greatest trabecular number and the UP the lowest
in the femoral head (p-value UP vs KO: 0.1) (Fig 52C). The porosity of the trabecular bone
tended to be lower in the KO and the UP mice (p-value KO vs WT: 0.15; p-value UP vs WT:

0.11) (Fig 52D). There was no difference in the trabecular separation (Fig 52E).

For the femoral shaft, there are two main parameters consistent with the observations from
the tibia. First, the thickness of the cortical bone tended to be greater in the KO (p-value KO
vs WT: 0.09; p-value KO vs UP: 0.14) and secondly, the porosity of the cortical bone of KO mice
tended to be reduced compared to the WT and UP mice (p-value KO vs WT: 0.05; p-value KO
vs UP: 0.06) (Fig 53A, 53B). Other parameters measured in the femoral distal epiphysis, such
as the thickness of the trabecular bone, the number of trabeculae, the trabecular separation
and the porosity of the trabecular bone did not seem to be modified by the expression of Omd

in vivo (Fig 53 C-F).

Unfortunately, there is a serious limitation for the analysis conducted on femurs because only
three samples could be scanned by uCT at 8 and 16 months for each genotype. Therefore, we
should be cautious about the conclusions coming out of the analysis, especially for the data
with a p-value close to the statistical threshold. Nevertheless, the phenotype of the femoral
head of KO mice was very strong and corroborated the tibial phenotype, especially at 8

months, and reproduced over time between 8 and 16 months.
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VI. ADDITIONAL RESULTS & DISCUSSION
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Figure 52: uCT analysis of the trabecular bone of the femoral head of 8 and 16 months male mice. A)
the bone density of the femoral head was measured and represented as a percentage for the
comparison between the genotypes at 8 months and 16 months. B) Trabecular thickness of the femoral
head at 16 months. C) trabecular number at 16 months. D) Porosity of the