.
NS

[\

7]

%
AT

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

R/

SMALL RNAs IN SKELETAL
TISSUE HOMEOSTASIS AND
FRACTURE HEALING

Matthieu Bourgery

TURUN YLIOPISTON JULKAISUJA - ANNALES UNIVERSITATIS TURKUENSIS

SARJA - SER. D OSA - TOM. 1711 | MEDICA - ODONTOLOGICA | TURKU 2023







\V4//
ST
— e~
i

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

SMALL RNAs IN SKELETAL
TISSUE HOMEOSTASIS AND
FRACTURE HEALING

Matthieu Bourgery

TURUN YLIOPISTON JULKAISUJA — ANNALES UNIVERSITATIS TURKUENSIS

SARJA - SER. D OSA - TOM. 1711 | MEDICA — ODONTOLOGICA | TURKU 2023




University of Turku

Faculty of Medicine

Institute of Biomedicine

Cell Biology and Anatomy

Turku Doctoral Programme of Molecular Medicine

Supervised by

Adjunct professor, Anna-Marja Sdamanen  Adjunct professor, Tiina Laitala

Institute of Biomedicine Institute of Biomedicine
University of Turku University of Turku
Turku, Finland Turku, Finland

Reviewed by

Professor, Mikko Lammi Associate professor, Eija Laakkonen
Department of Integrative Gerontology Research Centre and
Medical Biology (IMB) Faculty of Sport and Health Sciences
Umea University University of Jyvaskyla

Umea, Sweden Jyvaskyla, Finland

Opponent

Professor, Hanna Taipaleenmaki

Institute of Musculoskeletal Medicine (IMM)
Ludwig Maximilian University of Munich
Faculty of Medicine

Munich, Germany

The originality of this publication has been checked in accordance with the University
of Turku quality assurance system using the Turnitin OriginalityCheck service.

ISBN 978-951-29-9265-2 (PRINT)
ISBN 978-951-29-9266-9 (PDF)
ISSN 0355-9483 (Print)

ISSN 2343-3213 (Online)
Painosalama, Turku, Finland 2023


http://www.umu.se/imb/

Dedicated to my family



UNIVERSITY OF TURKU

Faculty of Medicine

Institute of Biomedicine

Cell Biology and Anatomy

MATTHIEU BOURGERY: Small RNAs in Skeletal Tissue Homeostasis and
Fracture Healing.

Doctoral dissertation, 135 pp.

Turku Doctoral Programme of Molecular Medicine (TuUDMM)

May 2023

ABSTRACT

Long bone fracture is a common injury which could result from a fall, shock, sports
injury or a disease such as osteoporosis. Fracture healing involves multiple partly
overlapping steps including inflammation, endochondral ossification, angiogenesis
and remodelling. The high burden of bone fractures on public health as well as
economy highlights the importance of understanding the healing process and
identifying biomarkers for better management of bone health. This thesis study
focused on the expression of small non-coding RNAs (sncRNAs) in bone fracture
and fracture healing. SncRNAs are important regulators of gene expression, and they
also serve as biomarkers for many diseases. MicroRNAs (miRNAs) have well-
characterized functions in the regulation of protein-coding mRNAs. Transfer RNA-
derived small RNAs (tsRNAs) are a less well-studied class of sncRNAs, but they are
also involved in the regulation of gene expression at various levels. In bone and
fracture healing callus tissue the role of tsSRNAs have not been studied before.

The main aim of the study was to determine the effects of bone fracture on the
genome-wide expression profiles of miRNAs and tsRNAs in the callus tissue which
forms at the fracture site, as well as in circulation during the healing process in mice.
For these purposes, basal (callus tissue) and circulating (serum exosome fraction)
RNAs were extracted at different time points after tibial shaft fracture, and tsRNAs
and miRNAs were analysed by high-throughput sequencing. Also, mRNA and
retrotransposon (LTRs) expression profiles were investigated in fracture callus by
high-throughput sequencing.

The study revealed differential expression of 54 miRNAs, 7 tsRNA, and 15
LTRs in callus tissue in comparison to intact bone while in circulation 8 miRNAs
and 3 tsRNAs were differentially expressed after fracture. Literature searches were
performed to identify the target genes for those 54 differentially expressed miRNAs.
A significant negative correlation was observed between the expressions of 164
miRNA-target mRNA pairs in the callus, suggesting a potential role of these
miRNAs as fine-tuners of fracture healing by regulation of the expression of their
target mRNAs. These results indicate a role for tsRNAs and miRNAs as regulators
of fracture healing in vivo and possibly have potential as systemic biomarkers of the
fracture healing-related processes in circulation for cell-cell communication.

KEYWORDS: Long bone, fracture, microRNA, tsRNA, callus, serum
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TIVISTELMA

Pitkdn luun murtuma on yleinen vamma, joka voi johtua kaatumisesta, shokista,
urheiluvammoista tai sairaudesta, kuten osteoporoosista. Murtumien paranemisessa
erotetaan useita osin paillekkdisid vaiheita, joihin kuuluvat tulehdus, endo-
kondraalinen luutuminen, angiogeneesi ja uudelleenmuotoilu. Murtuman paranemis-
prosessin parempi tunteminen ja sen edistiminen ovat keskeisid tavoitteita seké
kansanterveydellisesti ettd kansantalouden kannalta katsottuna. Téssd véitoskirja-
tyOssé tutkittiin pienten ei-koodaavien RNA:iden (sncRNA:iden) ilmentymistd luun-
murtumissa ja murtumien paranemisessa. SncRNA:t ovat tirkeitd geeniekspression
sddtelijoitd, ja niitd hyddynnetddn myds monien sairauksien biomarkkereina.
MikroRNA:iden (miRNA:den) toiminta ja merkitys geeniekspression ja proteiinien
ilmentymisessi tunnetaan jo melko hyvin. Siirtdja-RNA:sta (tRNA:sta) perdisin olevat
pienet RNA-fragmentit (tsSRNA:t) ovat uusi sncRNA-luokka, joiden tiedetddn
osallistuvan geeniekspression sdételyyn sen eri tasoilla, mutta niiden merkitys on
vihemmin tunnettu ja erityisesti luukudoksessa ja murtuman paranemisessa niité ei ole
aiemmin tutkittu lainkaan.

Tutkimuksessa selvitettiin  [uunmurtuman vaikutuksia miRNA:iden ja
tsRNA:iden genominlaajuisiin  ilmentymisprofiileihin murtuman ympérille
muodostuvassa korjauskudoksen sekd verenkierrossa paranemisprosessin aikana
hiirilld. Kalluskudoksessa ja seerumin eksosomifraktion RNA:t uutettiin eri
ajankohtina kokeellisen sddriluun murtuman jilkeen, ja tsRNA:t ja miRNA:t
analysoitiin suurtehosekvensoinnilla. My6s mRNA:n ja retrotransposonien (LTR:t)
ilmentymisprofiileja tutkittiin kalluskudoksessa.

Korjauskudoksessa havaittiin 54 miRNA:n, 7 tsRNA:n ja 15 LTR:n poikkeava
ilmentyminen ehjain sddriluuhun verrattuna. Verenkierrossa kahdeksan miRNA:ta ja
kolme tsRNA:ta ilmentyivit kontrollieldimiin ndhden poikkeavasti murtuman jélkeen.
Kirjallisuushakuun perustuen tunnistettiin kohdegeenit e.m. 54:lle poikkeavasti
ilmentyvélle miRNA:lle. Ndistd yhteensd 164 miRNA-kohdegeeni/mRNA -parin
ilmentymistasot korreloivat negatiivisesti keskendén, osoittaen niiden mahdollisen
roolin murtuman paranemisen hienosditdjind. Tulosten perusteella tsRNA:t ja
miRNA:t osallistuvat murtuman paranemisen siitelyyn in vivo. Verenkierrossa niilld
voi olla merkitystd solujen vélisessd systeemisessd viestinndssd sekd murtuman
paranemiseen liittyvind biomarkkereina.

AVAINSANAT: Pitkd luu, murtuma, mikroRNA, tsRNA, kallus, seerumi
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1 Introduction

Long bone fracture is a recurrent trauma which may occur due to an accident, sports-
related injury, or various bone diseases. Osteoporosis is a major factor of bone
fractures, especially in elderly people. The prevalence of osteoporosis in Europe was
reported to be around 16.7% in elderly people between 50-85 years of age (Salari et
al., 2021). Although fractures take place in all long bones, tibial bone is the most
prone to fracture.

Fracture healing of long bones involves a succession of six intricate metabolic
phases which are closely connected and partly overlapping with each other. The main
steps are inflammation, mesenchymal stem cell (MSC) recruitment and migration to
the fracture site, endochondral ossification, intramembranous ossification,
vascularization, and finally bone remodelling. The healing process requires the
intervention of numerous molecules and pathways tightly regulated by multiple
molecules. The main steps cited above are roughly present in mice at day 0 - day 5
(D0-D5) (hematoma and inflammation), D3-D5 (MSCs recruitment and migration
to the fracture site, D7-D21 (endochondral ossification), D3-D21 (intramembranous
ossification and angiogenesis), and D21-D35 (bone remodelling) post-fracture
(Einhorn & Gerstenfeld, 2015). The analysis of regulatory molecules affecting the
tibial fracture healing process in mice is crucial to understand the complex molecular
mechanism behind fracture healing steps.

It is critical to understand and identify the circulating indicators of fracture
healing status as well as be the factors that systematically affect the healing process
to further potentially identify undetected or non-union fractures. Circulating
molecules are found in three main types of extracellular vesicles, which are
exosomes, microvesicles, and apoptotic bodies. The ribonucleic acid (RNA) content
of exosomes is mainly composed of non-coding RNAs (ncRNAs). Non-coding
RNAs were also found freely in circulation associated with lipid particles and RNA-
binding proteins (Etheridge et al., 2013). Circulating non-coding RNA biomarkers
are already under intensive investigation for a wide range of diseases, viral and
bacterial infections and various types of cancers. These molecules may also have
applications in skeletal biology and function as biomarkers to indicate, e.g., a micro-
fracture or even a long bone non-union fracture which is the result of a fracture

13
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healing failure or a delayed union. Earlier studies have clearly indicated the vital role
of microRNAs (miRNAs) in the post-transcriptional regulation of messenger RNA
(mRNA) expression. Recent studies have also pointed out the non-canonical role of
tRNA-derived small RNAs (tsRNAs), which are newcomers among the factors
regulating mRNA transcription and protein translation (Avcilar-Kucukgoze &
Kashina, 2020; S. Li et al., 2018; Oberbauer & Schaefer, 2018; J. Park et al., 2020).

Understanding the mechanisms and molecules involved in fracture healing will
facilitate the development of regenerative medicines. Differential expression of
miRNA and tsRNAs in callus and serum tissues as shown by the studies in this thesis
project suggests their putative role during fracture healing with possible applications
as novel tools in the development of various therapeutic approaches.

14



2 Review of the Literature

Bone tissue is part of the skeleton providing mechanical support to the body and
protecting internal vital organs. Bone is a highly vascularized and dynamic tissue
undergoing permanent changes through modelling and remodelling. The cellular
composition of the bone is mainly osteoblasts (bone-forming cells), osteocytes
(mature osteoblastic cells), and osteoclasts (bone-resorbing cells). Also,
chondrocytes (cartilage cells), are closely associated with bone tissue via
endochondral ossification during bone development and fracture healing (Blumer,
2021). The long bones are mainly divided into four regions: the diaphysis (1) which
is the middle region, the epiphysis (2) at the distal parts of the bone in between the
metaphysis (3) and the growth plate (4), located at the border between epiphysis and
metaphysis, which is a thin layer of cartilage crucial for bone development. In
humans, the growth plate slowly disappears (closes) in adulthood but in mice, it
never totally closes. Macroscopically, two main parts can be conserved in long
bones. Cortical bone contains osteons with a central Haversian canal system for
blood supply. The trabecular bone is found in the inner part of the bone and at the
bone ends, which are devoided of osteons (Figure 1) (Blumer, 2021). Osteocytes are
embedded in the mineralized matrix. The medullary cavity contains the bone marrow
stroma with MSCs, progenitor cells, immune cells, osteoblasts, osteoclasts,
adipocytes, red blood cells, and haematopoietic stem cells (HSCs). The periosteum,
covering the outer surface of the cortical bone, contains osteoblastic cells, MSCs,
nerves and blood vessels. The endosteum, covering the inner surface of the cortical
bone, contains osteoblasts, osteoclasts, and MSCs. Osteoblasts and chondrocytes
both originate from MSCs whereas osteoclasts originate from HSCs (Blumer, 2021;
Colnot, 2009; Murao et al., 2013).
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Figure 1. Schematic diagram of long bone structure.

Hyaline cartilage, called articular cartilage, covers the bone epiphyses at the ends
of the long bone and provides gliding surfaces with minimal friction to the joints.
Hyaline cartilage is also crucial during limb development or after fracture injury
where it functions as a platform for the future bone via a process of endochondral
ossification. Cartilage tissue is unique as it lacks blood vessels and nerves. Essential
nutrient supply occurs by diffusion while most metabolism is anaerobic. Three main
types of cartilage are defined: fibrocartilage, elastic cartilage, and hyaline cartilage.
Fibrocartilage provides better support than hyaline cartilage and is mostly found
between intervertebral disks and in menisci (Benjamin & Evans, 1990). Elastic
cartilage found e.g. in ears has a morphology comparable to hyaline cartilage
including the presence of elastic fibres (Cox & Peacock, 1977). Finally, the hyaline
cartilage has a crucial role in the mechanical support, movement, and growth of the
skeleton (Archer & Francis-West, 2003). Furthermore, hyaline cartilage accounts for
only 2% of the MSCs population. It is a highly specialized connective tissue, mainly
composed of water (65-80%), collagens (mainly type II collagen), and proteoglycans
such as aggrecan, decorin, biglycan, and fibromodulin (Sophia Fox et al., 2009).
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Limb development in mice is initiated at embryonic day E9.5, starting with the
condensation of MSCs in limb buds (Figure 2). Bone morphogenetic proteins
(BMPs) are important growth factors in the regulation of MSCs condensation
(Harkness et al., 2009; K. Hata et al., 2017; Heinonen et al., 2011). Several bones
such as long bones, ribs, vertebrae, a part of the clavicle, and some craniofacial bones
in mammals develop during embryogenesis via endochondral ossification from the
cartilage anlage surrounded by the perichondrium. The skull, some craniofacial
bones, and some parts of the clavicle develop via intramembranous ossification.
During limb development, condensed MSCs differentiate into chondrocytes which
proliferate and eventually undergo terminal differentiation to hypertrophic
chondrocytes starting from the central diaphyseal part of the bone. Subsequently,
hypertrophic chondrocytes either undergo apoptosis or transdifferentiate into
osteoblasts. Osteoclasts resorb the mineralized cartilage which allows the invasion
of blood vessels and the formation of bone marrow. In the meantime, perichondrial
ossification takes place at the perichondrium. This process is similar to
intramembranous ossification with direct differentiation of MSCs into osteoblasts.
Collar forms around the hyaline cartilage anlage by perichondrial ossification,
followed by endochondral ossification inside the cartilage. The cartilage is slowly
resorbed and the bone marrow cavity appears. Finally, osteoblasts invade from the
perichondrium to the bone marrow and deposit hydroxyapatite crystals on type I
collagen fibres to form a trabecular bone matrix (Blumer, 2021; Cervantes-Diaz et
al., 2017). Fracture healing phases of long bones are similar and comparable to limb
development except for the hematoma and inflammation phases which are absent
during limb development.

Periosteal
bone
collar

C
=

Figure 2. Schematic diagram of endochondral ossification during limb development. MSC:
mesenchymal stem cell, C: chondrocyte, HC: hypertrophic chondrocyte, BV: blood
vessel, Ob: osteoblast, POC: primary ossification centre, SOC: secondary ossification
centre, BM: Bone marrow, Oc: osteoclast, P: periosteum, Pc: perichondrium.
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2.1 Healing of long bone fracture

Two different mechanisms contribute to fracture healing which are called primary
and secondary bone healing. Primary bone healing occurs after a partial crack in the
bone when the remaining bone is still holding the main structure together. Primary
ossification is a straightforward mechanism which does not require the formation of
hematoma and/or soft callus tissue. This type of ossification happens only in specific
circumstances if the fracture is stabilized and if the fracture gap is reduced by
surgery.

During the primary bone healing process, the fractured bone will be remodelled
and filled with osteoblasts differentiated from osteoprogenitor cells with the
assistance of vascular endothelial cells and perivascular mesenchymal cells,
originating from blood vessels of the Haversian system, expressing BMPs and
therefore stimulating osteogenesis (Bahney et al., 2019; Dimitriou et al., 2005).
Secondary bone healing occurs when a gap is created in the bone with the instability
of the fracture site.

Secondary fracture healing involves the formation of a callus and requires the
intervention of several healing phases including hematoma (D0-D3), inflammation
(D0-D5), migration and proliferation of MSCs (D3-D5), endochondral (D7-D21)
and intramembranous ossification (D3-D21), angiogenesis (D3-D21), and bone
remodelling (D21-D35) (Figure 3). These steps are interconnected and partly overlap
with each other and are similar to the limb development steps observed during
embryogenesis (Figure 2) (Dimitriou et al., 2005; Gerstenfeld et al., 2003; Marsell
& Einhorn, 2011). The gap generated by the fracture will create an unstable and weak
structure for the bone. Callus formation is a response of the body toward this unstable
environment. The callus evolves in time via cell differentiation and matrix formation
giving a gradually more stable callus to ensure the stability of the fracture. Due to
the fragility of the callus, especially at the early stages of callus development, it is
really important to keep the fracture site motionless or at least to a minimum to avoid
a non-union of the fracture (Keramaris et al., 2008; Komatsu et al., 2021; S. H. Park
et al., 1998).
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Figure 3. Stages of long-bone fracture healing in mice. D: Day, MC: medullary cavity, P:
periosteum, E: endosteum, MSC: mesenchymal stem cell, RBC: red blood cell, M:
macrophage, Mo: monocyte, C: chondrocyte, HC: hypertrophic chondrocyte, Ob:
osteoblast, Oc: osteoclast, BV: blood vessel. The grey beams depict the temporal
expression patterns for haematoma, inflammation, MSCs invasion, endochondral and
intramembranous ossifications, angiogenesis, and bone remodelling phases in relation

to time frames (D0-3, D3-5, D5-10, D10-16, and D16-35) and their associated cellular
composition.

2.1.1 Inflammatory phase

Immediately after fracture, a hematoma forms at the fracture site due to blood vessel
disruption, resulting in a fibrin-rich granulation tissue for initial stability to the
fracture. Hematoma represents the first phase of inflammation (Kolar et al., 2010;
Schell et al., 2017). Inflammation takes place strictly after fracture involving the
upregulated expression of different molecules such as interleukin-1p and 6 (IL-1p,
IL-6), and tumour necrosis factor a (TNF-a) through MSCs, macrophages, and other
immune cells infiltrating the hematoma (Dimitriou et al., 2005; Einhorn et al., 1995;
Kon et al., 2001). These inflammatory molecules are necessary to initiate of fracture
repair and angiogenesis (Einhorn & Gerstenfeld, 2015), and anti-inflammatory drugs
have been demonstrated to have a negative impact on fracture healing with a delay
in ossification and vascularization (Bissinger et al., 2016; Holstein et al., 2008; Satoh
etal.,, 2011).
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Macrophages originating from bone lining tissues (osteomacs) and from
inflammatory tissue have been shown to have an important role during endochondral
ossification. Depletion of macrophages delays intramembranous ossification as well
as cartilage mineralization during endochondral ossification (Alexander et al., 2011;
Schlundt et al., 2018). Also, T-cells and B-cells have a major role in fracture healing,
and depletion of these cell types can lead to either a delay or acceleration in the
fracture healing process depending on the cell subsets (Ono & Takayanagi, 2017).
IL-1p promotes osteogenesis and inhibits chondrogenesis as well as proliferation and
differentiation of MSCs in-vitro although its impact on fracture healing in-vivo is
limited (Lange et al., 2010). Furthermore, IL-1p facilitates the formation of fibrin
clots formation important for fracture healing initiation (X. Wang, Friis, et al., 2016;
X. Wang, Luo, et al, 2016). IL-6 modulates the activity of osteoblasts and
osteoclasts by having both positive and negative effects on osteoblast and osteoclast
differentiation (Blanchard et al., 2009). TNF-a is an important cytokine in the
recruitment and chondrocyte differentiation of MSCs, apoptosis of hypertrophic
chondrocytes as well as in cartilage resorption. A loss of TNF-a, results in a delay in
these steps (Gerstenfeld et al.,, 2003). Degranulating platelets present in the
hematoma release transforming growth factor 1 (TGFB1) and platelet-derived
growth factor (PDGF) necessary to initiate the fracture healing process (Bolander,
1992; Dimitriou et al., 2005). Furthermore, TGF-§ released from degranulating
platelets, bone, and extracellular matrix (ECM) enhances osteo-chondrogenic
differentiation by stimulating MSCs (Patil et al., 2011; Tsiridis et al., 2007).
Altogether, these signalling molecules are very important to ensure complete fracture
repair. Most of them remain expressed throughout all stages of fracture healing
(Dimitriou et al., 2005).

21.2 Recruitment and invasion of MSCs

Stem cells are divided into four types depending on their differentiation potency.
Unipotent stem cells can differentiate into only one cell type, oligopotent cells can
differentiate into a restricted niche of cells, multipotent stem cells differentiate into
a broader range of cells than oligopotent, pluripotent stem cells also called
embryonic stem cells will give rise to all cell types of the embryo proper whereas
totipotent stem cells give rise to all type of cells including embryonic cells. In
addition to these cell types found in animals, there is another artficial cell type called
induced pluripotent stem cells (iPSCs), which are somatic cells reprogrammed to
become pluripotent. In 2006, Takahashi and Yamanaka reprogrammed fibroblasts to
become iPSCs, by overexpressing Octamer-binding protein 4 (Oct4), The Sex-
Determining Region Y-type high motility group Box 2 (Sox2), Kruppel like factor 4
(K1f4), and c-Myc transcription factors (K. Takahashi & Yamanaka, 2006). MSCs
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are multipotent cells which can differentiate into osteoblasts, chondrocytes,
myocytes, stromal cells, fibroblasts, and adipocytes (Shariatzadeh et al., 2019). They
are important in the initiation of fracture healing and are recruited to the fracture site
to initiate the formation of the soft callus via differentiation into chondrocytes. MSCs
are also crucial to form the hard callus, by differentiating into osteoblasts in the
process of endochondral and intramembranous ossifications. MSCs are adherent
cells and express specific surface antigens such as CD73, CD90, and CD105
(Bragdon & Bahney, 2018). MSCs originate from the periosteum (membrane present
on the outer layer of bone), endosteum (membrane lining the medullary cavity of
long bones), and bone marrow. Osteoblasts derived from MSCs originated from all
three locations whereas chondrocytes are derived from MSCs mainly originating
from the periosteum (Colnot, 2009; Murao et al., 2013). MSCs recruitment and
migration are proven to be crucial steps for bone regeneration, angiogenesis, and
bone remodelling. The recruitment of MSCs has been shown to be mediated by
stromal cell-derived factor-1 (SDF-1) and its receptor chemokine receptor 4
signalling axis (CXCR-4) (Kitaori et al., 2009; J. Ma et al., 2005). These studies
indicated increased SDF-1 expression at the periosteum during the inflammatory
phase of fracture healing. The complex SDF-1/CXCR-4 induces MSCs recruitment
and migration, and thereby, enhances the endochondral ossification. SDF-1 also
enhances neo-angiogenesis during endochondral ossification (Kawakami et al.,
2015). Migration of MSCs has been found to be induced by TGF-B1 (Y. Tang et al.,
2009) having an important role in osteogenesis and osteoclastogenesis (Janssens et
al., 2005).

21.3 Endochondral ossification

2.1.31 Chondrogenesis

Endochondral ossification necessitates the migration of the MSCs from the
periosteum to gather, proliferate, and condensate between both fracture ends. BMPs,
expressed by osteoprogenitors, MSCs, osteoblasts, and chondrocytes, are important
in chondrocyte and osteoblast differentiation, and angiogenesis (Deckers et al., 2002;
Dimitriou et al., 2005; Shu et al., 2011). BMP2 in particular is an important growth
factor in the initiation of the fracture healing (Dimitriou et al., 2005; Shu et al., 2011;
Tsuji et al., 2006). Undifferentiated MSCs will subsequently differentiate into
chondrocytes and secrete type II collagen and proteoglycans to create the cartilage
matrix (Phillips, 2005). Chondrocyte differentiation is triggered by the expression of
different transcription factors (TFs). Sox9, Sox6, and Sox5 are crucial TFs in the
differentiation process of chondrocytes; together, they form the so-called Sox trio
that is important in the regulation and maintenance of chondrocyte phenotype
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(Akiyama et al., 2002; de Crombrugghe et al., 2001; Han & Lefebvre, 2008; Wegner,
1999). Sox9 is a major TF and has a key role in the chondrogenic differentiation of
MSCs. Sox9-deficient embryonic stem cells fail to form cartilage (Bi et al., 1999).
Sox9 regulates the expression of a wide number of key molecules associated with
chondrocyte phenotype, including aggrecan (4can), hyaluronan, proteoglycan link
protein 1 (Haplnl), cartilage oligomeric matrix protein (Comp), type Il collagen
(Col2al), type IX collagen (Col9al), type XI collagen (Collla2), and secondary
ossification centre associated regulator of chondrocyte maturation (Srorc) among
many other molecules (Bridgewater et al., 1998, 2003; Genzer & Bridgewater, 2007;
Han & Lefebvre, 2008; Heinonen et al., 2011; Jaiswal et al., 2020; Kou & Ikegawa,
2004; Lefebvre et al.,, 2007; C. Liu et al.,, 2007). Proliferative chondrocytes
synthesize type II collagen and aggrecan which together form the basic structural
components of the cartilage primordia and future cartilage (K. Hata et al., 2017).

During endochondral ossification, chondrocytes cease proliferating and become
pre-hypertrophic. Pre-hypertrophic chondrocytes express Pth-related protein
receptor (PTHrP) as well as Indian hedgehog protein (Ihh). Pre-hypertrophic
chondrocytes ultimately differentiate into hypertrophic chondrocytes and start
expressing the matrix metalloproteinase 13 (Mmp13) and type X collagen (Sandberg
et al., 1989). The formation of a perichondrium starts in the outer layer of aggregated
MSCs, and at the centre of the callus, chondrocytes become hypertrophic
(Kronenberg, 2003). Formation of a cartilage matrix gives greater stability to the
callus which at this stage is also called a soft callus (Figure 4).

Sox9
Type |l collagen Ihh Type X collagen
Aggrecan

Mesenchymal cells Proliferative Chondrocytes Hypertrophic
chondrocytes chondrocytes

Figure 4. Stages of chondrocyte differentiation.

21.3.2 Osteogenesis

Following the chondrocyte hypertrophy, the soft callus undergoes mineralization to
form a hard callus made of woven bone along with vascularization (Barnes et al.,
1999; Dimitriou et al., 2005). Osteoblasts originate from different sources during
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endochondral ossification. Earlier the prevailing understanding has been that the
hypertrophic chondrocytes undergo apoptosis and osteoblast invade the callus from
the perichondrium, from the pericytes or via differentiation of osteochondral
progenitors from the vasculature (Colnot et al., 2004, 2005). However, several
studies have provided evidence on the ability of hypertrophic chondrocytes to
directly transdifferentiate into osteoblastic cells rather than undergoing apoptosis
(Bahney et al., 2014; D. P. Hu et al., 2017; L. Yang et al., 2014; Zhou et al., 2014).

MSCs differentiation into osteoblasts requires the expression of several specific
genes. The crucial TFs regulating osteoblastogenesis are runt-related transcription
factor 2 (Runx2), also known as core binding factor a1 (Cbfal) (Komori et al., 1997),
and Sp7/Osterix (Nakashima et al., 2002). A lack of either of those factors results in
osteoblastogenesis failure and consequently no bone formation. Runx?2 activates type
I collagen (Collal), alkaline phosphatase (4/p/), bone sialoprotein (integrin binding
sialoprotein, /bsp), osteocalcin (bone gamma-carboxyglutamate protein, Bglap), and
osterix (Sp7, Osx) genes (Florencio-Silva et al., 2015; Nishio et al., 2006). Osterix
inactivation in preosteoblastic cells prevents osteoblastic differentiation (Akiyama
et al., 2005). Runx?2 is considered the main TF to determine the commitment of
MSC:s to osteoblastic lineage (Stein et al., 2004). Osteoprogenitors secreting Runx2
and type I collagen proliferate and become pre-osteoblasts characterized by the
secretion of alkaline phosphatase. After morphological changes, osteoblasts become
mature osteoblasts and secrete osteocalcin, osteopontin, bone sialoprotein, and
MMPs forming the ECM (Figure 5) (Florencio-Silva et al., 2015; Jensen et al.,
2010).

Sclerostin
Alp Dmp1
Alp Type | collagen Podoplanin
Type | collagen Osteocalcin
Type | collagen Runx2 Osteopontin
Runx2 Osterix Bone sialoprotein
r-a- -0
Mesenchymal cell Osteoprogenitor Pre-osteoblast Mature osteoblast Osteocyte

Figure 5. Stages of osteoblast differentiation

Mature osteoblasts are active cells with secretory vesicles, large Golgi apparatus,
and a large rough endoplasmic reticulum. Osteoblasts secrete to the fracture site
unmineralized connective tissue called osteoid which is rich in type I collagen and
contains minor amounts of osteocalcin, osteopontin, bone sialoprotein, decorin, and
biglycan. New woven bone forms once hydroxyapatite [Caio(PO4)s(OH):] deposits
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mineralize the fibrillar type I collagen network (F. Long, 2011). The transition
between mature osteoblastic cells towards the osteocytic cells, called
osteocytogenesis, is accompanied by morphological and anatomical changes such as
rough endoplasmic reticulum and Golgi apparatus decreases. Sclerostin, dentin
matrix acidic phosphoprotein 1 (Dmp1), and podoplanin (E11/gp38 gene) are highly
expressed in osteocytes (Florencio-Silva et al., 2015). Podoplanin protein is actively
involved in osteocytogenesis, important in cytoskeletal development, and more
specifically in the development of dendrites. The lacunocanalicular system connects
osteocytes together and facilitates cell-cell communications as well as the transport
of nutrients, oxygen, and signalling molecules (Florencio-Silva et al., 2015) (Figure
5). Osteocytes are mature osteoblasts embedded into their secreted mineralized
matrix. They are mostly star-shaped (Florencio-Silva et al., 2015). Osteocytes are
the most abundant cell type found in bone tissue representing 90 to 95% of all bone
cells. Osteocytes have a long lifespan (up to 25 years) compared to mature
osteoblasts (about 150 days) (Tresguerres et al., 2020). Osteoblast can also become
a bone lining cell if present at the surface of the bone or can even undergo apoptosis
(F. Long, 2011). Bone lining cells are quiescent flat-shaped bone cells lining the
bone tissue surface. These cells are present in the bone where no formation or
resorption occurs, some have cytoplasmic processes for cell-cell communications
reaching gap junctions and caniculi. Their function is not well understood but can be
involved in osteoclast differentiation by producing osteoprotegerin and Rankl
similarly to osteocytes. They also have a role to prevent interactions between
osteoclasts and bone matrix (Florencio-Silva et al., 2015).

214 Intramembranous ossification

Intramembranous ossification takes place side-by-side with endochondral
ossification, mainly at the periosteum, progressing towards the fracture gap, to
increase the stability of the callus (Marsell & Einhorn, 2011). This type of
ossification requires the osteoblasts to directly differentiate from MSCs. The
osteoblasts start forming new woven bone also called hard callus surrounding the
soft callus tissue providing a greater mechanical stability to the fracture site. It was
previously shown that inflammatory macrophages and osteomacs were crucial
during endochondral ossification. Osteomacs are localised in bone lining tissues,
therefore at the site of intramembranous ossification and have been found to enhance
intramembranous ossification. Osteomacs produce anabolic factors to enhance
osteoblast recruitment, maturation and function (Alexander et al., 2011).
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215 Angiogenesis

Blood supply is crucial for successful bone regeneration during endochondral
ossification. During the early healing phase, blood is primarily provided by the
hematoma which supplies the callus with the necessary cell populations (MSCs,
immune cells, macrophages, white and red blood cells), nutrients, and oxygen. After
soft matrix formation, the action of MMPs triggers vessel invasion into the callus
(Dimitriou et al., 2005; Keramaris et al., 2008). Blood vessel invasion inside the
cartilage matrix requires reorganization of the soft callus with the intervention of
osteoclast-like cells. MMP9 and MMP13 facilitate blood vessels to transverse the
soft callus and allow hypertrophic expansion (Thompson et al., 2015). Vascular
endothelial growth factor (VEGF) is an angiogenic stimulator produced by
hypertrophic chondrocytes which can also induce migration and differentiation of
osteoblasts and osteoclasts (Brouwers et al., 2006). Fibroblast growth factor-2 (FGF-
2) and TGF-B1 are important cytokines which were shown to stimulate the
expression of VEGF (Saadeh et al., 1999, 2000). MMP9 and MMP13 or VEGF
deficiency lead to a delay in endochondral ossification (Gauci et al., 2019).
Angiopoietin 1 and 2 are expressed throughout the fracture healing process and
contribute to the formation of large vessels as well as collateral branches (Dimitriou
et al., 2005).

21.6 Bone remodelling

After the formation of a hard callus by osteoblasts, osteoclasts are constantly
resorbing the callus. In human, a complete remodelling of the fractured area may
take several years. However, bone remodelling per se is a continuous process to
ensure the maintenance of bone function (W. Wang & Yeung, 2017). The bone
remodelling process is a balance between hard callus resorption mainly driven by
osteoclasts and lamellar bone formation driven by osteoblasts (Marsell & Einhorn,
2011).

The proliferation and differentiation of osteoclasts are driven by Macrophage
Colony-Stimulating Factor (M-CSF) also known as Colony-Stimulating Factor 1
(Csfl). M-CSF is secreted by numerous cells such as osteoblasts, osteocytes, and
bone lining cells but also by monocytes, fibroblasts, endothelial cells, and tumour
cells (Chockalingam & Ghosh, 2014). After being excreted, M-CSF binds to its
receptor (CSF1R). M-CSF is highly expressed in osteoclast precursors and activates
their differentiation towards multinucleated osteoclasts. Microphthalmia-associated
transcription factor (Mitf) and PU.1 are expressed throughout all stages of
osteoclasts differentiation. Mitf, and PU.1 act together to activate tartrate-resistant
acid phosphatase gene expression (Tracp, Acp5) (Soltanoff et al., 2009). Nuclear
Factor Of Kappa Light Polypeptide Gene Enhancer In B-Cells (NF-kB) induces

25



Matthieu Bourgery

Tracp expression in osteoclast precursors (Q. Zhao et al., 2007). TNF (ligand)
superfamily, member 11 (TNFSF11, Rankl) is mainly produced by osteocytes to
form mature osteoclasts and activates its adaptor called TNF receptor-associated
factor 6 (Traf6) and nuclear factor of activated T cells 1 (Nfatcl) important for
terminal osteoclast differentiation (Soltanoff et al., 2009). Cathepsin K may have a
role in osteoclast apoptosis, together with Tracp and calcitonin receptors which are
considered markers of mature osteoclasts (Soltanoff et al., 2009) (Figure 6).

NF-kB
Pu.1 Rankl Pu.1 Trap
Mitf Trafé Mitf Calcitonin receptor
M-Csf Nfatc1 Cathepsin K
Haematopoietic Osteoclast Multinucleated Resorbing
stem cell precursor osteoclast multinucleated

osteoclast

Figure 6. Stages of osteoclast differentiation.

Osteocytes act as mechanosensors by detecting pressure on the skeleton and
transmit signals to osteoblasts and osteoclasts by releasing cell mediators to control
their differentiation and activation (Goldring, 2015). After mechanical or
biochemical signalling osteocytes produce Rankl to activate osteoclastogenesis.
Furthermore, mechanical loading and unloading affect the Sclerostin expression in
osteocytes by regulating the expression of Rankl and osteoprotegerin (OPG) among
others. Rankl activates osteoclastogenesis, while OPG represses osteoclastogenesis
by competitively binding to Rankl, therefore, repressing Rank/Rankl interaction
(Palumbo & Ferretti, 2021).

2.2 Non-coding RNAs

The majority of non-coding RNAs were for long classified as ‘junk” RNAs or
degraded mRNA molecules. They include a large variety of RNA classes such as
ribosomal RNAs (rRNAs), transfer RNAs (tRNAs) long non-coding RNAs
(IncRNAs), small interfering RNAs (siRNAs), circular RNAs (circRNAs), small
nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), piwi-interacting RNAs
(piRNAs), miRNAs, and more recently discovered tsSRNAs and ribosomal-derived
small RNAs (rsRNAs). This review focuses on miRNAs and tsRNAs as they were
the research topic of this thesis study (Slack & Chinnaiyan, 2019).
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2.2.1 MicroRNAs

MiRNAs are abundant and widely conserved through evolution. They are small
single-stranded, about 22 nucleotides long, non-coding RNA molecules. Mostly,
they target the 3’ untranslated region (UTR) of the mRNAs to induce translational
repression or degradation depending on the extent of complementarity with their
targets (Bartel, 2004). The translational repression of the mRNA is less effective if
the miRNA binds to the coding region of the mRNA; possibly due to competition
with the ribosomal complex (Gu et al., 2009). After their discovery, a miRNA
database was established (miRBase) (Kozomara & Griffiths-Jones, 2014). Database
version 22.1 from January 2019 contains 38589 entries for hairpin precursor
miRNAs and 48885 mature miRNAs in 271 species (http://www.mirbase.org/). The
first miRNA was identified in 1993 (R. C. Lee et al., 1993) from Caenorhabditis
elegans during larval development. Since then, miRNA expression has been
associated with practically all biological processes, including organ and tissue
development and diseases e.g., osteoarthritis (OA), cancer, and in chondro-, and
osteosarcomas (Engin, 2017; Husain & Jeffries, 2017; Maurizi et al., 2018; Oliveto
et al., 2017; Oliviero et al., 2019; Palmini et al., 2017; Scimeca & Verron, 2017,
Tahamtan et al., 2018; J. Wang et al., 2018; Weiner, 2018; C. X. Yu & Sun, 2018).

2211 Biogenesis and fun