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Abstract

microRNAs (miRNAs) are a family of short endogenous non-coding RNAs with a sequence
length of 19 to 23 nucleotides, functioning as post-transcriptional regulators of gene
expression. During skeletal development, several miRNAs have been identified as
important regulators of osteochondral genes. For example, miR-455 is located in an
intron of the COL27A1 gene and has been implicated in cartilage physiology and
pathology. The aim of this research was to define a role for miR-455-3p in cartilage and

skeletal development, identifying regulatory function and novel mRNA targets.

The expression of miR-455-3p increases during chondrogenesis, and overexpression of
miR-455-3p prior to differentiation results in a downregulation of chondrogenic marker
genes. This suggests that although miR-455-3p is required during chondrogenesis, an
upregulation of miR-455-3p results in a dysregulation of the differentiation process.
Analysis of RNA-seq data from miR-455 null mouse articular cartilage and SW1353 cells
inhibiting miR-455-3p supports this finding, demonstrating that differentially expressed
genes in response to reduced miR-455 expression were associated with skeletal system

development.

Overexpression of miR-455-3p in the developing chick limb bud also inhibits limb
development. Microinjection of miR-455-3p into the limb bud of chick embryos resulted
in a smaller limb bud size and delayed development phenotype. RNA-seq data revealed
that differentially expressed genes were involved in mitochondrial dysfunction and a
disruption to the cell cycle. The majority of these genes are not miR-455-3p predicted
targets, however, they have a common promotor sequence for CREB1 suggesting
regulation by the transcription factor. In the chick limb bud, CREB1 is downregulated by
miR-455-3p and further analysis identified CREB1 as a direct target of miR-455-3p.

To conclude, this research indicates that miR-455-3p has a role in chondrogenesis,
regulating the expression of CREB1, and possibly influencing chondrocyte proliferation.
Within skeletal development, the impact of miR-455-3p demonstrates a significant

regulatory mechanism to explore further.
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1. INTRODUCTION

The processes of ageing, injury, and disease result in the loss of functional cells. Adult
stem cells such as mesenchymal stem cells play a key role in replacing these cells and are
an important focus of research with the potential for clinical application, for example
chondrocytes in cartilage. Understanding the mechanisms that control differentiation and
proliferation can translate into regenerative medicine, creating cells to replace diseased
or degenerating tissues such as Osteoarthritis. The purpose of this thesis is to explore the
role of microRNA-455 during skeletal development and cartilage tissue. From the process
of chondrogenesis in mesenchymal stem cells, to the analysis of the developing limb

tissue, and adult cartilage from a developed synovial joint.

1.1. Mesenchymal stem cell differentiation

1.1.1. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are adult stem cells which can be isolated from the bone
marrow compartment of humans and animals. Human MSCs can be described as non-
haematopoietic, multipotent stem cells and have the capacity to proliferate, giving rise to
daughter cells (1). MSCs exhibit the ability to self-renew and the potential to differentiate
into several different mesodermal linages. These include chondrogenic (cartilage),
osteogenic (bone), adipogenic (fat), myogenic (muscle), tenogenic (tendon), and stromal
(marrow stroma) lineages (Figure 1.1) (2). As MSCs contribute to the regeneration of
mesenchymal tissues, they are considered an extremely promising tool for cell based

gene therapy in musculoskeletal repair (3).

Besides bone marrow derived MSCs, cells have also been isolated from tissues of the joint
such as synovium, periosteum, and synovial fluid for cartilage repair (4-6). Of these, MSCs
derived from synovium have been shown as a cell type with highly proliferative capacity
and chondrogenic potential (4). Importantly, synovium MSCs can be easily harvested from
the joint, for example during clinical examination of the joint (7). Human MSCs also
modify the host immune environment by secreting certain cytokines and immune

relevant receptors which makes them distinct from other stem cells (8). This
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Figure 1.1: Mesenchymal stem cell differentiation. Mesenchymal stem cells have
the ability to self-renew and differentiation into mesodermal lineages. Solid arrows
indicate differentiation into chondrocyte, osteoblast and adipocyte lineages.

Adapted from A. Uccelli et al. (358).



immunomodulatory property is another factor supporting MSCs in cell replacement

therapy.

Characteristic features of MSCs include retaining their ability to expand for long periods
of time, they are easy to isolate, and have the capacity to differentiate in vitro into
fibroblasts or chondrogenic, osteogenic, and adipogenic lineages under appropriate
culture conditions (9). These properties make MSCs accessible to study in vitro and MSC
derived chondrocytes are suitable for regenerative medicine application, due to the fact
that they are easy to isolate and manipulate (5). The identification of MSCs include
adherence properties, cell surface antigen expression, and haematopoietic marker
absence (7). It is important to understand the underlying mechanisms in which MSCs are

regulated and modulated, in order to translate to cell therapy and clinical applications.

1.1.2. Chondrogenesis

The process of chondrogenesis involves mesenchymal cell condensation followed by
chondroprogenitor cell differentiation. However, endochondral ossification also follows
chondrogenesis where hypertrophic cartilage is replaced by bone. In this process,
chondrocytes undergo proliferation, terminal differentiation to chondrocyte hypertrophy,
and apoptosis (10). Endochondral ossification occurs during limb development, where, at
the ends of bones, resting chondrocytes form cartilage. During embryonic development,
chondrocytes are derived from mesenchymal progenitor cells, and form the cartilage

templates for future cartilage and bone (11).

Chondrogenesis regulators include fibroblast growth factors (FGFs), insulin-like growth
factors (IGFs), transforming growth factor g (TGF-B) members, and Wnt signalling
pathway members (12). During embryogenesis, cell proliferation, differentiation and
apoptosis are regulated by TGF-f members. Of the isoforms, TGF-B3 has the highest

chondrogenic cell differentiation potential (13).

Sox9 was identified as the first transcription factor essential for the differentiation of
chondrocytes and formation of cartilage (14). The signalling molecule SHH upregulates

Sox9 expression through the induction of Bapx1. A positive feedback loop is formed

17



between Bapx1 and Sox9 in cooperation with BMPs (bone morphogenic proteins), and
this influences chondrogenic factor expression (15). There are other Sox family members
involved in chondrogenesis, although Sox9 and Runt-related transcription factor 2
(Runx2) are the principal regulators. Runx2 is involved in cell hypertrophic maturation,
whilst Sox9 leads to articular cartilage formation, and both are expressed from
mesenchymal condensation to terminal chondrocyte hypertrophy during the entire
chondrogenic process (7). Expression of early cartilage marker genes are activated by

Sox9 for cell survival (16), for example type Il collagen alpha | gene (Col2al).

The signalling polypeptides BMPs are involved in many biological responses such as
proliferation, differentiation, cell growth and apoptosis. BMP-2 is commonly found in
bone and cartilage, stimulating cellular condensation with BMP-7 (7). Early
chondrogenesis is induced by BMP-4 through mediating Runx2, and the synthesis of type
Il collagen, aggrecan, and extracellular matrix (ECM) proteins are also stimulated by BMP-
4. As well as promoting chondrogenesis, BMPs can also stimulate endochondral
ossification (17). Determining the regulatory mechanisms behind chondrogenesis and
cartilage development will create a better understanding of musculoskeletal pathologies,

and develop new approaches for treating cartilage disease (18).

Chondrogenesis is a complex process whereby much more research is needed to
understand the regulatory steps in which stem cells are directed towards chondrocytes.
During skeletal development, BMP-7 is a crucial factor, playing an important protective
role with its ability to repair cartilage damage (19). BMP-14, -13, and -12, known as the
cartilage derived morphogenetic proteins (CDMP-1, -2, -3), also play a role in the
maintenance and regeneration of articular cartilage. During early limb development these
proteins are responsible for cartilaginous tissue, and during later development the

formation of the articular joint cavity (20).

1.1.3. Osteogenesis

Through endochondral ossification, chondrocytes are replaced with bone by osteoblasts
and osteoclasts. In the commitment of mesenchymal cells to the osteoblastic lineage,

RUNX2, SP7 and Wnt signalling play an essential role during osteoblast differentiation
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(21). Following osteoblastic lineage commitment, bone matrix proteins are expressed by
osteoblasts at varying levels, dependant on cell maturation. From preosteoblasts to
immature osteoblasts, Collal expression is upregulated. Immature osteoblasts express
Spp1 and lbsp, and osteoblasts which have matured express Bglap (22). The mature
osteoblasts will express Dmp1 when they embed into the bone matrix and become

osteocytes (23).

The Runx2 transcription factor is essential for the commitment of MSCs to the osteoblast
lineage. The major role of Runx2 begins in the late stage of chondrocyte differentiation
and terminal hypertrophic chondrocytes, regulating Col10al expression. Bone matrix
protein genes are upregulated during osteoblast differentiation by Runx2, including
Collal, Colla2, sppl, and Bglap, and activate many promotors (22). Despite this, the
overexpression of Runx2 inhibits osteoblast maturation, reducing both Collal and Bglap
expression. Research has demonstrated that during the development of bone, osteoblast
differentiation is induced by Runx2 increasing immature osteoblasts to form immature
bone. The level of Runx2 is then downregulated to enable differentiation into mature
osteoblasts and therefore mature bone (22). Another master regulator of osteogenesis is

the transcription factor Osterix (24).

Signalling pathways such as Wnt, BMP, and FGF (fibroblast growth factor provide signals
executed by Runx2, and Osterix is responsible for commitment to mature osteoblasts
(24). Such signalling pathways are essential during osteogenesis. For example, in
combination with BMP-7 (osteogenic protein-1 [OP-1]), BMP-1, -2 and -3 enhance the
formation of bone through osteoblast production and control the remodelling of ECM
proteins dependant on matrix metalloproteinases (MMPs) activity (7). An increased
expression of type | collagen and osteocalcin results from increased BMP-1 expression
(25). During both development and adulthood, BMP-6 is a regulator of MSC

differentiation into osteoblasts, possibly by upregulation by the ECF-like factor (26).

1.1.4. Stem cells and regenerative medicine

Adult stem cells such as MSCs play a key role in replacing functional cells which have been

lost due to the process of ageing, injury and disease and are an important focus of
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research. In addition to adult stem cells, pluripotent stem cells can be isolated from the
early embryo, or induced by reprogramming adult cells, and can differentiate into many
cell types. Repairing cartilage by stem-cell based tissue engineering has its challenges. For
example, the inability of chondrocytes to lay down a new matrix with properties formed
during development is an aspect of investigation (10). Therefore, more effective
strategies for promoting cartilage repair and preventing damage may result from
understanding the mechanisms of cartilage remodelling during development and
comparing with disease states. Numerous orthopaedic disorders, including articular
cartilage defects, are hopeful of treatments using stem cells in future regenerative

medicine (7).

An advantage of using MSCs for cell therapies is that they can be expanded ex vivo to high
numbers making them an abundant cell source in contrast to mature chondrocytes (7).
Disadvantages of MSCs include the low bone marrow MSC percentage, difficulty
obtaining a pure population, and controlling differentiation precisely (27). Further
research is required before regenerative medicine can be applied in clinical practice
through the use of stem cells, either adult or pluripotent (7). A more efficient control of
these processes, including chondrogenesis, will be achieved by a better understanding of
the molecular mechanisms underlying MSC differentiation, and may lead to essential

progression in regenerative orthopaedic research.

1.2.Skeletal development

By manipulating and analysing skeletal development and particularly the development of
limb buds, there have been significant advances in the understanding of molecular and
cellular mechanisms. During embryogenesis, these mechanisms are involved in processes
such as epithelial-mesenchymal transitions, feedback signalling, embryo patterning, and
growth (28). Studying the formation of cartilage, bones, and joints during development
can provide essential information for cartilage and bone tissue regeneration and
engineering, to enhance our understanding of clinical conditions caused by abnormal
skeletal development and ageing. As a result of this, and the power of embryogenesis,

new treatments may evolve.
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1.2.1. Anatomical features of vertebrate limb development

The study of development is essential to understanding disease. An important paradigm
for organogenesis during embryo development is the developing limb bud. This
developmental process proceeds through cell proliferation, differentiation, and
patterning which involves signal transduction mechanisms and spatially and temporally

regulated gene expression.

Somatopleural cells in the lateral plate mesoderm (LPM) accumulate and appear as
outgrowths resulting in limb buds at specific positions along the flank of the embryo.
During early limb bud formation, the small limb bud consists of an outer layer of epithelial
cells and an inner core of mesenchymal cells (29). Prior to the initiation of limb bud
outgrowth, morphological differences in the hindlimbs and forelimbs are specified and
determined in the mesenchyme of the ectoderm. Skeletal elements and connective
tissues of the limb are derived from mesenchymal cells of the LPM lineage, whereas
somite derived cells migrate into the limb bud, giving rise to myogenic cells in muscle.
From the somites, limb vasculature is formed, and ectodermal epithelial cells give rise to

the skin epidermis (29).

The apical ectodermal ridge (AER) is a thickening at the tip of the ectoderm, beneath this
is a region of undifferentiated mesenchymal cells, and these cells begin to differentiate
after leaving this zone (Figure 1.2). The underlying mesoderm induces the AER, defining
the proximodistal (PD) axis. The AER is one of the major signalling centres in the limb bud
(30). The cartilaginous elements appear in the mesenchyme as the limb bud grows out,
with differentiation beginning in the proximal part of the limb bud, proceeding distally.
The mesenchyme underlying the AER referred to as the ‘progress zone’ proliferates and
mediates the elongation of the limb bud. The ‘zone of polarizing activity’ (ZPA) is a block
of tissue along the posterior side of the limb bud which defines the anterioposterior (AP)
axis, and epithelial-mesenchymal interactions mediate the dorsoventral (DV) axis
developmental axis (30). The development of the limb requires an integration of these

axes for limb morphogenesis.
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Figure 1.2: The developing limb bud. Anterior-posterior and
proximal-distal axis are shown. The apical ectodermal ridge (AER)
is on the distal edge, with underlying the zone of proliferation
and undifferentiated mesenchyme. The zone of proliferation

(ZPA) is at the posterior base of the limb bud.
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Skeletal tissues, tendons, ligaments, and connective tissues arise from mesenchyme
within in the limb bud. Cartilage differentiation begins by condensation of cells, a process
of increased mesenchymal cell packaging, and these cartilage elements proceed in a
proximal-distal direction (31). Over the developmental stages, the limb bud shape
changes and elongates to form the ‘elbow’ and the distal region flattens and broadens in
order to form the digital-plate. From the most proximal domain, skeletal elements are
divided into the ‘stylopod’, the ‘zeugopod’, and most distally ‘autopod’ (29). Within the
developing limb, the patterning of cartilage is the most studied structure as the
development of both muscles and tendons are more intricate. In contrast to the skeletal
structures, the muscle originates in the epaxial dermomyotome, a somite compartment
outside of the limb bud, and migrates into the limb bud (30). As soon as the basic limb
elements are formed, the apical ridge disappears, and the remaining development
consists of the growth phase, where cartilaginous elements are mostly replaced by bone
(29). Gene regulatory networks involved in embryonic patterning, differentiation, and
proliferation are largely understood as a result of vertebrate limb bud development
molecular analysis (28). During early limb development, the fundamental mechanisms
directing elongation of the limb bud is thought to be similar in other regions of the
embryo undergoing growth (29). It is important to understand how the pattern of skeletal
tissues is established, and how cells communicate in order to form at the correct place

and time.

1.2.2. Gene regulatory networks

Within the embryo, complex regulatory networks direct development, defining a central
role in these integrated systems (32). The limb bud signalling system involves many
pathways known to regulate morphogenesis, where these patterning signals interlink to
coordinate the cell line specification and proliferation (33). To form a distinct pattern of
chondrogenic elements, cells are differentially organised along the proximodistal,

anteroposterior, and dorsoventral axes, regulated by fine-tuned gene networks (30).

The LPM expresses genes involved in specification of the limb type (forelimb/ hindlimb)
and position of the limb, ensuring the correct limbs arise at precise positions along the AP

axis (29). The mesodermal marker Brachyury related genes, Tbx4 and Thx5, are essential
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regulators of limb outgrowth and patterning, with roles linked to signalling proteins FGF,
BMP, and Wnt (34). During vertebrate limb development, the regulation loop of FGF and
Whnt families play a pivotal role in limb initiation. Directly involved in this are the Thx4 and
Tbx5 genes, controlling the local production of FGFs in their respective limbs, and

activating the Wnt/FGF signalling cascade (35).

Tbx4 and Tbx5 are expressed in the limb-forming regions and are important in limb
identity with the Tbx4 gene specifically expressed in the forelimb and Thx5 in the
prospective hindlimb (34). The homeodomain transcription factor Pitx1 gene is expressed
in the hindlimb but absent from the forelimb, with a key role in determining the
difference between limb and generating hindlimb features (36). Mutations in Tbx5 and
Pitx1 have been associated with human patient limb malformations, where a Tbx5 gain-
of-function mutation results in skeletal deformations (37), and deletions in Pitx1 can
cause lower-limb abnormalities including polydactyly (38). The Tbx5 mutations are

responsible for Holt-Oram syndrome, characterised by defects in the upper limbs (39).

FGF-10 is expressed in the limb forming regions of the LPM and initiates normal limb bud
development, demonstrated by Fgf-10 deficient mice which exhibit abolished limb bud
initiation (40). During limb initiation, an FGF-8 and FGF-10 regulatory loop plays a key role
in AER induction, where WNT factors regulate this, including Wnt-2b, Wnt-8c, and Wnt-3a
signalling (41). In the ectoderm and AER, proximodistal patterning and outgrowth of the
limb is regulated by Wnt signalling, by controlling the formation and maintenance of the
AER (42). Wnt7a is also required for the regulation of SHH and is specifically expressed in

the dorsal limb ectoderm, determining dorsal limb identity (43).

In the posterior region of the AER, FGF-4 is present during proliferation (44) and it has
been demonstrated that during limb outgrowth and patterning, all three axes
(dorsoventral, proximodistal, and anteroposterior) are linked through signalling of
WNT7a, FGF-4, and SHH signalling (45). The AER is essential for correct patterning along
the proximo-distal axis and limb bud outgrowth, and the polarizing region which is crucial
for patterning along the antero-posterior axis is also established and maintained by FGFs

(29). The expression of FGF-8 in the AER in response to FGF-10 signalling in the
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mesenchyme establishes a positive feedback loop, whereby AER FGF-8 expression

maintains mesenchyme FGF-10 (46).

The ZPA is a group of mesenchymal cells and is the second signalling centre of the limb.
Within this polarizing region, Sonic Hedgehog (Shh) is expressed, mediating the activity of
the ZPA (Figure 1.3) (42). Loss of skeletal elements along the proximodistal and
anteroposterior axes result from the loss of FGF and SHH signalling, as both regulate the
progenitor cell pool. Limb patterning and outgrowth are interconnected along these axes
by epithelial-mesenchyme interactions mediated by FGFs in the AER and SHH in the
mesenchyme. SHH maintains FGF expression and AER integrity, and FGF signalling from
the AER is required for maintenance of SHH expression (42). Development along the
proximo-distal and antero-posterior axes is linked by a positive feedback loop between
the AER and polarising region. The apical ridge will regress if BMP-4 signalling levels are
too high, therefore to maintain limb bud outgrowth, BMP-4 is controlled by the

antagonist Gremlin in a negative feedback loop (47).

During the early stages of limb bud development, FGF expression is maintain in in the
AER, maintaining SHH expression in the polarizing region. Gremlin expression is regulated
by SHH signalling, ensuring BMP activity is low in the mesoderm, and enforcing the FGF
and SHH signalling positive feedback loop (Figure 1.4) (29). This feedback control
mechanism is an example within development of a robust and reliable self-regulating
system. In the distal mesenchyme underneath the AER, Wnt5a is expressed (48), and loss
of Wnt5a results in reduced proliferation of the progressive zone and shortening of the
skeleton with distal parts missing (49). When the AER and ZPA signalling regions are
established, and a limb bud has formed, the limb can develop autonomously (29). For the
outgrowth of the limb bud and progressive formation of skeletal elements along the
proximodistal axis, the AER is essential with the key signal provided by FGFs. In order to
generate the correct limb autonomy, the integration of patterning along all three limb
axes is crucial, involving dorsal ectoderm Wnt-7a signals, AER FGFs, and SHH from the

polarizing region (29).
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Figure 1.3: Coordination of limb development by crosstalk of pathways. A) AER and ZPA
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Within the developing limb bud mesoderm, Gremlin is a BMP antagonist. A
positive feedback loop is established whereby BMP activity is kept low. From
the apical ectodermal ridge, FGF signaling maintains the expression of Shh in
the polarizing region. The polarizing region signaling of Shh maintains apical
ectodermal ridge Fgf expression. Positive control is indicated by arrows where
signaling molecules promote gene expression. Barred lines represent either
prevention of gene expression or negative control of signaling by an
antagonist. Blue lines show initiation loop with negative feedback, green lines

show propagation loop with positive feedback.



1.2.3. Model organisms for studying vertebrate limb development

Models of limb bud development are extremely useful for complex molecular and genetic
analysis and the success of these has allowed the development of techniques to
experimentally manipulate limb buds that are genetically viable (28). For investing
skeletal development, the animal systems most commonly used are chick and mouse,
each with their own advantages. Complementary experiments in the developing chick
and genetic approaches in the mouse are responsible for enhancing knowledge of the

underlying molecular events during limb development (30).

Through artificial gene knockouts and spontaneous mutations, mice have been used to
study certain aspects of limb development, whereas the basic principles have been
investigated in chick embryo, such as pattern formation and limb morphogenesis.
Although the mouse embryo is a good model for the study of mammalian development,
the chick embryo has been long studied due to the availability of fertile eggs, and the
ability of the embryo to withstand microsurgical manipulations (29). A window can be
made in the eggshell revealing the embryo and limb buds, resealed to continue
development and then observe the effects of manipulations on limb development (50).
These limb buds, composed of mesoderm and an outer layer of ectoderm, can be
visualised on the flanks of the embryo following 3 days of incubation, after the main body
axis structures are established. After 10 days the limbs main features are well developed
(29). As an experimental model, the chick embryo has enhanced the study of
development. This is due to the accessibility of the embryo and manipulative procedures,
for example allowing molecular manipulations in ovo, where successive developmental

stages can be examined (50).

1.2.4. Impact on disease

The processes of development initiate from a single cell to tissues and organs, forming
complex functioning organisms. In regard to disease, it is important to understand
development in order to gain an insight into developmental defects, cancer and ageing.
Research focuses on model organisms such as chick, Xenopus, and zebrafish to study the

fascinating genetic, molecular, and cellular mechanisms underlying embryogenesis,
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complemented with mouse genetics. Progress in areas such as human disease genes,
gene function using model organisms, stem cells, and bioartificial organs indicate the
potential impact of developmental research on future medical applications (51). The
formation of highly specialised organs are driven by morphogenetic processes, and the
maintenance and repair of adult tissues such as bone and muscle use developmental
signalling pathways and stem cells (52). During development, various tissues are formed
by the proliferation and differentiation of embryonic cells, and identifying this process
can lead to the restoration of non-functioning diseased organs (51). In some
circumstances, signalling pathways that control normal development can be activated

resulting in hyperproliferative conditions such as cancers (52).

1.3. The synovial joint

1.3.1. Development and structure

During embryonic development, joints form at the same time as bone formation and
growth. Mesenchyme is the embryonic tissue that gives rise to bone, cartilage, and
connective tissues of the body (53). The process of endochondral ossification gives rise to
the bones and joints of the limbs, which initially develop as small limb buds on the sides
of the embryo. As the limb bud grows, areas of the mesenchyme begin to differentiate
into hyaline cartilage. This will form a model for future bone. Between the adjacent
cartilage models, in an area called the joint interzone, the synovial joint will form (29). At
the centre of the interzone region, cells will undergo cell death to form the joint cavity.
The mesenchymal cells surrounding this will form the supporting ligaments and articular
capsule, migrating out to the epiphyseal cartilage (54). Endochondral ossification will
begin, converting the cartilage models to bone, and hyaline cartilage becomes the
articular cartilage that covers the surface of bone within the synovial joint (53). Evidence
has indicated that the growth plate cartilage and articular cartilage derive from different
cell sources. These cells and types of cartilage are regulated by different signalling

pathways (54).

The synovial joint (Figure 1.5) is the most common joint in mammals with the main

purpose to allow movement (55). As the largest synovial joint in the body, the knee is an
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Figure 1.5: The synovial joint structure. The bones within a
synovial joint are surrounded by a synovial capsule which
secretes synovial fluid. The ends of the bones are covered in

articular cartilage to reduce friction during movement.
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extremely complex biomechanical system, composed of different tissues such as articular
cartilage, perichondrium, ligaments, synovium, bursae, meniscus, articular fat pads,
subchondral bone and all cells types in the bone marrow (56). The knee joint promotes
complete stability and control under many different conditions, supporting both flexion
and rotation (57). Synovial joint structure differs from cartilaginous and fibrous joints due
to the presence of capsules which surround the articulating surfaces of the joint,
containing a lubricating synovial fluid (55). Within a synovial joint, the articular capsule
consists of a thick outer later, the fibrous capsule, and an inner layer, the synovial
membrane (Figure 1.5) (58). For the function of synovial joints, the joint capsule is vital as
it protects the joint space (59). Bones are connected together by ligaments which are
strong bands of fibrous connective tissue, allowing for joint movement but preventing
excessive or abnormal movement. The synovial joint has additional support provided by
muscles and tendons, which attach muscle to bone (53). If components of this complex
biomechanical synovial joint system become altered or injured, it can result in disease,

most commonly arthritis.

1.3.2. Endochondral ossification

The biological process known as endochondral ossification enables skeletal elements to
develop from transient cartilage in vertebrate animals (Figure 1.6) (60). At the
presumptive site of bone, cartilage is initially formed through mesenchyme condensation.
A cartilage template is formed followed by chondrocyte proliferation and differentiation
(61). This template has a similar shape to the bone it will eventually form, where
chondrocytes at the centre of the cartilage undergo hypertrophic differentiation and
apoptosis, vascular invasion and ossification by osteoblasts, before longitudinally
spreading to metaphysis (54). Another ossification site forms at the epiphysis as the
secondary ossification centre. In between these 2 ossification centres, cartilage forms the
growth plate during skeletal growth (54). The cartilage between the joint cavity and
secondary ossification centre permanently remains as articular cartilage. The proliferation
and differentiation of chondrocytes is tightly regulated by different signalling molecules,
and this complicated process is regulated by many molecules and signalling pathways,

including Wnt, IHH, BMP, TGF-R, FGF, GDF5, and PTHrP (54).
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1.3.3. Growth plate cartilage

Before differentiating into chondrocytes, mesenchymal progenitor cells proliferate and
aggregate at mesenchymal condensations (62). In order to generate cartilage matrix,
chondrocytes secrete extracellular matrix (ECM) proteins, such as type Il collagen and
aggrecan. Providing mechanical support, hyaline cartilage is the most common form of
cartilage, found in joints, ribs, and growth plates. This type of cartilage has a major role in
both long bone development and function (62). Long bone growth is driven by growth
plate cartilage, whereas shock absorption and joint mobility is provided by articular

cartilage.

The growth plate is separated into distinct zones of chondrocytes (Figure 1.7). In the
resting zone, at the bones most epiphyseal side, chondrocytes proliferate slowly and
differentiate into proliferating chondrocytes, expressing Col2al which encodes type I
collagen (63). The proliferative zone contains proliferating chondrocytes expressing
Col2al and ACAN (proteoglycan aggrecan) which produce important cartilage function
matrix proteins. These chondrocytes then differentiate further into hypertrophic
chondrocytes expressing Col10al, for type X collagen and Ihh, for Indian Hedgehog (63).
Hypertrophic chondrocytes in the hypertrophic zone are responsible for longitudinal bone
growth, as they undergo mineralisation and are replaced by mineralized bone (62). The
terminal hypertrophic chondrocytes express Spp1 (secreted phophoproteinl), lbsp
(integrin-binding sialoprotein), and MMP13 (matrix metalloproteinase 13) (22). The
chondrocyte transcription factors, including Sox9, RUNX2, and Osterix, ensure a precise

coordination of events resulting in healthy osteogenesis (63).

1.3.4. Articular cartilage

Articular cartilage is found at the end of long bones in articulating joints. It is a flexible
connective tissue which functions to provide a smooth surface for articulation with low
friction and facilitating the transmission of load (64). The articular cartilage in joints can
tolerate intensive and repetitive physical stress. However, it has an inability to heal

following injury. This means that joints are sensitive to degradation and therefore
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development of diseases such as Osteoarthritis (OA) (65). Articular cartilage lacks blood

vessels, lymphatics, and nerves, and has limited capacity for repair (64).

The mature articular cartilage, or hyaline cartilage, is translucent in appearance and
contains unique constituents such as type Il collagen, glycosaminoglycans (GAGs), and low
cellularity (64). Human adult cartilage composition and cellular organisation is complex,
where there are many matrix differences between different layers. The only cellular
component of articular cartilage are chondrocytes, and these can have many different
morphologies from larger and flatter in the deeper zones, to flattened at the surface (10).
Depending on joint type, the surface chondrocytes can show distinct spatial patterns and
differently orientated matrices (66). For example, the smooth surface of lubricin and
horizontally orientated collagens helps attenuate friction of the articular cartilage during
skeletal motion (67). Normal adult articular cartilage consists of chondrocytes and
extracellular matrix (68). Chondrocytes synthesize the matrix components and the
proteolytic enzymes to break them down, mediating normal turnover of matrix
components (69). The cartilage ECM comprises mostly water, collagen, and
proteoglycans, where proteoglycan turnover is rapid and collagen relatively slow. There
are many factors that influence chondrocytes, such as the matrix components, structural
and physical stimuli, and polypeptide growth factors and cytokines. Chondrocyte failure
to maintain ECM component synthesis and degradation homeostasis results in a diseased

state such as OA (70).

In human adult cartilage, chondrocytes are usually quiescent and maintain the matrix in a
state of very low turnover. The abnormal repair and promotion of matrix destruction
observed in OA is an important phenotype to understand. To reduce cartilage damage
and promote repair, identifying major players within these pathways may provide targets
for therapy (10). Studies within developmental biology have identified various signalling
pathways and molecules involved in skeletal formation. Regenerative medicine and cell
biology approaches have successfully enabled the induction of chondrocytes from

somatic and pluripotent stem cells in vitro (71,72).
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1.4. Pathophysiology of Osteoarthritis

1.4.1. Osteoarthritis phenotype

Osteoarthritis (OA) is a complex degenerative joint disease affecting millions of people
worldwide, one of the most common forms of arthritis and chronic musculoskeletal
disorders (69). Increasing evidence suggests that OA is a multifactorial, inflammatory
disease of the entire synovial joint, with many phenotypes (73). The cause of OA is not
understood, however, biomechanical forces placing stress on joints such as traumatic
injuries of excessive and abnormal load bearing, may interact with other environmental,
systemic and genetic factors. Combined, those could influence and contribute to the

pathogenesis of OA (73).

The pathogenesis of OA includes changes in articular cartilage and subchondral bone
tissue homeostasis, where multiple factors influence the disease initiation, progression
and severity (74). Although OA is characterised by the progressive deterioration and loss
of articular cartilage, there are structural and functional changes in the entire joint (73).
Therefore, it is important to understand the complete pathogenesis of OA, including
changes in the subchondral bone, synovium, menisci, ligaments, periarticular muscles and
nerves, as well as the articular cartilage (75), where cellular changes and biomechanical
stress combine to cause changes within the joint (Figure 1.8). For example, the formation
of osteophytes, subchondral bone remodelling and the development of bone marrow
lesions (76). Studies have demonstrated that age, obesity, and metabolic disease are

major risk factors effecting disease development in OA (77).

In understanding the early development of OA, it is possible to target these changes to
prevent or slow disease progression as forms of treatment (69). The pathophysiology
mechanisms involved in OA include pro-inflammatory interleukins (IL-1b, IL-6, IL-8) and
tumour necrosis factor-a (TNF-a). Through their signalling pathways, pro-catabolic
mediators are also involved, including effects of nuclear factor kB (NFkB) and mitogen-
activated protein (MAP) kinase signalling responses (78). As OA develops, many signalling
pathways play important roles. For example, BMP, SRY-related protein 9 (SOX9),

transforming growth factor B (TGF- B), and insulin-like growth factor (IGF) pathways.
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Figure 1.8: Osteoarthritis joint phenotype. Osteoarthritis is a degenerative joint disease

characterized by degradation of articular cartilage, chondrocyte hypertrophy/

apoptosis, thickening of subchondral bone and formation of osteophytes.
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These pathways are involved in many processes such as chondrocyte metabolism,
synthesis and degradation of ECM, cell proliferation, differentiation, apoptosis and

inflammation (79).

Although in the disease initiation and progression of OA all joint tissues are affected,
articular cartilage demonstrates the most destruction through aging, injury and disease
(65). The function and viability of chondrocytes is compromised by inflammatory
mediators, and mechanical and oxidative stress, as they undergo hypertrophic
differentiation and early senescence, therefore becoming more sensitive to the effects of

pro-catabolic and pro-inflammatory mediators (73).

1.4.2. Cartilage changes and Osteoarthritis

Chondrocytes are the cellular component of cartilage. Cytokines and growth factors
secreted by chondrocytes regulate cartilage matrix synthesis and breakdown. In OA, this
balance is disturbed (74). Within OA affected joints, cartilage, synovium and subchondral
bone interact, impacting on cartilage function. Articular cartilage is altered and it is

difficult to define the initiation of these pathological changes (10).

OA chondrocytes show a senescence secretory phenotype, including an overproduction
of cytokines (interleukins 1 and 6), growth factors (e.g. epidermal growth factor) and
matrix metalloproteinases (MMPs) (e.g. MMP-3 and MMP-13) (80). In OA chondrocytes,
an increased expression of catabolic genes and decrease in anabolic gene expression are
usually observed, disrupting the articular cartilage metabolic balance (81). The initiating
factor that causes an imbalance between the repair and degradation of cartilage is
unknown but may be influenced by inflammation causing an increase in enzyme activity,
mechanical stress, or trauma causing a microfracture (69). During this imbalance,
mediators of inflammation are produced, and chondrocytes are stimulated to release
degrative enzymes. The release of proinflammatory cytokines, such as TNFaq, IL-1 and IL-6,
is caused by collagen and proteoglycan breakdown molecules. An increase in the cartilage
degradation occurs when these cytokines bind to chondrocyte receptors which leads to
further release of MMPs and inhibits the production of type Il collagen (82). Due to the

increased breakdown of collagen and decreased synthesis of type Il collagen, the collagen
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network is weakened. As a result of this disruption of homeostasis, the ECM decreases in
proteoglycan content and increases in water content (83). There is also an increase in

chondrocyte apoptosis (69).

An increase in anabolic and catabolic activity is observed in osteoarthritic cartilage. To
begin with, the articular cartilage is maintained by an increase in matrix synthesis such as
collagen, proteoglycans and hyaluronate and chondrocyte proliferation in the cartilage
deep layers (84). However, with time, the changes in ECM and loss of chondrocytes cause
the development of osteoarthritic changes (69). The articular cartilage degenerative
changes become more severe over time. From cartilage softening, fibrillation of the
superficial layers, fissuring and reduced cartilage thickness, to total destruction by

cartilage thinning and exposure of the underlying subchondral bone plate (69).

1.4.3. Gene expression in Osteoarthritis

The gradual progression of cartilage degeneration observed in OA occurs alongside the
decrease in gene expression of SOX9, ACAN, and COL2A1 (85). During OA progression, the
expression of WNT antagonists DKK1 and FRZB are lost and hypertrophic markers RUNX2,
COL10A1 and IHH increase (85). In addition to this, DKK1 and FRZB negatively correlate

with OA grading, and RUNX2 and IHH have a significantly positive correlation (85).

Using RNA-seq, the gene expression changes in damaged OA cartilage compared with
intact cartilage from the same joint were investigated (86). Within this study,
differentially expressed genes and dysregulated pathways were identified. For example, a
decreased expression of chondrogenic genes SOX9, SOX6, COL11A2, COL9A1/2/3, ACAN
and HAPLN1 were demonstrated in damaged OA cartilage. There was also an increase in
non-chondrogenic gene expression of COL1A1, COMP and FN1, and an altered pattern of
secreted proteinase expression. The study did not identify an alteration in expression of
major inflammatory cytokines (86). PhenomeExpress system analyses identified
significant networks of differentially expressed genes to include mitotic cell cycle, Wnt
signalling, apoptosis, and matrix organisation. These pathways were influence by

transcription factors FOSL1, AHR, E2F1 and FOXM1 (86). This concludes that damaged
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cartilage possesses gene expression changes with a non-chondrogenic response from

altered secreted proteinase and matrix protein expression (86).

Differentially expressed genes between OA and healthy control samples were also
identified using meta-analysis, revealing 449 upregulated and 241 downregulated genes
(87). Within these results, the transcription factors FOS, TWIST1, POU2F1, SMARCA4 and
CREBBP decreased in mice with OA, and may play an important role in OA pathology (87).
Another study confirmed expression patterns of 1619 dysregulated genes from a
surgically induced model of early OA. These dysregulated genes included COL2A1,
MMP13, ADAMTS5, CTSC, PTGES and CXCR4 (88).

In joint repair, MSCs have a crucial role, however their changes in characteristics affected
by OA severity are unknown. Gene expression changes were evaluated in subchondral
bone MSCs in knee OA, in relation to the progression of osteochondral damage. This
identified STMN2, PTHLH and GREM1 as the most consistent upregulated genes in
damaged tissue (89). Interestingly, these gene expression changes were not observed in
chondrocytes, indicating that they are MSC specific. The gene expression patterns
described in this study indicate a potential involvement of MSCs in cartilage calcification,
bone formation and mineralisation, identifying several gene candidates for therapeutic

targeting (89).

In articular cartilage, gene expression was analysed between healthy and OA cartilage
identifying 1717 genes significantly differentially expressed (90). Within these genes,
there was significant enrichment for genes involved in skeletal development, for example
TNFRSF11B and FRZB. Inflammatory genes such as CD55, PTGES and TNFAIP6 were
confirmed to be upregulated in OA cartilage (90). Focussing on these differentially
expressed genes between OA and healthy tissues may provide useful for developing novel

treatments.
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1.5. microRNAs

1.5.1. Biogenesis and mechanism

Epigenetic mechanisms alter the expression of genes independent of changes in the DNA
sequence and this regulation of genome activity induced by environmental factors can
influence disease development (91). microRNAs (miRNAs) are a family of small, single
stranded, non-coding RNAs with a sequence length of 19 to 23 nucleotides, first identified
in C.elegans in the 1990s (92). The functional group of small RNAs that they belong to also
include Piwi-interacting RNAs (piRNA) and short interfering RNAs (siRNAs) responsible for
RNA interference (RNAI) (93). miRNAs are post-transcriptional regulators of gene
expression, and function through base-pairing with “seed sequences” (94). This
complementary binding of miRNA to a target mRNA represses gene expression by
mediating translational cleavage, inhibition, or degradation (95). Many microRNAs are
highly conserved which indicates that they play an important role in biological processes
(96), and are involved in epigenetic regulation alongside DNA methylation and histone

modification (97).

The dominant pathway in which miRNAs are processed is the canonical biogenesis
pathway (Figure 1.9) (98). In this miRNA biogenesis pathway, miRNAs are transcribed as
long primary transcripts (pri-miRNAs) before being processed into small hairpin precursor
miRNAs (pre-miRNAs). These are then transported to the cytoplasm and cleaved by Dicer
into functional, mature miRNAs (99). RNA polymerase Il primarily mediates the
transcription of miRNA genes. The 3’end of the pri-miRNA contain a hairpin structure
which is cleaved and processed in the nucleus by the enzyme Drosha, releasing pre-
miRNAs (100). A complex known as the microprocessor complex is formed of Drosha and
its co-factor DGCR8 (DiGeorge syndrome critical region gene 8) (101). The pre-miRNA is
processed and exported to the cytoplasm by an exportin 5 (XPO5)/RanGTP complex (102).

In the cytoplasm, Dicer, an RNase lll type endonuclease responsible for cleavage of pre-
miRNAs, recognizes the pre-miRNA. This results in the generation of a mature miRNA
duplex, approximately 22 nucleotides long, following removal of the terminal loop. The

mature miRNA is loaded onto an Argonaute (AGO) protein family member, in an ATP-
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Figure 1.9: microRNA biogenesis. microRNAs are transcribed as primary transcripts (pri-
microRNA) and processed into hairpin loop structures, precursor microRNA (pre-microRNA) but
Drosha and cofactor. Pre-microRNA is transported to the cytoplasm but Exportin-5, before
cleavage by Dicer and cofactor to form 2 complementary strands. The mature strand is loaded
onto the RISC complex, complementary base pairing to target mRNA, usually in the 3’'UTR, most

commonly to repress translation.
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dependant manner, forming a complex called the miRNA-induced silencing complex
(miRISC) (103). The name of the mature strand of miRNA is determined by its
directionality: the 3’ strand originates from the 3’ end of the pre-miRNA hairpin, and the
5’ strand from the 5’ end (98). Either of these strands derived from the mature miRNA
duplex can be loaded into the AGO protein (104). The cellular environment or cell type
influences the proportion of either AGO-loaded 3p or 5p strand of miRNA, where they
may be present in almost equal proportions or predominantly only one (105). The RISC
complex selects and recruits the guide strand of RNA, and the complementary strand is
usually degraded (99). Following binding to the RISC, the miRNA guides the complex to a
specific mMRNA sequence, inducing inhibition of target gene translation and mRNA

deadenylation and decapping (99).

miRNAs most typically suppress expression by binding to a specific sequence at the 3’
untranslated region (UTR) of their target messenger RNAs (mRNAs), inhibiting translation
or destabilising the mRNA (97). However, it has also been reported that miRNAs interact
with other regions such as the coding sequence, gene promotors, and 5" UTR which
contain miRNA binding sites (106). Under certain conditions, miRNAs have been shown to
activate gene expression, opposing their function as repressors (107). For example, an
interaction of miRNA with a promotor region can induce transcription (108), whereas
binding to coding regions and 5'UTR silence gene expression (109,110). To control the
rate of translation, and even transcription, studies have demonstrated that miRNAs may
be moved from different subcellular compartments, although this interplay is under
investigation (111). In addition to the canonical pathway, there are also multiple non-
canonical miRNA biogenesis pathways which use different combinations of canonical

pathway proteins such as AGO2, exportin 5, Dicer and Drosha (98).

During many cellular functions, such as apoptosis and differentiation, miRNAs are
implicated to play a role, and are critical for normal development (112). Several biological
disease processes, such as cardiovascular disease and cancer, have been associated with
changes in miRNA expression (94). Previous studies suggest an important role for
epigenetics in the progression of OA, observing gene expression changes in diseased

cartilage (113). However, the complete role of miRNAs in OA remains unknown. Due to
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their stability and ease of detection, interest has been focussed on the area of miRNAs, in
particular as biomarkers for disease activity. There are many studies that demonstrate
the release of miRNAs into extracellular fluids, and consequently these extracellular
miRNAs may be used as biomarkers for different diseases (98). These extracellular
miRNAs may also play a role in intercellular communication (114), and even portray

hormone-like activities (115).

1.5.2. microRNAs in skeletal development

During embryonic development, the importance of microRNAs is almost omnipresent,
contributing to the development of most cells and organs (116). In skeletal development,
miRNAs important roles are demonstrated by the mutation or deletion of Dicer which
prevents the biogenesis of miRNAs (117). At the early stages of embryonic development,
conditional knockout of Dicer in the limb mesenchyme leads to the formations of smaller
limbs (118). In the developing joint, enhanced hypertrophy is shown in Dicer null growth
plates, in addition to a lack of chondrocyte proliferation (118). Skeletal growth defects
and premature death result from the conditional knockout of Dicer in chondrocytes (119),

and the phenotype in conditional Drosha knockouts is also very similar (120).

During skeletal formation, it is well known that miRNAs play a role in chondrogenic and
osteogenic differentiation (121,122). Mesenchymal stem cells (MSCs) generate both
connective and skeletal tissue. Surface expression markers define the identity of MSCs, of
which many have been identified as miRNA targets (24). In the musculoskeletal system,
miRNAs can act as both positive and negative factors influencing related signalling
pathways, with studies showing a role in many aspects of bone biology including
endochondral ossification (16). For example, osteogenic control of MSCs by miRNAs -17, -
433, and -31 inhibit osteogenic differentiation whereas miRNAs -34a, -21, and -96

promote differentiation into osteoblasts (123).

The interplay between miRNAs and signalling is complex, and two important pathways for
skeletal development are BMP and Wnt (124). Different miRNAs are reported to regulate

osteogenesis transcription factors such as Runx2, and importantly molecules in the Wnt
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and BMP signalling pathways which control osteoblast differentiation (125). In
skeletogenesis, BMPs are profoundly involved, and several miRNAs regulate BMP
signalling both positively and negatively (126). For example, miR-133 and miR-135 are
described as negative regulators of osteogenesis by targeting Runx2 and Smad5,
inhibiting osteogenic differentiation (126). The inhibition of Wnt/b-catenin pathway
receptors is the main mechanism whereby miRNAs affect Wnt signalling (124). For
example, during osteoblast differentiation miR-218 is upregulated resulting in an increase
in osteoblast markers (Alpl, Runx2, Bglap) which correlate with decreased expression of
Sfrp2, Sost, and Dkk2 (124). Other pathways, such as Notch, IGFs, and hedgehogs involved
in skeletal tissue differentiation are post-transcriptionally regulated by miRNAs (124).

A subset of miRNAs associated with osteoblast commitment, differentiation and identity
have been termed ‘osteomiRs’ (127), and there are also miRNAs that silence osteogenic
associated genes within non-bone tissues (24). During development of the skeletal
system, osteomiRs target non-collagenous glycoproteins and proteoglycans for example
BSP, OCN, and osteonectin. This regulates matrix mineralisation through targets
implicated (128). For example, miR-29a and -29c play a role in maturing osteoblasts,
where their expression increases during late osteogenesis (128). When embedded in the
matrix, osteoblast differentiation into osteocytes can be directly or indirectly regulated by
miRNAs (24). Even before this matrix calcification, the proliferating osteoprogenitors

secrete proteins which are regulated by miRNAs such as OPN (24).

At different stages of skeletal development and osteogenesis, miRNAs and their targets
play an essential role. A disruption to these processes may result in severe skeletal
malformations and deformities, providing an interesting study topic. Many of the miRNA
regulated targets during bone marrow MSC differentiation are only predicted, and further

experiments are needed to validate these.

1.5.3. microRNAs during chondrogenesis

In chondrocytes, many miRNAs are expressed, creating a complex gene regulatory
network as each miRNA can regulate many target genes (62). During chondrogenesis,
transcription factors and signalling molecules have been identified as miRNA targets

which therefore regulate this process and may be useful for the repair and engineering of
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cartilage (129,130). Although SOX9 has shown to induce many different miRNA
expression levels, a particularly responsive example is miR-140 (131). The skeletal
phenotype of miR-140 null mouse shows the growth plate proliferating chondrocytes to
decrease (132,133), which may be due to the ability of miR-140 to alter the cell cycle by
targeting Sp1 (134).

During in vitro hMSC chondrogenesis, many miR-140-5p targets have been identified
including FZD6 and RALA (135). In both hMSC and ATDC5 models of chondrogenesis, miR-
455 is SOX9 inducible and also co-regulated with miR-140 (135,136). During early
chondrogenic differentiation, miR-455-3p has also been shown to have a role targeting
RUNX2 (137), and potentially HDAC8 and HDAC2 (138). DNA methylation may also be
impacted during chondrogenesis by miR-455-3p targeting DNMT3A (139). It has
previously been shown that premature hypertrophic chondrocyte differentiation and a
delayed differentiation of resting to proliferating chondrocyte occurs as a result of miR-
140 deficiency (133). Targets of miR-140 have been identified, however, the significance
of the miR-140 regulatory role for each target remains to be determined. These targets

include DNPEP, PDGFRA, HDAC4, SMAD3 and RALA (140-143).

The role of miRNAs in regulating cartilage development and homeostasis has been
reported in many studies, using both in vitro and in vivo approaches (144). During MSC
chondrogenesis, miR-29a expression decreases, and the expression of miR-29a is
repressed by SOX9, suggesting a role in chondrogenesis induction (145,146). However, in
regulating cartilage homeostasis, the functional role of miR-29a is currently unknown.
Upon chondrocyte differentiation, several miRNAs are downregulated and negatively
regulate the process. For example, during chondrocyte differentiation of mouse
C3H10T1/2 cells miR-145 was downregulated (147). Chondrocyte differentiation is
inhibited by miR-145 as SOX9 is a direct target of miR-145 and expression is suppressed.
This leads to reduced mRNA levels of chondrocyte markers, for example COL2A1,

COL9A1, COL11A1 and ACAN (62).

There are many more miRNAs that promote chondrogenesis in vitro, for example miR-

574-3p is upregulated during MSC chondrogenic differentiation, and may be part of a
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positive feedback loop promoting chondrogenesis (148). Upon chondrocyte
differentiation of mouse MSCs, miR-335 expression increases with its host gene MEST,
creating another feedback loop enhancing chondrogenesis (149). In human MSCs during

chondrocyte differentiation, miR-199a was also upregulated (150).

During hypertrophic differentiation of chondrocytes, miR-1 was found to be
downregulated, and miR-1 overexpression in chicken primary chondrocytes and HCS-2/8
cells reduced ACAN expression (151). miR-375 was also downregulated upon chondrocyte
differentiation in chicken limb mesenchymal cells, and miR-375 inhibition increased
chondrogenic differentiation (152). In mouse chondrocytes, miR-1247 was reported to be
expressed, where it creates a negative feedback loop with SOX9 expression and may play
arole in the regulation of SOX9 function (153). Inhibition of chondrocyte differentiation
also increases miR-221 expression (154). Chondrocyte differentiation is also negatively
regulated by miR-448 in human bone marrow MSCs and human chondrosarcoma cells.
Expression of a component of the canonical Wnt-signalling pathway, LEF1, is suppressed
by miR-449, and this reduces proteoglycan production and downregulates COL2A1 and
SOX9 expression (155).

The complex integration of miRNAs show that many have the potential to regulate MSC
differentiation and lineage determination. Other examples in mouse MSCs include miR-
24, miR-199b, miR-101, miR-124a and miR-199a, which are all upregulated during

differentiation into chondrocytes, and downregulated miR-18 and miR-19 (156).

1.5.4. Cartilage specific microRNA expression

The importance of miRNA function in skeletal development and homeostasis is displayed
during in vivo modulation of proteins involved in miRNA processing, for example Dicer
and Drosha. A severe growth retardation phenotype was observed in mouse cartilage
tissue, when type |l collagen-producing cells were devoid of Dicer (119). The number of
hypertrophic chondrocytes was increased, and proliferation of growth plate chondrocytes
reduced, suggesting that proliferation and differentiation of growth plates is regulated by

miRNAs (119).
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The most abundant miRNAs in somatic tissues, including chondrocytes, are let-7 miRNAs.
The let-7 miRNA family have been shown to be required for normal growth plate
chondrocyte proliferation (157). In Dicer-deficient chondrocytes, a let-7 miRNA target,
HMGAZ2, was upregulated (119). In chondrocytes, an overexpression of Lin28a, a let-7
inhibitor, suppressed let-7 miRNA expression and reduced chondrocyte proliferation,
resulting in a mild growth impairment. Predicted let-7 target genes were also upregulated
(157). A mild skeletal phenotype was observed in Lin28a transgenic mice, however, miR-
140 deficient/ Lin28a transgenic mice have a dramatic growth defect. As miR-140 has
been shown to modulate chondrocyte differentiation, it has been suggested that, by
regulating chondrocyte proliferation and differentiation, let-7 miRNAs and miR-140 co-

ordinately regulate skeletal development (157).

miR-140 is encoded in an intron of the WWP2 gene sequence and is expressed in
chondrocytes, and the expression of WWP2 and miR-140 is directly regulated by SOX9
(134), where an upstream region of the pri-miRNA-140 gene possesses chondrocyte-
specific promotor activity (158). In chondrocytes, miR-365 was identified as a
mechanosensitive miRNA, targeting HDAC4 to stimulate hypertrophic differentiation.
Following this, in response to IL-18 stimulation or cyclic loading, miR-365 was shown to
be upregulated in chondrocytes of articular cartilage (159). As experimental evidence
suggests significant roles for miRNAs in cartilage development, homeostasis and
pathology, the potential for miRNAs to become therapeutic targets for cartilage disease
has demonstrated the importance of understanding the role of each miRNA in

chondrocytes and cartilage tissue.

1.6. microRNAs and Osteoarthritis

1.6.1. Differential expression of microRNAs in cartilage

Generally, the differentially expressed miRNAs in cartilage from normal and osteoarthritis
patients are not consistent across studies. Figure 1.10 summarises research identifying
miRNAs dysregulated in OA and their impact on cartilage. These microarray and RNA-Seq
screens of expression may differ due to differences in the samples (117). The expression

of published microRNAs in OA has been analysed, identifying 46 differentially expressed.
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shown on the left, with complementary data from mouse models on the right. Schematic
demonstrates research identifying microRNAs which are dysregulated in osteoarthritic cartilage
and their impact on chondrogenesis (Swingler et al, 2020).
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In chondrocytes, these miRNAs are involved in many different processes including
differentiation, metabolism, ECM degradations, apoptosis, autophagy and inflammation
(160). AGO2 immunoprecipitation has also been used to assess functional miRNAs in the
RISC complex within chondrocytes, where cells taken from OA and normal cartilage
identified miR-27b-3p as the most abundant (161). Another technique performing mRNA-
Seq and miRNA-Seq from OA lesion and normal cartilage enabled an interactome of
differentially expressed mRNAs and miRNAs to be identified (162). Within this data, in OA
lesions miR-99a-3p was downregulated, targeting 36 mRNAs including FZD1, ITGB5 and
GSF6. In contrast to this, miR-143-5p is upregulated in OA lesions, targeting 16 mRNAs
including DCAKD, AMIGO1 and SMAD3 genes (162).

There are many reasons which could explain these different results. For example, the
heterogeneous nature of human OA cartilage could explain why samples analysed by
different research groups are varied. Within cartilage specimens of a similar OA grade,
there may be different ratios of either chondrocytes contributing to ECM breakdown and
chondrocytes actively attempting to repair ECM (144). Variations could also depend on
analysis of hip or knee articular cartilage. On top of this, cartilage analysed at different
stages of OA could affect the results. For example, a particular miRNA could be expressed
at higher levels either in early or late-stage OA. Levels of miRNA may change throughout
disease progression and it is important to determine target genes and the pathways they

regulate in order to understand disease mechanisms.

It was shown that an early onset of OA and aging in mice was caused by miR-140
deficiency, and an accelerated development of OA was observed in OA induced mice
(132). Elevated expression levels of miR-146a have been identified in OA cartilage and
plasma from OA patients. In chondrocytes, this miRNA is responsive to pro-inflammatory
cytokines (163,164). However, it is unknown whether miR-146a has beneficial or adverse
effects on chondrocytes, as results have been published for both arguments (144). The
levels of miR-483 and miR-146a also show an increase in OA cartilage. In human and
mouse OA cartilage, miR-483 has been identified to be upregulated (165,166). Studies
have shown that this miRNA, located in the insulin-like growth factor 2 (IGF2) gene, is

differentially expressed during human chondrocyte differentiation (144).
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In both OA and in response to inflammatory cytokines, the levels of miR-29a are altered
(167), and in cartilage from a rat OA model and also in human OA samples, miR-365 levels
were higher than controls (168). Another miRNA, miR-181a, was found to be increased in
OA facet joint cartilage but decreased in knee OA cartilage (169). This is another example
that could demonstrate how miRNAs can have varied functions in chondrocytes at
different anatomical locations (144). miR-23b was also found to be upregulated in human

OA chondrocytes in a separate study (170).

Members of the miR-181 family are expressed in both hypertrophic chondrocytes and
chondrocytes from developing human cartilage (171), and higher levels of miR-181a were
found in OA facet joint cartilage compared to control specimens (169). It has also been
reported that mouse OA cartilage has higher levels of miR-181b, and by inhibiting with
miR-181b antagomir intra-articular injection, the effects of OA were reduced (172).
However, in contrast, decreased levels of the miR-181 have also been reported in human
OA articular tissue (173). It has been discovered that miR-181a is highly expressed in
chicken chondrocytes and directly targets to suppress the pro-chondrogenic gene CCN1

(CCN family member 1) and aggrecan (174).

The number of miRNAs and small samples sizes analysed in previous studies could be a
limiting factor in identifying miRNAs with potential to become biomarkers in disease such
as OA. Although it has been shown that many miRNAs are altered in disease, it is unclear
whether this dysregulation is a cause of disease or a downstream effect (144). A few
targets of miR-140 have been identified, for example in the human chondrocytic C28/I12
cells, miR-140 directly targets MMP13 mRNA, suppressing IL-113 induced MMP13
expression (175). In OA chondrocytes, a downstream mediator of the TGF-f3, Smad3, was
shown to reduce miR-140 expression (176). An overexpression of miR-140 also

downregulated IL-1f3-induced Adamts5 expression (177).
In response to IL-113 stimulation, is has also been shown that miR-145 is increased in OA

chondrocytes. The downregulation of type Il collagen and aggrecan expression caused by

IL-113 treatment was also reversed by miR-145 inhibition, and SMAD3 has been identified
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as a miR-145 target (147). MiR-145 was shown also to target SOX9 in human articular
chondrocytes (178). There are many miRNAs linked with regulation during cartilage
development, articular cartilage homeostasis, maintenance of articular chondrocytes in

cartilage and OA, through diverse mechanisms (62).

For normal development and cellular function, epigenetic control of gene expression is
essential, and it is evident that epigenetic regulation is altered in OA (179). In another
study, the expression of 4 miRNAs (has-miR-138-5p, has-miR-146a-5p, has-miR-335-5p,
and has-miR-9-5p) were found to be upregulated in OA patient cartilage compared to
control (97). However, these results were not significantly related to clinical data

demonstrating the need for further studies to assess cartilage miRNAs.

One of the most studied miRNAs in cartilage biology is miR-140, as it is known to be highly
expressed in chondrocytes. As previously discussed, transgenic miR-140 knockout mice
have been generated, where homozygous knockout mice displayed mild dwarfism
phenotypes and craniofacial defects, such as short endochondral bones and reduced
longitudinal growth of the skull (132,133). The post-natal articular cartilage in these mice
was examined and showed accelerated ECM degradation compared with control (132).
Results for miR-140 expression patterns in OA are contradictory, as reports have shown
both increased (180) and decreased levels (177). As miR-140 has been shown to function
in chondrocyte differentiation and cartilage homeostasis regulation, the altered

expression of miR-140 in OA could be expected.

1.6.2. Implicated roles for microRNAs in Osteoarthritis

Many signalling pathways have been shown to regulate and be regulated by miRNAs,
including those implicated in OA (117). For example, a number of miRNAs regulate and
are regulated by TGFR and TGFR/Smad signalling, where the expression of miR-140 is
reduced by TGFB (181) and SMAD3 identified as a target of miR-140-5p (142). Another
example is the chondrocyte miR-29 reduced expression by TGFR (146) which is Smad3
dependant (182). In addition to this, miR-29 can suppress TGFR signalling (146). These
feedback loops can again be demonstrated in chondrocytes, where miR-455 expression is

induced by TGFR and also supresses TGFR signalling through targeting of SMAD2 (180). In
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chondrocyte hypertrophy, miR-483 expression is significantly decreased, and
overexpression resulted in a downregulation of SMAD4 which reduced ECM production
and suppressed chondrogenesis (183). The role of microRNAs in the pathogenesis of OA is
still unclear, although it is evident that they impact on signalling pathways associated

with the disease.

Research of miRNAs has implicated a role in the regulation of apoptosis, autophagy and
senescence, mechanisms involved in OA pathogenesis (117). In chondrocytes, miR-34a
was identified to be involved in apoptosis, whereby a miR-34a inhibitor suppressed IL-1
chondrocyte apoptosis (184). In human OA cartilage, miR-34a expression is increased and
its target SIRT1 decreased (185). This resulted in an increase in chondrocyte apoptosis
through less acetylation of p53, decrease in Bcl-2 and increased Bax expression. In
chondrocytes overexpressing miR-34a, markers of autophagy were also decreased (186).
It has also been reported that miR-34a targets the Notch pathway, increasing
chondrocyte cell death and senescence (187). In these studies, miR-34a inhibitor
intraarticular injection into an OA model diminishes the destruction of cartilage

(185,187).

Markers of senescence, including the cell cycle inhibitor P16INK4a, increase in terminal
chondrogenesis and OA and are regulated my miR-24, which subsequently decreases in
OA (188). In human OA cartilage, miR-495 levels are elevated (189). Markers of
senescence (SA-3-gal and p16) are increased via AKT1 and the S6- mTOR system targeting
when miR-495 is overexpressed, increasing chondrocyte apoptosis. Following
intraarticular injection of a miR-495 inhibitor in a rat OA model, both chondrocyte
apoptosis and OA decreased. Another study identified CCL4 as a potential target of miR-
495, whereby inhibition of the miRNA suppressed apoptosis by activating the NFkB
pathway (190). In order to prevent apoptosis during cell stress, autophagy can be
activated, and particular miRNAs have been shown to regulate this. For example, in OA
chondrocytes, miR-335-5p expression was lower and overexpression caused a reduction
in inflammation and increased autophagy (191). Overexpression of miR-107 in OA

chondrocytes also increased autophagy and inhibited apoptosis (192).
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In osteoarthritic patients, articular cartilage-derived MSCs (OA-MSCs) were transfected
with miR-365 inhibitor which suppressed the expression of chondrogenic, hypertrophic,
and osteogenic gene expression (193). An overexpression of miR-365 in mouse articular
cartilage also resulted in an upregulation of OA markers and hypertrophy (193). From this
it was concluded that miR-365 regulates chondrogenesis by activating mineralization,
hypertrophic and osteogenic genes during OA pathogenesis, providing important

implications for cartilage repair therapies (193).

1.6.3. microRNAs as biomarkers of Osteoarthritis

Multiple studies have suggested that miRNAs may be useful as biomarkers for various
bone pathologies (194). miRNAs can be recovered from the blood or other fluids to
represent markers of skeletal disorders. There is potential for plasma levels of microRNAs
to be used as biomarkers of OA disease as they exhibit good stability in circulation (117).
Many studies have investigated this, including the identification of let-7e, miR-454 and
miR-885-5p as potentially OA progression predictive. In this research, let-7e decreased in

OA patient plasma compared with control (195).

In OA plasma, 12 microRNAs were identified in a different study to have levels statistically
different compared with controls in two cohorts (164). Another study identified 70
differentially expressed microRNAs from 2578 in normal plasma compared to OA, with
miR-19b-3p and miR-486-5p positive correlating with disease severity (196). Independent
factors for the risk of knee OA were also identified as miR-19b-3p, miR-122-5p and miR-
486-5p (196). In control plasma against OA, 2549 microRNAs were measured in a study
and 279 identified as differentially expressed. After validation, potential biomarkers were
identified as miR-140-3p, miR-33b-3p and miR-671-3p (197). In these studies, no
microRNAs were validated across all data. This may be due to differences in
methodologies and also patient groups or sample number (117). Specific circulating

microRNAs have also been measured as potential biomarkers of OA (198-201).
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1.6.4. Therapeutic use of microRNAs in Osteoarthritis

For miRNA mimics or inhibitors to be used therapeutically, they need to be taken up into
the tissues of the joint successfully, for example the articular cartilage (117). The largest
hurdle surrounding miRNAs as therapeutics is the delivery without systemic toxicity. To
investigate this, most studies use miRNA-mimic/ inhibitor -expressing lentivirus by
intraarticular injection in mouse models of OA. Although examining cartilage shows
efficacy, it does not show if the microRNA has direct uptake in the cartilage. Instead,
measuring confirmed miRNA targets within the cartilage tissue can be used. Lentivirus
was used to deliver miR-128a into the joint, and uptake into chondrocytes was
demonstrated by in situ hybridisation (ISH), in addition to miR-128a mimic increasing OA

score (202).

In a similar experiment to this, another study delivered miR-483 lentivirus intraarticularly,
using ISH and co-expressed GFP expression to indicate cartilage uptake in mid and deep
zone chondrocytes (203). GFP-tag was also used to demonstrate virus penetration in a
study of miR-101 adenoviral delivery in a rat OA model (204). It is unlikely that this
procedure will be translated to man, since viral delivery to the mouse knee is associated
with various risks, and there are non-viral systems of delivery being developed (117). An
inhibitor of miR-483 has non-virally been delivered directly to the joint and still portrays
functional outcome (203). This has also been achieved in the DMM model of OA, by
intraarticular short antisense LNA oligonucleotide injection. This study showed a decrease

in OA markers and histological OA improvement (205).

Particles produced by the majority of cells called exosomes can also be used to package
microRNAs. This way, microRNAs can circulate in the bloodstream, with cells taking up
the exosomes (206). Exosomes produced by hMSCs and transfected with miR-92a-3p
have been used to inject intraarticularly into a OA mouse model, demonstrating miRNA
expression in cartilage chondrocytes by ISH and a functional effect (207). Another
example of this is the use of miR-140-5p transfected synovial MSC exosomes to

intraarticularly inject into a rat model, showing decreased OA (208). These studies in

55



rodent models suggest that exosomes may be used for microRNA therapeutic delivery,

although trials to the human joint are yet to be started (117).

Exosomal miRNAs have also been measured as biomarkers of OA, using the synovial fluid
of OA patients compared to control. This showed that several miRNAs have differential
levels in OA, and could help to understand OA disease pathogenesis and miRNAs as
therapeutic targets (209). The function of miRNAs as therapeutic targets is particularly
relevant with complex diseases due to the ability for targeting interactomes (210). It is
important to optimise the stability and delivery efficiency of miRNAs to specific tissue,
target, or cell population, considering the effects of an individual miRNA with several

different targets (194).

1.7. microRNA-455

1.7.1. microRNA-455 expression in cartilage

microRNA-455 (miR-455) is a member of a broadly conserved family of non-coding RNA
expressed in most of the phylum (211). The precursor sequence of miR-455 is present on
the human chromosome 9 at locus 9932 consisting of 96 base pairs (212). In humans the

miR-455-3p strand (shown to be the guide strand on www.miRBase.org) is present in 2

isoforms, miR-455-3p.1 and miR-455-3p.2, which have a one nucleotide difference (211).
Canonical miRNA targeting uses base pairing of the seed region, nucleotides 2-7 of the
miRNA, to mRNA target sites in the 3’UTR (213). The miR-455 seed region is
demonstrated as 5" CCUGGAC 3'.

The expression of miR-140 and miR-455 has been shown to increase in OA cartilage (180),
these miRNAs are both located within introns of protein-coding genes (Wwp2 and
Col27a1l respectively). The product of Col27al is a cartilage collagen, type XXVII collagen
alpha 1 chain (214). The cartilage basis of the developing skeleton shows Col27a1
expression, particularly in the growth plate proliferative zone, and expression is also seen
in the articular cartilage of adult mice (214-216). Smad2, activin receptor 2B and chordin-
like 1 have been validated as miR-455-3p direct targets and demonstrate that miR-455

abrogates Smad-dependant signalling (180). It is suggested that a change in miR-455
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expression would lead to altered TGF-activin A signalling through the Smad2/3 pathway,
hypothesising a potential mechanistic link between OA pathology and miRNAs that
regulate the Smad pathway (180). An important aspect in maintenance of articular
cartilage is TGF signalling, as a decrease in TGF signalling through the Smad2/3 pathways
results in OA changes within the joint (217). miR-455 could also possibly indirectly

regulate Col27al expression, for example through effects on TGF signalling.

A whole-mount in situ hybridisation was performed and this showed expression if miR-
455 in the developing long bones of chick, becoming more restricted to developing joints
with time (Figure 1.11). This miR-455 expression was observed in the cartilage and
perichondrium (180). There was also expression of miR-455 in muscle, supporting a study
that showed miR-455 expression in myotubes following TWEAK (a proinflammatory
cytokine) treatment (218). The expression in long bones and joints was also confirmed in
a mouse embryo in situ hybridisation, observing miR-455 expression in developing skull
sutures and in the interdigital region of the developing mouse paw. Where miR-455 is
expressed, the developmental processes involve apoptosis within these tissues, and miR-
455 may regulate this (180). During chondrogenesis in adult articular cartilage, miR-455 is
expressed, and also has differential expression in OA. It has the potential to modulate

cartilage homeostasis by altering TGFR signalling.

1.7.2. microRNA-455 null mouse model

The microRNA-455 null mouse model was created by Dr. Tracey Swingler in the Clark Lab at UEA.
Previous targeted deletion of miR-455 in a mouse model resulted in a disruption to Col27al
expression and a perinatal lethal phenotype. To avoid this distruption to Col27al and therefore
perinatal lethal phenotype, the CRISPR Cas (Clustered Regularly Interspaced Short Palindromic
Repeats and CRISPR associated (Cas)) genome editing technique was utilised to create miR-455
null mice. Oligonucleotides were designed against the miR-455 genomic sequence and mixed with
Cas protein before pronuclear injection into one day single cell mouse embryos from the C57BL/6)
mouse line (The Jackson Laboratory). Two cell embryos were then implanted into the mouse
oviducts and off-spring genotyped for the absence of miR-455.

The phenotype of these miR-455 null mice is currently being investigated by Dr. Tracey Swingler

within the Clark Lab at UEA (Figure 1.12).
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Figure 1.11: microRNA-455 expression in the developing embryo. A) Whole-
mount ISH. Expression of miR-455 during chick embryo development
demonstrates expression in developing limbs and perichondrium. Expression is
detected from HH30 onwards. B) Mouse ISH. miR-455 expression visible in
interdigital regions, developing joints, growth plates and perichondrium.

Sections show staining in and around cartilage (180).
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Figure 1.12: microRNA-455 null mouse model. A) Growth plate Massons

Trichome stain. The growth plate may be larger in miR-455 null growth
plate, possibly more calcification (red) and increased matrix production.
The proliferative zone could also be increase in miR-455 null. B) Articular
cartilage Massons Trichome stain. Increased collagen (blue), increased

calcification (red) and possibly hypo-cellular cartilage in deep zone.

(Dr Tracey Swingler — unpublished data)
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1.7.3. microRNA-455 during mesenchymal stem cell differentiation

In ATDC5 cells, miR-455-3p has been shown to function as an activator for early
chondrogenic differentiation, directly targeting Runt-related transcription factor 2
(Runx2) to inhibit expression (137). A study demonstrated that miR-455-3p regulates
DNMT3A expression, and in vitro DNMT3A modulates miR-455-3p expression (139). High
DNMT3A expression levels were observed in miR-455-3p deletion mice, compared to low
levels in wild-type mice. In miR-455-3p deletion mice, there was also a thinner cartilage
thickness (139). In the same study, the degenerate process during chondrogenic
differentiation was inhibited when overexpressing miR-455-3p, by regulating DNA
methylation of cartilage development genes and pathways (139). It was previously found
that during chondrogenic differentiation in human adipose-derived stem cells (hADSCs),
there were high expression levels of miR-455-3p (219). It has also been demonstrated
that miR-455-3p plays a role in the chondrogenic differentiation of hMSCs and in
regulating OA (137,138,220). A recent paper has suggested that miR-455 knockout mice
have an elevated expression of genes related to cartilage degeneration, and cartilage
degeneration similar to OA was observed. This study also identified hypoxia inducible
factor-2a (HIF-2a) as a direct target for miR-455, a catabolic factor for cartilage
homeostasis. In addition to this, overexpression of miR-455 protected cartilage

degeneration in a mouse OA model (221).

Chondrogenic differentiation in hMSCs may be regulated by miR-455-3p by targeting
Runx2, HDAC2, and HDACS8, and miR-455-3p directly targets DNMT3A to downregulate
expression (139). Between normal and OA cartilage, DNA has been shown to be
differentially methylated (222), and the effect of DNA methylation in the pathophysiology
of OA is becoming increasingly evident. The progression of OA is present with
methylation changes to both catabolic and developmental associated genes in cartilage,
for example MMP13, SOX9 and ADAMTS4 (223-225). DNA methylation is a crucial
regulator of chondrocyte differentiation, where miR-455-3p and DNMT3 could modulate
DNA methylation, coregulating chondrogenic differentiation of hMSCs (139). miR-455

may also regulate brown adipocyte differentiation and mitochondrial biogenesis (226).
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1.7.4. microRNA-455 in disease

In addition to chondrogenic differentiation, recent studies have shown that many
pathologies are regulated by miR-455. miR-455 has been implicated in various human
cancers including colon cancer (227), prostate cancer (228,229), hepatocellular carcinoma
(230), gastric cancer (231), pancreatic cancer (232), and non-small cell lunger cancer
(233). Within these studies, miR-455-3p acts as a tumour suppressor, influencing
processes such as cell proliferation and apoptosis. Additional literature supports a role of
miR-455 in cell proliferation, suggesting an importance during inflammation and
extracellular matrix accumulation in diabetic nephropathy (234). A role of miR-455 in
neurodegenerative diseases has also been investigated, revealing miR-455-3p as a

potential biomarker and possible therapeutic target for Alzheimer’s Disease (212).

Considering this, it is apparent that miR-455 may have a role in ageing and age-related
pathologies. To support this, miR-455-3p has been demonstrated to be significantly
deregulated in aged mice, and may play a functional role in muscle atrophy (235). miR-
455 has also been implicated as an important component in the development and
progression of multiple sclerosis disease (236). Data has revealed that miR-455-regulated
signalling network may be a potential therapeutic target for human metabolic disorders

(226).

1.8. Identification of microRNA target genes

1.8.1. microRNAs and their targets

As a multifactorial disease affecting the whole joint, OA has a complex pathogenesis
involving different mechanisms and interactions between multiple tissues in the joint. To
develop methods for diagnosis and treatment of OA, understanding this complex process
is essential (69). An essential step in understanding the role of miRNAs as regulatory
molecules is the identification of downstream miRNA targets (237). It is known that
miRNAs target key signalling mediators in OA, such as Smad, NFkB, WNT, and the TGFR
signalling pathways. However, in chondrocytes, several miRNAs that are highly

upregulated or downregulated in OA do not have identified and confirmed targets (94).
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Many cellular processes can be controlled by miRNAs as they suppress specific target
gene expression. In any cell type, one miRNA can affect many target genes, therefore

altering multiple pathways (144).

miRNAs are significant in regulating skeletal development and homeostasis,
demonstrated in thousands of published reports on miRNAs in the biology and disease of
both cartilage and bone. During tissue development, disease, or cellular stress, an altered
expression of miRNAs can impact on different cellular processes. For example, cell
differentiation, metabolism, proliferation or apoptosis (144). At the post-transcriptional
level, up to 60% of protein coding genes are regulated by miRNAs, despite miRNAs
making up only 1-5% of the human genome (238). Since miRNAs have been shown to
have significant regulating roles in biological pathways during normal development and
metabolism, the role of aberrant miRNA expression in disease pathogenesis has become

an increasingly interesting topic (239).

Studies have focussed on identifying changes in expression levels of miRNAs, either
tissue-based or circulating, with the aim to identify potential diseases associated
biomarkers or new disease mechanisms (144). There have been many miRNAs
differentially expressed in human OA cartilage tissue or serum samples compared with
control, it is important to now focus on the mechanisms and pathways in which these
miRNAs are targeting. Regardless of whether the aim is to enhance tissue repair and
regeneration or to attenuate disease, approaches should focus on determining miRNA

function both in vitro and in vivo (144).

In recent epigenetic studies, many miRNAs have been identified to be involved in the
pathogenesis of OA. These miRNAs may regulate expression by direct binding to anabolic
or catabolic miRNAs at a post-transcriptional level to repress translation. It has also been
indicated that miRNAs may regulate gene expression in OA at upstream levels, such as
targeting signalling pathways or transcription factors, before their transcription (81). The
future of miRNAs has great potential for OA diagnosis and therapeutic intervention
biomarkers. A better understanding of how miRNA interactions impact on the pathology

of OA will be important, as miRNAs can regulate the expression of several target genes.
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For example, the overexpression or downregulation of a specific miRNA could provide a
useful therapeutic approach (240). It is therefore extremely important to focus on
identifying the specific miRNA target mRNA interactome, and the biological pathways

these regulate.

1.8.2. Methods for identifying microRNA targets

To completely understand the function of miRNAs, it is important to identify real miRNA
targets. This section describes techniques currently developed to study miRNAs and their
targets. There are many in silico approaches available as miRNA target prediction
programmes based on assumptive miRNA target recognition (241). These bioinformatic
approaches are based on the assumption that target recognition requires conserved
pairing to the miRNA seed region (237). Another approach for identifying miRNA targets
is miR-CLIP (miRNA UV crosslinking and immunoprecipitation), where, to identify miRNA

targets, a bioinformatic approach can be combined with high throughput CLIP data (245).

In the post-transcriptional regulation of gene expression, RNA-binding proteins (RBPs)
play an important role. The position of binding sites of RBPs enables a greater
understanding of molecular level transcript regulation (246). These interactions between
protein and RNA can be studies using CLIP on a genome-wide scale when combined with
high-throughput sequencing such as HITS-CLIP (highthroughput sequencing of RNA
isolated by CLIP) or CLIP-seq (247). The development of individual-nucleotide resolution
UV crosslinking and immunoprecipitation (iCLIP) has enabled the identification of protein-

RNA crosslink sites on a genome wide scale (248).

As described, miRNAs guide Argonaute (AGO) proteins to specific target sites within their
target mRNAs to regulate biological processes (249). The miRNA-mRNA base pairing
occurs mainly in the ‘seed region’ spanning nucleotides 2-8 of the 21-22 nucleotide
miRNA (250). There have been many miRNA targets identified through bioinformatic
analysis, however false-positive and -negative rates are high. An empirical method to
identify miRNA target sites is Ago HITS-CLIP, which, in vivo, maps the global transcriptome

of Ago:miRNA:mRNA ‘ternary’ complexes. The complex between Argonaute proteins,
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Appendix 2: Osteogenic marker genes, 0715081 hMSC donor line. hMSC were transfected with
either Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression
was measured for COL1A1, COL1A2, BMP2, ALP, and RUNX2 by qPCR.
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Appendix 3: Osteogenic marker genes, 2454e hMSC donor line. hMSC were transfected with either
Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression was
measured for COL1A1, COL1A2, BMP2, ALP, and RUNX2 by qPCR.
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Appendix 4: Chondrogenic marker genes, 2802f hMSC donor line. hMSC were transfected with either
Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression was
measured for COL1A1, COL10A1, SOX9, ACAN, RUNX2 and PRELP by gPCR.

211



COL2A1 (071508a) COL10A1 (071508a) ACAN (071508a)

80 150 30
Il Control

60 [ 455m
= o 100 =20
15} %) o
4 < 3
< < b
N N 50 N 10

20

0 0

0 3 7 10 14 0 3 7 10 14
Day Day

°

0 3 7 10 14
Day
SOX9 (071508a) RUNX2 (071508a) PRELP (071508a)
150 8 100
Il Control
6 80 [ 455m
= 100 = —
5 S g 60
3 34 g
2w i Zw
2 20
0 0 0
0 3 7 10 14 0 3 7 10 14 [ 3 7 10 14
Day Day Day
COL2A1 (071508a) COL10A1 (071508a) ACAN (071508a)
60 150 60
Il Control
3 455i
E 40 g 100 g 40
g g g
< < <
N 20 N 50 N 20
0 0 0
0 3 7 10 14 0 3 7 10 14 0 3 7 10 14
Day Day Day
SOX9 (071508a) RUNX2 (071508a) PRELP (071508a)
150 10 100
Il Control
8 80 3 455i
= 100 [ = 60
3 3 3
b 50 34 g w0
2 20
0 0 0
0 3 7 10 14 0 3 7 10 14 0 3 7 10 14
Day Day Day

Appendix 5: Chondrogenic marker genes, 071508a hMSC donor line. hMSC were transfected with
either Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression
was measured for COL1A1, COL10A1, SOX9, ACAN, RUNX2 and PRELP by qPCR.
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Appendix 6: Chondrogenic marker genes, 2454e hMSC donor line. hMSC were transfected with

either Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression

was measured for COL1A1, COL10A1, SOX9, ACAN, RUNX2 and PRELP by qPCR.
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Appendix 7: RNA-seq data from WT and miR-455 null mouse articular
cartilage. Genes significantly (q < 0.05) upregulated in null samples
compared with WT control.
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Appendix 8: Collagen expression in WT and miR-455 null mouse
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Appendix 9: RNA-seq and qPCR data from WT and miR-455 null mouse articular
cartilage. Genes COL10A1, COL2A1, ACAN, TRAP, CLOCK, and BACE were analyzed
using gPCR assays to validate RNA-seq data.
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Appendix 10: RNA-seq and gPCR data from WT and miR-455 null mouse articular
cartilage. Genes SRT1, HDAC2, ADAMTS5, GSK3B, CTNNB1, and PER2were analyzed
using gPCR assays to validate RNA-seq data.
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Appendix 11: RNA-seq and gPCR data from chick limb buds injected with AM-Scr
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control, miR-455 mimic, and miR-455 AM. Genes were analyzed using qPCR
assays to validate RNA-seq data.
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Appendix 12: RNA-seq and gPCR data from chick limb buds injected with AM-Scr
control, miR-455 mimic, and miR-455 AM. Genes were analyzed using qPCR
assays to validate RNA-seq data.
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Appendix 13: Chick primers. Oligo name and forward/reverse sequence of primers used for

Oligo name Forward seq 5’-3’ Reverse seq 5’-3’

BMP4 GGAGATCAGCCTGCAGTAC TGCTGAGGTTGAAGACGAAG
BMP2 GCTGTTTTGAGGTGGATTGC AGGCACTGTTCTCTTTGTCC
SMAD2 GAGAGGTTGGTGTGCTACG TGGAGTGAATGGCAGAATGG
SMADS5 TCCCTATCCACCTTCTCCAG AGAGTTATCCTGCCCCATTTG
SOX9 CTGGGCAAGCTGTGGAG GGTTGGTACTTGTAGTCGGG
CTNNB1 CTTGGACTTGACATTGGTGC CAGAGTGGAAAGAACGGTAGC
SHH ACCCCAAATTACAACCCTGAC CATTCAGCTTGTCCTTGCAG
FGF8 AAGAAAATCAATGCGATGGCC ACTCTTGCCGATCAGTTTCC
WNT2B TGAGTGCCAGTACCAATTCC GAGATGGCGTAGACGAAGG
WNT3 CATCTTCGGACCTGTGCTAG GAGATCCCTTGTGACGAGTG
WNT7A AGTGCCAGTTCCAGTTTCG AATGATGGCGTAGGTGAAGG
GREM1 GTGAAGGAGTGTCGGTGTATATC TTCAGTTTCATCCAGCCCC
ACAN GACTTAGATTCTCCGAGCACTG CAGGTATCTTCACTTCCAGGC
RUNX2 ACCTAGTTTGTTCCCTGAACG GTAATCTGACTCTGTCCTTGTGG
RUNX3 AAAGCTTCACCCTGACCATC TTCTAACTTCTGCCTGTGCC
HDAC4 AGTGTGAGAATGAAGAGGCTG CTCGAAGATGAATGCTACAGGG
PRRX1 CCTTTGTACGGGAAGACCTTG CCTGAGTAGGATTTGAGCAGAG
GLI3 TCCAAGATAAAGCCGGATGAG AATGGCAGTTCGTCTCGTAG

Appendix 14: Mouse primers. Oligo name and forward/reverse sequence of primers used for

Oligo name Forward seq 5’-3’ Reverse seq 5’-3’

COL2A1 #3 AGCTCCTGGGAAGGATGG CAGGAGGTCCGACTTCTCC
ACAN #34 TGAAGCAGAAGGTCTGGACA CCAGAAGGAATCCCACTAACA
COL1A1 #15 AGACATGTTCAGCTTTGTGGAC | GCAGCTGACTTCAGGGATG
TRAP #3 GGTCAGCAGCTCCCTAGAAG GGAGTGGGAGCCATATGATTT
COL10A1 #84 GCATCTCCCAGCACCAGA CCATGAACCAGGGTCAAGAA
CLOCK #83 CAGCTTCCTTCAGTTCAGCA CCGTGGAGCAACCTAGATGT
BACE1 #34 CCCTTTCCTGCATCGCTAC TACACACCCTTTCGGAGGTC
SIRT1 #68 CAGTGAGAAAATGCTGGCCTA TTACCCTCAAGCCGCTTACTA
ADAMTSS #41 TATAAGCCCTGGTCCAAATG TCGTGGTAGGTCCAGCAAA
GSK3B #10 CAAGAAGAGCCATCATGTCG TGGTTACCTTGCTGCCATCT
CTNNB1 #21 GCTTTCAGTTGAGCTGACCA CAAGTCCAAGATCAGCAGTCTC
PER2 #17 TGACTGCGACGACAATGG TCATCATGAGTCTGAAGGCA
CREB1 #50 GGAGAAGCGGAGTGTTGGTA GGAGAAGCGGAGTGTTGGTA
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Appendix 15: Human primers. Oligo name and forward/reverse sequence of primers used for

Oligo name Forward seq 5’-3’ Reverse seq 5’-3’

PPARG #1 TTGCTGTCATTATTCTCAGTGGA GAGGACTCAGGGTGGTTCAG
CEPBA #28 GGAGCTGAGATCCCGACA TTCTAAGGACAGGCGTGGAG
ACAN #1 AAGCACTGGAGTTCTGTGAATCT CGGCATAGCACTTGTGTCCAG
COL2A1 #65 CCCTGGTCTTGGTGGAAAC TCCTTGCATTACTCCCAACTG
COL10A1 #6 CACCTTCTGCACTGCTCATC GGCAGCATATTCTCAGATGGA
SOX9 #61 GTACCCGCACTTGCACAAC TCTCGCTCTCGTTCAGAAGCT
RUNX2 #41 CAGTGACACCATGTCAGCAA GCTCACGTCGCTCATTTTG
PRELP #34 GGGTGGAAGAGGAGGACTAAA AGCAGAGGGGTGACCTCAT
COoL1A1 #1 CCCAAGGCTTCCAAGGTC GGACGACCAGGTTTTCCAG
COL1A2 #54 GAGTCCGAGGACCTAATGGA AGGGGAACCAGGAAGACCT
ALP #58 AACACCACCCAGGGGAC GGTCACAATGCCCACAGATT
BMP2 #49 GACTGCGGTCTCCTAAAGGTC GGAAGCAGCAACGCTAGAAG
NDUFAS #20 GTGAGCTGCCTGAGAAAAGAG TTTACTGAGGGCGTTTCCTC
ND4 #14 CCTCGCTAACCTCGCCTTA GGAGAACGTGGTTACTAGCACA
ND6 #77 ATTGGTGCTGTGGGTGAAA CCTGACCCCTCTCCTTCATA
FOEXRED1 #41 TTGGCTTGTCTGTGGCCTA AGTGGAGGCCTGTGAATACG
COX15 #7 GATCCCGGAGGACCTCTTT ATGGCAGTGACTGAAGTGATTC
TOMMA40 #3 GGACAACAGTGGCAGTCTCA CACCTGCCAGTTCACAAACTT
TIMMS50 #65 ACCGTGCTGGAGCACTATG TGCTTGTTGGACTTGGAGAG
E2F8 #33 GATGCAGACTTGTACCCAGTTACTT CCGATGGTTCAAGTAGTCCAA
TFDP1 #50 CTGCTCTGCCGAAGACCTTA GCCGTTAGACGTGGAACCT
POLE3 #6 AACCTGCTTAATACTCCAAAGTGTG CAAAACGTGAGATTAGAACTAAGGAA
BCL2 #6 TTGACAGAGGATCATGCTGTACTT ATCTTTATTTCATGAGGCACGTT
ORCS5 #42 TCATCAGAGCTATTGCAAGGAC CCTCTCCTTGGCCAGCTA
CUL4B #40 CCTTGTTTCAGAAGTGTACAACCA CCATGTAGTCCCGGTCAATTA
CREB1 #34 TTAGTGCCCAGCAACCAAGT GCTGTGCGAATCTGGTATGTT
CREM #76 CATGTCCAGGGAGTAATTCAGAC TCTCTGCAATTGCTGCTACC
ATF1 #53 TTTCTAAATAACCAATAGTTGCCAATC | AAACCTGTAGGGTAAATGGATTTTT

Appendix 16: CRISPR/Cas9 genome engineering qPCR design. Forward (F) and reverse (R) oligo
name and sequence used for qPCR.

Oligo name Oligo 5’-3’
T3 barcode_R TCCCTTTAGTGAGGGTTAATT
T7 barcode_R CCCTATAGTGAGTCGTATTA

CLOCK_F GGTGATAACTCACCATCTTGAAG
DKK3_F GAAGACAATTATCAACCACGTG
ACAN_F GTCATATAAGGAATCCCATTAAAG
PRELP_F GATGCTCCTCTGAGGTCC
RUNX2_F CTTTAGACGGTCTCACTGC
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Appendix 17: CRISPR/Cas9 genome engineering sgRNA design. Gene, CRISPR target sequence,
PAM, and forward/reverse oligo sequences.

Gene CRISPR target PAM | Forward oligo (5’-3’) Reverse oligo (5’-3’)
sequence

CLOCK CTATCAGTCTCTT | AGG | CACCGCTATCAGTCTCTTG | AAACCCAAGTCCAAGAGACT
GGACTGG GACTGG GATAGC

DKK3 CAAATGATGTTTT | TGG CACCGACACCTGAAAACA | AAACCAAATGATGTTTTCAG
CAGGTGT TCATTTG GTGTC

ACAN TGGACTGAGTTTA | AGG | CACCGATGTCTCTAAACTC | AAACTGGACTGAGTTTAGA
GAGACAT AGTCCA GACATC

PRELP ATGGACTGTCCCT | AGG | CACCGATGGACTGTCCCTC | AAACCTGGGGGAGGGACAG
CCCCCAG CCCCAG TCCATC

RUNX2 AGGAAAGGGACT | CGG | CACCGTCTGGGCCAGTCC | AAACAGGAAAGGGACTGGC

GGCCCAGA CTTTCCT

CCAGAC

Appendix 18: CRISPR/Cas9 genome engineering ssODN design. Gene, ssODN wt-MRE and mut-
MRE sequences. MRE highlighted in grey, red indicates T3 barcode and green T7 barcode.

Gene ssODN wt-MRE ssODN mut-MRE

CLOCK GGTGTCAGTGTCATTATTAGTCTCCTAATAA | GGTGTCAGTGTCATTATTAGTCTCCTAATAAG
GTTCCTCTGAAGACTGCTATCAGTCTCTCTT | TTCCTCTGAAGACTGCTATCAGTCTCTTTAAT
GGACTGAATTAACCCTCACTAAAGGGAGAG | ACGACTCACTATAGGGGAGCTACAAATAATT
CTACAAATAATTTAGAAATAAAAGATGATA | TAGAAATAAAAGATGATAACCTAACACTATC
ACCTAACACTATCATAGTTAT ATAGTTATTAATGT

DKK3 ATATGCGACTGCGAACACTGAACTCTACGC | ATATGCGACTGCGAACACTGAACTCTACGCC
CACTGCACAAATGATGTTTTCAGGTGTCAT | ACTGCACAAATGATGTTTTCAGGTGTCATTAA
GGACTGAATTAACCCTCACTAAAGGGATTG | TACGACTCACTATAGGGTTGCCACCATGTATT
CCACCATGTATTCATCCAGAGTTCTTAAAGT | CATCCAGAGTTCTTAAAGTTTAAAGTTGCACA
TTAAAGTTGCACATGATTGTATAAGC TGATTGTATAAGC

ACAN CAAAACCGCATCTAATTTGTCCGCCGAATG | CAAAACCGCATCTAATTTGTCCGCCGAATGCC
CCAAAGCAAAGCAAACTTATTATAACGCTT | AAAGCAAAGCAAACTTATTATAACGCTTTAAT
GGACTGAATTAACCCTCACTAAAGGGAAGT | ACGACTCACTATAGGGAGTTTAGAGACATTT
TTAGAGACATTTCTTCAATTTCCCATCGTGC | CTTCAATTTCCCATCGTGCCTTTCCAGGGACC
CTTTCCAGGGACCAGTGCAGGGACAG AGTGCAGGGACAG

PRELP CGAATGCAGGACAAGTCCTAAATATTTGCC | CGAATGCAGGACAAGTCCTAAATATTTGCCC
CCTTCCCTTGCAGTAATTTATTTTCTGTATG | CTTCCCTTGCAGTAATTTATTTTCTGTATTAAT
GACTGAATTAACCCTCACTAAAGGGATCCC | ACGACTCACTATAGGGTCCCTCCCCCAGAGC
TCCCCCAGAGCCTTCCCCACCCTCCATTGCC | CTTCCCCACCCTCCATTGCCTGGCCCAGGTGA
TGGCCCAGGTGAGCAGCTTGGCAGG GCAGCTTGGCAGG

RUNX2 AAATTCAGAAGGGAGGAGATGTGTGTACA | AAATTCAGAAGGGAGGAGATGTGTGTACAG

GCTTTAAGGATTCCCTCAATTGCGAGGAAA
GGGACTGAATTAACCCTCACTAAAGGGAGC
CCAGAATCCAGGTTAATACATGGAAACACG
AAGCATTAGCAAAAGTAATAATTATACC

CTTTAAGGATTCCCTCAATTGCGAGGAAAGT

AATACGACTCACTATAGGGGCCCAGAATCCA

GGTTAATACATGGAAACACGAAGCATTAGCA
AAAGTAATAATTATACC
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