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Abstract

Understanding musculoskeletal development is of high importance, as
it forms the foundation for understanding various skeletal disorders and can
illuminate pathways involved in other musculoskeletal conditions including
osteoarthritis (OA). This thesis foc uses on the role of Asporin, a small
leucine -rich proteoglycan (SLRP), expressed in the developing periosteum,
perichondrium, tendons, and subchondral bone. Asporin possesses a unique
ability among SLRPs to mineralise type | collagen fibres. A polymorphism
associated with risk of OA and IDD was identified in GWAS studies increases
Asporin function, moreover Asporin is significantly upregulated in OA
cartilage in comparison to healthy cartilage. The study employs an in vitro

approach utilising Asporin overexpression in cartilage and bone cells to

replicate the conditions observed in OA. In addition, the research integrates
the use of Asporin null mouse models and col2cre conditional knockout of
Asporin to elucidate the role of Asporin in musculoskeletal devel opment and

specifically in cartilage and periosteal cells.

This research shows the effect of Asporin in the mineralisation of the
ECM and reduction of sulphated proteoglycan in the overexpression model,
interesting for the role of Asporin in OA pathogenicity. Phenotyping of the
global mouse model demonstrates that Asporin is not essential for
endochondral ossification or cartilage structure, highlighting modulation of
Asporin expression as potential therapeutic target of OA with minimal off
target effects. Further, studying of the role of Asporin in bone using uCT,
histomorphometric analysis and histological techniques to gain a well
rounded understanding of its involvement in development showed that the
loss of Asporin does not disrupt bone or spinal development nor affect the
tendon structure. However, deletion of Asporin in type Il collagen positive
periosteal skeletal progenitor cells (under Col2Cre) hinders bone
remodelling and appositional growth in the col2cre conditional Asporin
knockout, suggesting a potential role for Asporin in bone homeostasis and

fractur e repair.
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Chapter 1.  Introduction

1.1 Musculoskeletal development

The regulated differentiation of cells underpins all d evelopment. At 3
weeks post fertilisation , gastrulation occurs the first major differentiation of
the development . Durin g the gastrulation of the embryo three distinct germ
layers are formed:  the endoderm , ectoderm and the mesoderm. Endoderm,
the inner germ layer proceeds to form organs including the  colon, stomac h,
pancreas and intestines alon g with the inner lining of most of the organs
including the lungs, liver and pancreas . The ectoderm is the outer layer
which gives rise to  the outer layers of the body such as the skin epidermis :
hair and the nervous system . Finally, the mesoderm is the middle layer :
cells derived from here  form all other tissues and organs including the skin
dermis, heart and crucially to this research, the muscle system, skeleton
and bone marrow, from which blood originates 1. The mesoderm allows the

formation of bilateral symmetry observed in mammals

Radial symmetry is observed in animals such as jellyfish, starfish and
urchins, where  multiple planes of symmetry all cross at one central point .
Whereas bilateral symmetry refers to the singular plane of symmetry,
through the centre of the body , the sagittal plane, resulting in identical

formation of left and right sides of the body forming.

The musculoskeletal system comprises of bones, cartilage, skeletal
muscle, connective tissue, tendons, and ligaments. The whole system is
essential for movement and acts as a support structure for the soft organs
in the human body. The development of organ s and tissues in the human
body is governed by various growth factors and signalling molecules capable
of inducing differentiation of stem cells into different mature cell lineages.

The musculoskeletal connective tissues originate from the mesenchyme in

th e differentiation process termed the mesengenic process (Figure 1.) 2,



During gastrulation, the primitive streak is forme d, this establishes
the cranial caudal axis 3.In initial formation of the skeleton the mesoderm
folds to form three compartments : the paraxial mesoderm leads to the
generation of somites to form the axial skeleton; the lateral plate mesoderm
forms the skeleton of the limbs; and the cranial neural crest cells migrate
and differentiate to the branchial arch and craniofacial bones and

cartilage (Figure 2) 4°5.

The m esoderm gives rise to the m esenchym e and the mesenchyma |
stem cells migrate and condense to begin the differentiation and formation
of the skeleton.  The differentiation of the mesenchymal stem cells is driven
by specific transcription factors and by growth factor morphogen gradient s
that drive the patterning of the early embryo and drive the differentiation
through a specific lineage  °. During the condensation of the skeletal anlagen,
these osteochondroprogenitor cells express RUNX2 or SOX9 for osteogenic
differentiation or chondrogenic differentiation respectively 6. The key drivers
initiating  skeletal development from the mesenchymal cells are RUNX2 and
SOX96.
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Figure 1. The mesengenic process . Diagram of the

differentiation lineages of mese nchymal stem cells (MSCs). MSCs
are multipotent and can proliferate and differentiate into many cell

types . Bone cells differentiate through osteogenesis, cartilage cells
differentiate through chondrogenesis and fat cells (adipocytes)

differentiate through adipogenesis 2,
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Figure 2. Gastrulation and formation of the three germ

layers . Cross section of the  embryo 3 weeks post fertilisation. The
ectoderm (blue) gives rise to the outer layers of the body such as
skin. The paraxial mesoderm which gives rise to the sclerotome .The
intermediate mesoderm gives rise to the urogenital system. The
endoderm gives rise to the inner layers of the body and most other
internal organs. (B) the paraxial mesoderm further differentiates to

the parietal mesoderm  which gives rise to the limb skeleton and the
visceral mesoderm which gives riset 0 smooth muscle and muscular

gutwall 7.




1.1.1 Cartilage and bone cells

1.1.1.1 Chondrocytes

Chondrocytes are the  only cell type found in cartilage . Chondrocytes

differentiate from a mesenchymal condensation 8, The
osteochondroprogenitor cells found in the condensation express both
RUNX2 and SOX9 transcription factors and sustained expression of these
drives the osteogenic and chondrogenic lineages respectively. The key

transcription factor for the induction of chondrogenic lineage differentiation
is the expression of SRY -box 9 (SOX9) , which has been shown to play an
important role in the activation of cartilage specific genes and required for

cartilage formation  .°

Runt -Related Transcription Factor 2 (RUNX2) is the master
transcription factor of osteoblast differentiation factor. It is important for
both the maturation of chondrocytes and differentiation of osteoblasts. The
RUNX family of genes share the conserved Runt domain , initially found in
the drosophila melanogaster (fruit fly) , a segmentation gene . The
drosophila melanogaster body is built up of 14 segments, normal
development patterning of the drosophila is dictated by pair -rule genes,
each named by the phenotype resultingfrom the deletion of the genes . This
conserved region is capable of forming a heterodimer with core -binding

factor -a ( C B F, a go -transcription factor 10,

Initially mesenchymal stem cells are stimulated by RUNX2 and drive
to osteochondroprogenitor cells 6. These cells differentiate into chondrocytes

which make up the growth plate, the growth pate can be divided into layers

of chondrocytes through different stages of the chondrocyte life. Runx2 is
lowly expressed in the resting and proliferative chondrocytes . Runx2
expression is upregulated in prehypertrophic ¢ hondrocytes and this

expression is sustained through differentiation to hypertrophic and terminal

hypertrophic chondrocytes 19,



As explained, following the formation of mesenchymal condensations
mesenchymal stem cells differentiate to osteochondroprogenitor cells
where both SOX9 and R UNX2 are both expressed, cell fate of driving down
the chondrogenic or osteogenic differentiation result is determined by the
dominance of one gene over the other . The presence of both SOX9 and
RUNX2 expression would be expected to drive the chondrocyte lineage and
osteoblast lineage simultaneously . However , in early development the
chondrogenic lineage is prioritised, this highlights that an inhibition of
RUNX2 must be present to preferentially drive the chondrogenic lineage
from the mesenchymal cells . Zhou et. al. Proposed that SOX9, in addit ion
to its transcriptional activation effect driving chondrogenesis, must also

have a transcriptional repressor effect for osteoblast differentiation 6,

SOX9 is a the master transcription factor driving the expression of
chondrocyte -specific genes including type Il collagen ( COL2Al)and type Xl
collagen ( COL11A1)%. Global ablation of SOX9 is embryonically lethal in
mice and Sox9 * - heterozygous null  mice results in perinatal lethality.
Conditional targeting  was therefore the only possible method for the study
of knockout Sox9 in mice . Hetero zygous loss -of-function mutations o f
SOX9 in humans leads to Campomelic dysplasia, a skeletal dysp lasia
characterised by shortened and bowed long bones, talipes equinovarus
(clubfoot ) and respiratory compromise resulting in neonatal lethality 12,13
Interestingly, when modelled in mice, it was found that all endochondral
skeletal elements were smaller and thinner in the heterozygous mutant
Furthermore, the  pre -cartilaginous mesenchymew as underdeveloped in the
mutants , at E12.5 the chondroprogenitor cells around the notochord were
still mesenchymal cells with little matrix whereas the chondroprogenitors of
the wild -type were already forming the typical cobblestone arrangement of

chondrogenic cells with  deposited matrix 13,

To study the ability of SOX9 to modulate the transcriptional activity
of RUNX2 in osteogenic stimulation Zhou et. al used COS7 cells which do

not express RUNX proteins, containing a 6xOSE2 -luc Osteocalcin reporter



plasmid . O steocalcin expression is directly  increased by Runx2 expression.
When these cells were transfected with  RUNX2, activity of the luciferase
reporter increased over 150 -fold, when transfected with both RUNX2 and
SOX9, the luciferase activityret  urned close to basal ®. To further explore the
modulation of  RUNX2 transcription activity by SOX9 in chondrocyte
maturation the cells were transfected with RUNX2 responsive  8xA-Min-
Col10al -luc, type X collagen reporter 6. When these cells were transfected
with RUNX2, activity of the luciferase reporter increasedto almost150 -fold.
When transfected with both RUNX2 and SOX9, the luciferase activity

returned close to basal ©.

SOX9 drives the mesenchymal stem cells (MSCs) expressing
collagens I, Ill and V to differentiate to chondroprogenitor cells which
express cartilage -specific collagens: Il, IX and Xl, then differentiate into

chondrocytes . This process is called chondrogenesis 8, The condensing
mesechyme differentiates into cartilage anlage, forming template for the

future long bones . The proliferation and  maturation of the chondrocytes
occurs in the structure called the cartilage growth plate and is driven by
transcription al activation by SOX9 inducing the expression of SOX5 and
SOX6. This trio of SOX transcription factors have been found to target and

drive expression of  type Il collagen and aggrecan 14 Additional signalling

molecules driving the maturation include fibroblast growth fa ctors (FGF),
bone morphogenetic proteins (BMPSs), and the Indian hedgehog (IHH)a nd
parathyroid hormone related protein (PTHrP ) and Wingless -Type MMTV

Integration Site (WNT) signalling 15,

There are multiple stages of chondrocyte differentiation with resting,
proliferating, and hypertroph ic chondrocyte stages, then the final terminal
differentiation  stage leading to  apoptosis which is the stage at which
calcified cartilage is replaced by bone. Up to 50 % of the hypertrophic
chondrocytes are able to transdifferentiate into osteoblasts and contribute

to the trabecular bone formation 16



1.1.1.2 Osteoblast s

Osteoblasts are bone forming cells that  produc e and secret e bone
extracellular matrix ~ proteins and drive the mineralisation ofthe = ECM. MSCs
first differentiate to osteochondroprogenitor cells which have the potential
to differentiate  into osteoblast s or chondrocytes . Osteoblast differentiation
is driven by the expression of Runt Related Transcription Factor 2 (RUNX2)

The continued expression of RUNX2 drives the differentiation of

oste ochondroprogenitor cells to preosteoblast, alongside the expression of
a-catenin and osterix (SP7). Sustained expression of these transcription
factors leads the preosteoblasts to produce bone matrix and differentiate
into osteoblast s thereby losing the potential to differentiate = down the
chondrogenic lineage. = RUNX2 keeps the osteoblasts in the iImmature stage,
the expression of other transcription factors includin g ,MSX1, M SX2, D LX5,
DLX6, TWIST, AP1, K NOX-20, S P3 and ATF 4, SP7 (osterix) drives the
maturation of osteoblasts where is BGLAP and SP7 are expressed and final
transition  driven by SP7 to osteocytes , where they begin to express
SOST.1’. Osteocytes selectively express sclerostin (SOST), considered a
marker of osteocyte differentiation. SOST can modulate select bone
morphogenetic proteins (BMPs) and bind to LRP5/LRP6 preventing canonical

Whnt signalling.

To assess the role of RUNX2 in skeletal development, Komori et. al.
disrupted the Runx2 gene to create Runx2 -deficient mice. Runx2 null mice
died shortly after birth. Interestingly, Runx2 null mice had no mature
osteoblasts, and a complete lack of ossification, however chondrocyte
differentiation and cartilage formation still occurred and was close to
normal 8. Runx2 - mice were dwarfed and dramatically delayed ossification
untilday 17.5 18, due to preliminary calcification of the cartilage and lack of
osteoblast recruitment. The calvaria of the Runx2 -/~ mice showed no
intramembranous ossification occurred and a complete arrest of osteoblast

maturation 18,



Osterix encoded by the ~ SP7 gene, is a transcription factor  with three
zinc finger motifs . Strong express ion of osterix was found in the cells
associated with bone trabeculae and cells involved in the formation of the
bone collar in mouse embryo at E15.5 19 In postnatal development, the

secondary ossification centres, bone matrix cells, and cells of the

endosteum and periosteum show sustained high osterix expression 19,
Osterix was also found to be weakly expressed in the prehypertrophic zone
of the cartilage growth plate , but in no other zone of the growth plate 19,

Osterix is essential  for osteoblast differentiation. Osterix null mice
show ed a complete lack of osteoblast s and therefore no bone formation 19,
Interestingly, the knock -out tissues still contained the preosteoblast cells
however , in the absence of osterix they expressed typic al chondrocyte
markers, suggesting the  y retained their  potential to differentiate into both
osteo blast and chondrocytes. Osterix was confirmed to act downst ream of

RUNX2, and Runx2 null mice did not express osterix 8.

There are multiple populations of osteoblasts within the bones defined
by their location : trabecular, endosteal and periosteal . Moreover,
osteoblasts exist in different stage s of differentiation
osteochondroprogenitor s, pre -osteoblasts, immature osteoblasts, and
mature osteoblasts , the final stage of differentiation of the osteoblast
lineage are the osteocytes , (Figure 3). These are postmitotic osteoblasts
that are embedded within their dense secreted matrix which comprises the
final mature bone. B etween 5 and 20 % of mature osteoblasts become
osteocytes 2°. They are found in both cancellous and cortical bone where

they can ac t as mechanosensory endocrine cells 21,

In the transition from osteoblast to osteocytes, secretion of type |
collagen is ceased . Rather than the cells migrating into the bone , the
osteocytes instead become entombed by the bone forming around them. In
the cortical bone they sit within lacunae, cavities within the bone, this
results in them being physically separated within the bone. However, they

form an organised network within the bone, osteocytes have dendritic

9



extensions which travel through canaliculi facilitating their mechanosensing
properties and connect to other osteocytes, osteoblasts and to other cells

of the bone marrow. 22

Metalloproteinase MMP14 plays a role in the differentiation of the
osteocytes, and a deficiency in this metalloproteinase leads to collagen
cleavage disruption . These MMP14 deficient mice have a greatly reduced
osteocyte networ Kk, although the number of osteocytes is the same the
network is disrupte  d?3. E11 protein is expressed by early osteocytes  , with
a crucial role in osteocyte differentiation, the formation of the dendritic
extensions, and additionally dendrite elongation in response to mechanical
elongation 24, During the encapsulation of osteocytes in the bone the
dendrites ar e polarised to the mineralisation front, where the blood vessels
invade. There are changes in the osteocyte dendrites in response bone
formation; static and dynamic 24 The balance of having enough connectivity
forthe successful function and viability of the osteocytes however, t 00 many
connections can reduce bone strength due to increased lacunae. 24
Additionally, osteocytes have primary cilium allowing direct fluid flow
sensing in the lacunar cavity, further aiding the mechanosensing in the

osteocytes 2°.

Osteocytes account for more than 90% of the cells of the bone in the
matrix and bone surfaces . Osteocytes are important coordinators of
osteoclastogenesis and bone remodelling through the production and
balance of osteoprotegerin (OPG) and Receptor Activator of Nuclear Factor
Kappa a I(RAYKLIY?" . SOST, the protein expressed exclusively by
the oste ocytes is a regulator of osteoclastogenesis and bone resorptio n, this

system will be discussed in more detail in 1.1. 3.2.5 B one remodelling 22,

10
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1.1.1.3 Osteoclast s

Bone cells are derived from two lineages of multipotent cells

haematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs).

HSCs give rise to osteoclasts (bone resorbing cells) (Figure 4) 2°. Bone
homeostasis is maintained by the balance of osteoblast (bone forming cells)
activity and osteoclast (bone resorbing cells) activity , termed bone

remodelling . The dynamic turnover of bone is essential for appositional
growth , adaptation to load, and restricting overproduction of mineralised
bone and excessive bone formation. Osteoclasts are present in all

mineralised tissues including teeth  and found in mineralised cartilage *°.

HSCs differentiate to preosteoclasts through the action  of Receptor
activator of nuclear factor kappa -a | i ga n d-L)@lMackophage colony
stimulating factor (M -CSF) made by osteoblasts 2°. RANK-L null mice and
osteopetrotic (op/op) mutant mice with a loss of function mutation in the
CSF-1 gene, showed inhibited osteoclastogenesis and lack of bone
resorption 3% 32 Both mouse models presented with osteopetrotic
phenotypes (osteo 1 bone, petra 1 stone), of high bone mass 3% 32,
Moreover , M-CSF stimulates the motility and cytoplasmic spreading of
mature osteoclasts and induces the expression of receptor activator of

nuclear factor kappa-a ( RANK), the reckhtor for

Osteoclastogenesis is regulated by osteoprotegerin (OPG), a soluble
receptor capable of binding RANK -L inhibiting its binding to RANK. The
balance of OPG and RANK -L regulates osteoclastogenesis , therefore bone
resorption and bone remodelling 34 RANKL, OPG and RANK are all expressed
by the hypertrophic chondrocytes and also by prehypertrophic chondrocytes
at lower levels . Osteoclast differentiation is favoured in response to BMP2.

BMP2 expression by prehypertrophic chondrocytes induces higher
expression of RANKL from hypertrophic chondrocytes  3°. Hypertrophic
chondrocytes also  express low levels of OP G, lower than the levels of RANK -
L thereby pushing the balance of OPG/RANK -L to increase

osteoclastogenesis . OPG is predominantly secreted by osteoblasts and

12



regulated by a variety of factors including canonical Wn t £catenin
signalling , promoting the ability of differentiated osteoblasts to inhibit

osteoclastogene sis (Figure 4) 3637,

13
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Figure 4. Osteoclastogenesis. Osteoclasts are differentiated from HSC, driven by RANKL. RANKL binds the RANK
receptors or preosteoclasts and maturation of the osteoclast occurs. RANKL is inhibited by OPG which acts as a decoy

for the RANK receptor, inhibiting osteoclastogenesis. RANKL can be expressed by osteocytes in response to bone

remodelling signals , osteo genic differentiation is driven by WNT signalling from MSCs, adipocytes are also MSC

derived, and differentiation is driven by PPAR -A. Adapted from Hawkes et.al 38
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1.1.2 Atrticular cartilage

There are 3 classes of cartilage  : hyaline, elastic and fibrocartilage.
Hyaline cartilage is the most prevalent in the body, the precursor for bone
and also found in the ribs, nose, trachea and articular cartilage.
Fibrocartilage is found in joint capsules, ligaments and the intervertebral

disc. Elastic cartilage is found in the external ear, larynx and epiglottis 39,

Articular cartilage is a form of hyaline cartilage that protects the ends
of the long bones in the knee and hip and in all other diarthrodial joints,
these are the free moving joints of the body including the  elbow, wrist and
shoulder. The diarthrodial joints , also referred to as synovial joints , are
characterised by the presence of a joint capsule with the bone surface of
the joint covered by hyaline cartilage, the articular cartilage and synovial
fluid present in the cavity produced by the synovium 40 The protective
articular cartilage  allow s the bones to smoothly move against each other.
Articular cartilage has no blood supply, nerves or lymphatic system, and is
made up of chondrocytes embedded in the dense ECM containing water,

collagen and proteoglycans 4.

There are 4 zones of the articular cartilage: the superficial zone,
middle zone, deep zone, and calcified zone (Figure 5). The superficial zone
is the thinnest, making up approximately 10 -20% of the articular cartilage
thickness. During movement, joints experience a combination of shear
stress and compressive force. The superficial zone is in contact with the
synovial fluid and is the main contributor to the tensile properties of the
cartilage. It contains a high number of flattened chondrocytes and mainly
type Il and IX collagens, with collagen fibrils arranged in parallel to the
articular surface to increase the tissue str ength and withstand load. At the
superficial zone, chondrocytes produce lubricin, which contributes to
lubrication at the cartilage boundary alongside hyaluronic acid to reduce

friction in joint movement 4L

15



The middle zone is the bridge between the superficial and deep zone,

making up approximately 40 -60% of the cartilage thickness. The collagen
fibrils here have less uniform organisation, are organised in a mesh -like
structure and are thicker than those of t he superficial zone; chondrocytes

are spherical and exist in lower numbers. These chondrocytes synthesise a
greater amount of aggrecan 41 The middle zone acts as a shock absorber
in the articular cartilage as this is the first zone of resistance against

compressive forces 42,

The deep zone accounts for ~30% of the articular cartilage thickness
and is responsible for the greatest resistance to compressive forces. In this
zone the collagen fibrils are the thickest and lie perpendicular to the
articular surface. Chondrocytes inth is zone arrange in columnar orientation,
parallel to the collagen fibrils. The deep zone has the highest proteoglycan

content and lowest water concentration 41

In the calcified zone, the chondrocytes express markers of
hypertrophy, vascularisation and innervation. The deepest calcified zone is
necessary for the attachment of the cartilage to the bone, this is achieved
by anchoring collagen fibrils of the deep zon e. Hypertrophic chondrocytes,

similar to the ones in the cartilage growth plate, are found in this zone 41

16
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Figure 5. Schematic diagram of articular cartilage cross section 43 | Arrangement of chondrocytes (Left)

and collagen fibrils ( Right) in the cartilage. Highlighting zones of the articular cartilage. Chondrocytes arrange in

columns in the deep zone, in the middle zone they are more rounded and flatten in the articular surface. Collagen

fibrils arrange perpendicular to the calcified bone in the deep zone, are disorganised in the middle zone and arrange

horizontal to the articular cartilage in the STZ.
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1.1.3 Bone formation

Bone is divided into 3 categories, compact, cancellous and
subchondral . Compact bone isthe hard outer portion of bones, cortical bone
is classed as compact bone. Cancellous bone (trabecular) is the porous
honeycomb structured bone within the long bones. Subchondral bone is the

smooth bone at the bon e surface in the joints.

1.1.3.1 Intramembranous ossification

Intramembranous ossification (Figure 6) is the process by which flat bones,
such as the craniofacial bones and part of the clavicle, are formed 5. Unlike
endochondral ossification, intramembranous ossification does not require a

cartilage scaffold, instead, mesenchymal cell condensations form nodules

which directly differentiate to osteogenic cells and then to osteoblasts.
These cells secrete type | collagen and produce small leucine rich
proteoglycan s that binds calcium salts , hydroxyapatite .The calcified matrix
traps the osteoblasts within it as they become osteocytes 5. Osteocytes
extend out and form canaliculi, creating a network between osteocytes of

different layers of bone through these microscopic channels, crucial for

mechanosensing , signalling and remodelling of the mature bone 4.
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1.1.3.2 Endochondral ossification

The process by which a cartilage scaffold is formed and replaced by
bone is called endochondral ossification (Figure 7). This form of ossification
is responsible for the development of long bones and all other bones of the
body except for craniofacial bones and the clavicles. The cells in the
mesenchymal condensations regulated by SOX9 differentiate into
chondrocytes, which are the cells that make up the cartilage and secrete a

matrix rich in type Il collagen and aggrecan (Figure 7.A). .

This cartilage scaffold continues to grow and elongate through
recruitment of more mesenchymal progenitors and proliferation of
chondrocytes which mature and undergo hypertrophy due to the hypoxic
environment induced by the deposition of the dense ECM within the
condensation (Figure 7. B)“’. The hypertrophic cells in the centre of the
cartilage secrete angiogenic factors, including the vascular endothelial
growth factor (VEGF) that attract blood vessel invasion into the cartilage
template > 46 .Osteoblasts (bone -forming cells) and osteoclasts (bone -
resorbing cells) are brought into the cartilage matrix by these blood vessels :
alongside the chondrocyte to osteoblast transdifferentiation pathway. The
osteoblasts lay down bone matrix on the cartilaginous template to form
trabecular bone while the osteoclasts degrade the extracellular cartilaginous
matrix through the secretion of matrix metalloproteinases (MMPSs) (Figure
7.C).

MMP13is a key MMP for the degradation of the cartilage scaffold ,itis
expressed by terminal hypertrophic chondrocytes and the osteoblasts 8. In
Mmp13 /- null mice, trabecular bone density was increased, and
hypertrophic zone h eight was increased resulting in the accumulation of
cartilage matrix. The data suggested that MMP13 is the dominant
collagenase in cartilage, cleaving type Il collagen #8. The degradation of
cartilage by MMPs is critical for allowing the invasion of blood vessels and
the bone formation process where the cartilage is degraded for it to be

replaced by bone 49,
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This leads to the formation of the primary ossification centre in the
centre of the bone shaft. As the trabecular bone is laid down, the primary
ossification centre splits the cartilage matrix into two distinct regions of
differentiating chondrocytes which propagates towards the ends of the
bone, epiphyses. Postnatally, there is a secon  dary blood vessel invasion to
the term inal ends of the developing bone , resulting in secondary ossification
centres (Figure 7. E). The scaffold can enlarge further by the con tinuous
proliferation of chondrocytes, which change in shape and size and form
columns of stacked cells, this structure is called the cartilage growth plate
(Figure 7. G). The terminal hypertrophic zone of the growth plate directly
above the ossification centre continues to secrete factors attracting the
blood vessel invasion into the scaffold , the hypertrophic chondrocytes at
this stage undergo apoptosis  °0. Postnatally, the growth plate continues to
be responsible for linear bone growth until skeletal maturity is reached,
which in humans is at puberty, where the growth plates fuse and the bone
stops elongating °. However, in mice, the growth plates of long bones do not

disappear with age, even after longitudinal growth stops 5L
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Figure 7. Process of endochondral ossification . A)

Mesenchymal condensation differentiates into chondrocytes,

form ing a hyaline cartilage. B) Perichondrium forms. C) Vascular
invasion and formation of primary ossification centre. Perichondrium
becomes periosteum D) Chondrocytes proliferate  and cartilage
continue s to grow at ends of the bone (cartilage growth plate) . E)
Secondary ossification centres develop in the ends of the bone. F)
Cartilage growth plate increasing, and the ossification centres fuse
together, hyaline cartilage remains at the joint surface as articular
cartilage. (Pearson Education Inc. #°). G) Zones in the epiphyseal
growth plate of long bones  *2.

22



1.1.3.2.1 Organisation and regulation of the cartilage growth plate

Chondrocytes inthe growth plate  organise into five distinct structured
zones, forming the cartilage growth plate. The progression of the
chondrocytes through the five differentiation  stages is regulated by a series
of morphogens including Indian Hedgehog ( IHH) and Parathyroid Hormone -
related Protein ( PTHrP), controlling the expression of SOX9 and RUNX2,
transcription factors responsible for the activation of specific genes in each
zone (Figure 8)%2. The five zones are  the resting zone, proliferative  zone,
pre -hypertrophic  zone, hypertrophic  zone, and terminal calcification (Figure
8)52.

In the resting  zone, chondrocytes have a low proliferation rate,
random organisation , are small and rounded, and express COL2A1, (typell
collagen ) and ACAN (aggrecan ), crucial ECM components of the cartilage
scaffold. As chondrocytes mature, they begin to proliferate rapidly, flatten
in shape and organise into columns. At the bottom of the growth plate the
chondrocytes undergo hypertrophy, whereby cells increase in size and
become rounded, and the expression of type Il collagen is stopped 52,
Hypertrophic chondrocytes stop dividing express type X collagen,
osteocalcin ( BGLAP) expression is upregulated and osteopontin ( SPP1)
expression increases two -fold 3. The expression of these is necessary for
the calcification of the cartilage matrix. Hypoxic conditions worsen as the
matrix surrounding hypertrophic chondrocytes calcif ies, resulting in the
death of chondrocyte cells and interestingly transdifferentiation of some of
the chondrocytes to an osteoblast lineage . During cell death chondrocytes

express VEGF initiating the  terminal calcification zone  16:52

The height of each zone is determined by the number of chondrocytes

in each phase of the chondrocyte life cycle which is facilitated by
differentially expressed morphogens driving several key signalling pathways
through the zones. PTHrP is a paracrine hormone secreted by the

perichondrium and in the early proliferative zone. PTHrP receptors are

located on the cells in late proliferative zone and pre - hypertrophic zone

23



Binding of PTHrP to the receptor prevents chondrocyte  hypertrophy ,
keeping the cells above the hypertrophic zone in a proliferative state, and
supressing the levels of |  HH expression %% 5 | | HH is a paracrine hormone
expressed by cells that are no longer proliferating, in the pre - hypertrophic
zone and hypertrophic zone . IHH can stimulate the production of PTHrP at

the ends of bones through the binding of the Patched ( Ptc) receptor. This
feedback system maintains chondrocytes proliferating above the
hypertrophic zone  and balances minor signalling perturbations to retain a

healthy growth plate.

PTHrP through WNT also has the capacity  to induce intracellular influx

of Ca?" ions through the opening of L-type calcium channels.
Calcium/calmodulin  -dependent protein kinase 1l (CAMK2) activity ,
increases in response to calcium levels, increases in the transition from

proliferative to  pre hypertroph ic transition through a-catenin and RUNX2
transcriptional regulation . CAMK2 activity induces cell hypertrophy and the
influx of Ca ?* promotes osteoblast proliferation ,  differentiation
consequently driving ossification and calcification of the growth plate.
Furthermore, CAMK2 has been shown to increase the transcription activity

of osterix . WNT and PTHrP signalling  oppose CAMK2 activity.

Bone morphogenetic proteins (BMPs) play a crucial role in the
regulating of bone growth. BMPs have been shown to play many roles in
skeletogenesis, including induction of bone formation, deletion of
interdigital mesenchyme, and regulation of chondrocyte differentiation 56,57
BMPs 2-5 and 7 are specifically expressed in the perichondrium and  can
modulate the IHH/PTHrP signalling axis by increasing the expressionofl HH
resulting in the increased expression of PTHrP and therefore elongat ion of
the length of proliferating columns. BMPs 2 and 6 target the hypertrophic
zone, increased levels of BMP2 lead to the delay in hypertrophic
differentiation 7. BMP 7 targets the proliferative zone and is necessary for

proliferation and differentiation of chondrocytes.

24



Fibroblast Growth Factor s (FGF) signalling can also modulate the
growth plate homeostasis, and FGF receptors (FGFRs) are differentially
expressed through the five zones of the growth plate. FGFR1 is expressed
in the pre -hypertrophic zone and hypertrophic zone, FGFR2 is present in
the perichondrium and FGFRS3 is expressed in the proliferating zone and
prehypertrophic zone. FGF signalling regulates the differentiation and
proliferation of chondrocytes through suppression of | HH expression and
acceleration of terminal differentiation of hypertrophic chondrocytes. FGFR3
contributes, along with PTHrP, to decrease in the chondro cytes in the pre -

hypertrophic zone.

The terminal zone of the cartilage growth plate harbours cells

undergoing apoptosis, leaving behind a calcified matrix of collagen fibres,
and large clusters of aggrecan and hyaluronan glycosaminoglycans
(GAGSs)%?. The recruitment of blood vessels through vascular endothelial

growth factor ( VEGF) signalling brings in osteob lasts and hematopoietic
stem cells (HSCs) which give rise to osteoclasts as previously described.

Osteoclasts stimulated by the RANK -L expressed by hypertrophic

chondrocytes break down the calcified collagen matrix, thus allo wing blood
vessels to establish within the bone and bring more osteoblasts 52 VEGF
production is stimulated by oestrogen in both females and males , Which
spikes at puberty, promoting angiogenesis of the bone and therefore the

entry of osteoblasts and osteoclasts , for crucial bone remodelling and
formation of mature trabecular bone 51, Oestrogen has also been identified

for potential importance in growth plate fusion 5.
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Figure 8. Paracrine regulation of the growth plate . Ihh
induces chondrocyte proliferation , maturation and  the expression of
PTHrP in the resting chondrocytes in the periarticular region. The
negative feedback loop where PTHrP then inhibits Ihh  keeps
chondrocytes in the proliferative phase. Thereisa positive feedback
loop of Ihh and Bmp2 . Bmp2 induces Ihh which in turn induces
proliferation of chondrocytes and represses terminally differentiated
chondrocytes. FGF signalling works in opposition to Bmp2,
supressing Ihh and  driving the differentiation of prehypertrophic to
hypertrophic terminal chondrocytes. Runx2 drives Ihh expression,
this induces PTHrP which then ~ supresses Runx2 °2.
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1.1.3.2.2 Calcification of the cartilage matrix

The calcification of the matrix is coordinated by the expressed
proteins by both the chondrocytes and the osteoblasts that have been

brought into the hypertrophic zone to form the terminal calcification zone.

Osteocalcin (BGLAP) isthe most abundant -non collagenous protein of
the bone. During the calcification of the matrix when osteoblasts are
brought into the hypoxic centre, osteoblasts mature and secrete BGLAP, it
is also lowly expressed by hypertrophic chondrocytes. Osteocalcin is a
calcium -binding peptide, it is a commonly used marker for bone formation
BGLAP possesses calcium binding Gla residues, this binds the calcium ions
(Ca?*) on hydroxyapatite. Interestingly, Bglap -/~ null mice were viable and
also had no initial skeletal defects, however at 6 and 9 months bone mass
was increased. BGLAP is secreted as a prohormone which undergoes
cleavage to fo rm a 46 amino acid mature peptide and icarbodlated
The mature protein has high affinity to hydroxyapatite  binding calcium

within the ECM however following the activation of osteoclast bone

resorption, the acidic environment create d de -carboxylates the osteocalcin
which in turn reduces its affinity to hydroxyapatite, releasing the mine ral
and the BGLAP is subsequently released into the bloodstream 58,59

Osteopontin (SPP1) is a soluble ECM -associated glycoprotein and
plays a role in bone metabolism a  nd homeostasis. SPP1 is predominantly
expressed by osteoblasts but also by osteogenesis progenitor cells,
osteocytes and HSCs of the bone marrow ©°. Osteopontin has a very
interesting role in the maintenance of bone mass induced by the
sympathetic nervous system, this will be explained in 1.1.3.25 Bone

remodelling ©°.
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1.1.3.2.3 Perichondrium

During endochondral ossification the perichon drium is a layer of
mesenchymal stem cells that surrounds the forming growth plate . As the
chondrocytes undergo to hypertrophy the perichondrium cells differentiate

to osteoblasts . T his encases the growth plate with bone, forming the bone

collar. The periosteum is vascularised, and the blood vessels bring
osteoprogenitor cells into the hypertrophic zone for the formation of
trabecular bone and bon e marrow cavity . The perichondrium is an essential
source of osteoblasts for both cortical and trabecular bone formation 61,
Nakamura et. al. determined the localisation of Thy -1 positive cells , nextto
the hypertrophic zone  and the periosteum  of the developing bone. Thy-1is

expressed by MSCs and osteoblast lineages 61,

As the bone collar forms from the perichondrium, a layer of
perichondrium cells remain on the outside of the bone, this is referred to as

the periosteum.

1.1.3.24 Periosteum

Periosteum is the tissue surrounding the outer bone surface,
periosteum is often investigated for its role in fracture healing. The
periosteum is a layer of mesenchymal stem and progenitor cells, these are
referred to a periosteal stem cells or skeletal progenitor cells . Studies have
identified cathepsin K and periostin as markers of the periosteum 62 The
periosteal ce lls have been studied and they are found to be very

heterogenic, including populations of type Il collagen positive cells 63,

The periosteum is essential for facilitating appositional growth and as

a reservoir of cells to be differentiated for bone remodelling
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1.1.3.25 Bone remodelling

Bone mass must be maintained through adulthood, for bone strength
and integrity. The bone homeostasis is maintained through regulation of
bone remodelling, whereby the amount of bone formed by osteoblasts
which must equal the amount of bone resorbed by ost eoclasts. Imbalances
of the bone homeostasis are the root causes of multiple bone diseases
including osteoporosis, characterised by bone fragility and deterioration of
the bone microarchitecture 64 The balance of osteoblast/osteoclast activity
is influenced and modulated by endocrine, paracrine and mechanical

factors.

Alongside elongation, bones also grow in diameter through the
process called the  appositional growth (Figure 9) . Osteoblasts on the
periosteal surface (outer surface of the bone) secrete bone matrix and
osteoclasts on the endosteal surface (innersurface of the bone) at the inner
surface break down the bone. Appositional growth is ~ a mechanoresponsive
process , where by a higher mechanical load drives bones to grow in

thick ness, to withstand the increased load ©°.

The cortical bone is made of cylindrical structures, osteons,
surrounded by concentric lamellae forming a canal  ©° filled with nerves and

vasculat ure (Figure 10). The circumferential lamellae between the osteons

are fibrous and become mineralised, encas ing osteocytes where they can
form lacunae (channels) and canaliculi (fluid -filled pipes) . These are
responsible for fluid shear stress (FSS), one of the keyways mechanical

forces are sensedinthe bone . Increased mechanical load is detected by the
primary cilia on the osteocytes through detection of the fluid movement in
the canaliculi of the bone . Through activating specific  signalling pathways
this results in upregulation of the osteoblast s depositing periosteal bone and
downregulation of the osteo clast s resorbing the endosteal bone , resulting
in thicker bones °. This bone remodelling continues through life with the

bones adapting to stress and load 5. In the absence of mechanical forces, in
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microgravity, it has been shown that bone formation is depressed and bone

resorption increased 7.

The osteocytes translateth e compressive or lack of compressive force

to adapt bone growth promoting formation , stimulated by force or by

and IGF-1 osteocytes can stimulate osteo blast differentiation

WNT1

and

proliferation via gap junctions and also stimulate osteoclastogenesis by

expressing RANKL. Sclerostin (SOST) expressed by osteocytes can also

regulate osteoblast and modulate osteoclast activity (Figure 11) 65,

Trabecular bone is also remodelled and adapted to load , in the
arrangement  and thickness of the plate  -like and rod -like trabeculae , the
structural components of trabecular bone , changes inresponse to increased

mechanical force . In a study of the effect of military training on trabecular

bone microarchitecture, Ob6 L ear vy forrd.trateedulae number, trabeculae

thickness increased, and trabecular separation decreased over a course of

44 weeks of training 8. Furthermore, cortical thickness and area was also

increased following as a result of the training 68

Bone mass is also regulated by the sympathetic nervous system
through local bone remodelling driven by @adr energic
signalling. Experimental studies have shown activation of the sympathetic

nervous sys tem results in bone loss through increased resorption and

receptor

decreased bone formation. Activation of  sympathetic nervous system

increase s the SPP1 expression and osteopontin  protein levels in

mouse

plasma . In Spp1l null mice, the bone lo ss resulting from of activation of

the sympathetic nervous system is inhibited . These mice show no reduction

in osteoblastic activity = and no increase to osteoclast activity 60,
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Figure 9. Appositional growth. The periosteal cells are
reservoirs of deposited mesenchymal cells, these differentiate to
osteoblasts and begin to form ridges along the periosteal surface,

the se can then encompass blood vessels along the periosteum that

are connected into the bone marrow . The vessels become trapped

in the bone and the internal surface; the endosteum forms a circle
around the vessel. The endosteum produces osteoblasts and deposit
bone, this close circle of bone around the vessel is called an osteon

where concentric circles of osteocytes a nd calcified bone are
formed ®°. (Figure from lles et.al.®).
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Figure  10. Hierarchical structure of bone. Collagen
molecules form collagen fibrils which alongside mineral crystals form
mineralised collagen matrix. The mineralised collagen matrix forms
connected plates and rods forming trabecular bone, found
predominantly in the metaphysis and epiphysis of long bones and
the vertebrae. The mineralised collagen matrix also forms organised

cortical osteons made containing osteocytes, these osteons form
compact bone surrounding the bone marrow, cortical bone 0,
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Figure 11. Osteocyte bone modulation capacity.
Osteocytes are embedded in the cortical bone they can modulate
bone resorption and bone formation. They translate mechanic forces
and cellular signals to modulate the bone environment, the
dendrites are capable of mechanosensing. Osteocyte to osteocyte
net work is formed through the connection of dendrites through the
lacunae. Osteocytes can stimulate osteoclastogenesis through the
secretion of RANKL and can also regulate osteoblasts, the crucial

cells of bone remodelling. Image from Wang et.al n,
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1.1.3.3 Spine development

In a similar way to long bone growth, the spine develops from the
mesoderm layer of gastrulation . The neural tube is formed from the
convergence and closure of the neural folds of the ectoderm, triggered by
the expression of Sox 1, Sox 2 and Sox3 from the cells of the neural plate
(Figure 12). Somites give rise to the sclerotome under paired -box
transcription factor ~ PAX1, and therefore the skeletal system 72,73 Vertebral
bodies develop from the Pax1 positive sclerotome ventral sclerotome cells
migrate to the notochord and form the unsegmented perinotochordal
sheath. BMP signalling in the sclerotome drives the expression of Nkx3.2
which upregulates  SOX9 expression, which forms a positive feedback loop
driving the expression of Nkx3.2, promoting chondrogenesis. A
perinotochordal  extracellular matrix of laminin, fibronectin and type |
collagen is produced by the basement membrane of the notochord,
requiring the exp ression of SOX5 and SOX6. Sox6. Sox 5/6 null mice did

not develop the perinotochordal matrix .

The spine is a metameric structure, a linear series of body segments,
vertebrae. The unsegmented perinotochordal sheath, proliferates as layers
of PAX1-expressing sclerotome cells encompassing the notochordal rod.
Sclerotome cells form condensations and form the precursor of the
intervertebral discs (IVD), this is the beginning of metamerism. Sclerotome
cells between these condensations form the vertebra | bodies. Differential
expression of PAX1 is the driving force of the separate formations of the
IVD and the vertebral bodies. PAX1, is an inhibitor of chondrocyte
maturation ’°. I n the vertebral bodies PAX1 is down regulated, cells
therefor e upregulate genes that drive chondrogenesis, whereas in the 1IVD

PAX1 expression remains high and chondrogenesis remains inhibited 3,

The process of endochondral ossification begins in the vertebral
bodies where the process of chondrogenesis leads to the formation of a
hypoxic environment, calcification of the cartilage matrix and the

recruitment of blood vessel through expression of VEG F. As previously
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described in endochondral ossification , the primary ossification site
separates into two and two growth plates develop at either end of the
vertebrae, vertebrae grow longitudinally 76 Alike to long bone growth plates,

the growth plates of mouse vertebrae do not fuse.
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Figure 12 . Formation of the neural tube. The initial
formation of the neural tube for the development and segmentation

of the spine. The convergence of the neural folds is essential for
correct spinal formation  , conditions such as spina bifida occur as a
result of incomplete neural tube closure. Image obtained from  Blom

et.al. 7.
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1.1.4 Bone marrow adipocytes

During the vascularisation of the hypoxic calcifying cartilage scaffold,
hematopoietic stem/ progenitor cells (HSPC) are also brought into the
matrix. The accumulation of these HSPCs alongside the retained reserve of
mesenchymal stem cells (MSC), forms the bone marrow of the long bones.
The bone marrow is an integral part of the bone , essential for bone  health
and for the function ofthe immune system. The bone marrow is part of the
b o d yHaematopoietic system and can produce and release both red and
white blood cells into the bloodstream as required. Within the bone marrow,
fat deposits  of the bone marrow adipose tissue (BMAT) are formed through
adipogenesis. BMAT has multiple roles within the body , acting as an energy
reservoir and arole within the immune, paracrine, and endocrine systems.

BMAT was originally thought to be a ninert space filler in the bone marrow.

However, more recent studies have found BMAT originates from skeletal
lineages and has arole in bone marrow homeostasis and whole -body energy
metabolism.

BMAT cells originate from the mesenchymal stem cells of the bone

marrow. Mesenchymal stem cells (MSC) , as previously discussed, can
differentiate into multiple cell lineages determine d by specific signalling
morphogens  and transcription  factors. Osteoblastogenesis  and

adipogenesis are considered competitive processes, mediated by the

relative activity ofPPPRARAa mdldardREEBEKIfic
transcription factors  that driv e adipogenesis 38. In age -related osteoporosis

where bone volume is decreased there is also an increase in BMAT 8,
Furthermore , the activation of the ERK/MAPK pathway drives
osteoblastogenesis and  inhibits adipogenesis through the phosphorylation

of RUNX2 and®PRRARA.UII mice are embryonical!
heterozygous P P A R Amice, bone marrow adipogenesis is decreased and
osteoblastogenesis increases further highlighting the balance between the

two differentiation axes
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1.1.5 Tooth development and the periodontal ligament

The stages of the tooth development are: growth and differentiation
epithelial  proliferation ,  histological differentiation ,  organogenesis
mineralisation , eruption , wear and athropy 7°. During embryonic
development , cranial neural crest cells forming the brain also migrate to the
maxillary and mandib  ular an lage . These cranial neural crest cells form the
oral ectoderm and are referred to as ectomesenchymal cells , Which form
the tooth except for the enamel 80, The mesenchymal layer stimulates
proliferation in the oral ectoderm, producing epithelial cells which form the
dental laminae (Figure 13 A). Buds of these cells form the teeth anlage
throughout the forming jaw. Neural crest mesenchymal cells surround the
buds (Figure 13 C), and the enamel organ develops , containing the  enamel
knot , a cluster of nondividing epithelial cells that can be seen at the molar
cap stage , condensations of the ectomesenchymal cells form the dental
papilla (Figure 13 D). The enamel organ expresses RUNX2 , TGF-a and
WNT10a, which inhibits the proliferation of dental papilla cells and drives
differentiation 8. The differentiation to pre -odontoblasts and then to
odontoblasts marks the start of dentinogenesis . the formation of dentin by
odontoblasts of mesenchymal origin 79,81 Odontoblasts express BMP 5 and
FGF10 inducing amelogenesis to begin, the formation of enamel by
ameloblasts derived from the epithelial cells. Terminal  odontoblast
different iation is driven by TGF -a 1 BMP2 and IGF1 2. The mineral of dentin
is hydroxyapatite and the mineral crystals found within the collagenous
matrix. The signalling of differentiation and mineralisation of the tooth is

very similar to that of ossification of the skeleton.

The periodontal ligament (PDL) is the soft connective tissue between
the inner wall of the alveolar socket (tooth -supporting bone) and the roots
of the teeth 83, It consists of collagen bands (majority type | collagen),
fibroblasts, cementoblasts, progenitor cells, bone associated cells, epithelial
cell rests of Malassez and connective tissue cells 84 lts role is to sense force
applied on the tooth, including by orthodontic tooth movement and respond

to it in order to maintain PDL width and preventing ankylosis where the
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tooth root and alveolar bone attach 83,85  Cells of the PDL begin secreting

osteoblast inhibiting factors, sclerostin (SOST) and Asporin , and osteoclast

activating factors such as receptor activator of nuclear factor kappa -B ligand

(RANKL) and interleukin -1 (IL -1), to prevent ossification of the PDL and

ankylosis and maintain width of the PDL 85 Sclerostin works as an osteoblast

inhibiting factor, by inhibiting Wnt signalling 8, Asporin works as an

osteoblast inhibiting factor, inhibiting bone formation, binding directly to
bone morphogenetic protein 2 (BMP -2), which in turn inhibits transforming

growth factor beta (TGF  -B)/Smad signalling 887,

The PDL is responsible for tooth eruption, maintaining tooth support,
sensory signals during (mastication) eating, as a shock absorber in the
tooth and bone remodelling of the alveolar bone 8. The PDL is a source of
progenitor cells and periodontal stem cells able to differentiate to maintain
the health of the tooth in multiple ways, such as osteoblasts/osteoclasts for
bone remodelling, cementoblasts/cementoclasts for remodelling of the
cement um the mineralised tissue at the tooth root and defence cells such
as macrophages 8 8 . Although the PDL is a connective tissue it is well
vascularised, this is reflective of the high turnover rate of both the PDL
cellular and extracellular elements 9 Asporin has been determined to be
frequently expressed in human PDL tissue and enhanced during PDL cell
cytodifferentiation, into mineralising cells, osteoblasts and cementoblasts
91, During orthodontic tooth movement, the realignment of teeth for
aesthetic or health reasons, the pressure exerted on the tooth results in
bone resorption becoming dominant on the compressed and bone formation
on the tension side 8. The force on the tooth causes the root to shift to the

alveolar wall reducing vasculature.
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Figure 13 . Tooth development. The teeth are derived from the
mesenchyme, which stimulates the oral ectoderm to proliferate
initiating tooth formation, where it forms a laminae of epithelial cells

at the mesenchyme which condense to for the bud, differentiation
happens within the tooth and separate tissues of the tooth begin to

form, the tooth is vas cularised and the periodontal ligament
provides support and is the mechanosensory of the tooth 92,

40



1.1.6 Tenogenesis

Tendons and ligaments are connective tissues that transmit force
from muscle to bone and from bone to bone, respectively, and are crucial
for orchestrating body movement. The development of tendons requires
directional mechanical stimulus and presence of m uscle tissue to act as an
anchor as the tendons begin to form between the muscle and the bone
The tendon -bone junction is named enthesis, and the myotendinous

junction is where tendon collagen fibrils and muscle fibres intertwine.

Tendons originate from the syndetome , the subdomain in the dorsolateral
portion of the somite, between the sclerotome and the myotome, the
syndetome is made of the tendon progenitor cells 93 T he transcription factor

scleraxis (SCX) is believed to be a key regulator in progenitor cells for both
tendon and ligament tissue formation. Tenomodulin (TNMD) is a specific
marker of mature tenocytes, also present in periodontal ligament (PDL)
cells, and is regulated by SCX and a second transcription factor,

Mowhawk 4.

Foetal tendons consist of predominantly type | and type Il collagen
fibrils in addition to proteoglycans and tenocytes. Tenocytes are
Aspeci al i s e d dhatf sedratecabdl baild thesECM of the tendon and
its components. As the bones grow tendons stretch to grow longitudinally,

and it is postulated that this occurs by bonds between the fibrils

46

(interfibrillar bonds) releasing allowing the fibrils to slide over ea ch other
and then reform bonds, resulting in a
overlap of these fibrils 9. Decorin, a Class | SLRP, is suspected to have a
role in these interfibrillar bonds, by

fibrils °6. A study using NKISK, a competitive inhibitor of decorin binding,
showed NKISK potentiated creep in rat tail tendons. In creep, tendons
lengthen under tension and do not return to normal, therefore less
resistance is detected when the tension is applied a gain 7. It was suggested
that decorin inhibition disrupted the intrafibrillar bonds between the

collagen fibrils of the tendons 97, Tendons with depleted decorin function
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stretch and lengthen due to lack of the interfibrillar bonds to counteract the

tension and maintain tendon integrity.
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Figure 14 . Hierarchical structure of tendon. Tendons are a multi -level structure formed from collagen
molecules binding to form microfibril of which many bind to form sub -fibril bind together to form fibrils, to fibres where
they develop the crimp waveform, to fascicle to finally the full tendon structure. Adapted from Kastelic etal.  * and

Screen etal .%.
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1.1.7 Myogenesis

Myogenesis is the term describing the development of the skeletal
muscle system, which comprises of over 600 individual muscles across the
full skeleton. Skeletal muscles are unique to cardiac and smooth muscle in
that they can be controlled by the organism itself voluntarily allowing for

move ment and support.

The gross structure of the muscle comprises bundles of striated
myofibers, made up of myocytes, which are tubular cells arranged in a line
to form multinucleated syncytia and surrounded by epithelial cells forming

a basal lamina 199,

The myotome is formed through the maturation of the lips of the
dermomyotome, the cells of the myotome are committed to muscle cell
lineage, expressing high levels of MYOD and MYF5191. Expression of these
two basic helix 71 loop i helix (bHLH) transcription factors marks the terminal
specification of muscle cell lineage 46, The committed muscle cells join to

form myocytes which then form the myofibers of the muscle 46,
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1.2 Extracellular matrix function and components

The extracellular matrix ( ECM) is a complex collection of
macromolecules: collagens, non -collagenous glycoproteins,
polysaccharides and proteoglycans %%, All connective tissues are very ECM
rich. The ECM harbours growth factors and cytokines that are essential for
growth, turnover and differentiation, and acts as a scaffold for cells 102
Cartilage ECM requires a collagenous network to maintain tensile strength
of the cartilage matrix and proteoglycans, predominantly aggrecan, for the
elasticity of the cartilage tissue and osmotic swelling 103 Bone and tendon
are primarily made of type | collagen which gives them their structural
integrity , whilst proteoglycan and glycoproteins are responsible for bone

mineralisation and tendon elasticity respectively.

The vast range of molecules mammalian ECM has led scientists to
define key proteins of the ECM, which they have termed t he Acor e
mat r i s @ memprising of approximately 300 proteins, including 43
collagen U-subunits, 36 proteoglycans and 200 proteoglycans . An additional
group of ECM-affiliated proteins was also defined as proteins that are
associated or interact with the ECM but are not considered ECM proteins.
Thislistin cludes mucins, C -type lectin s, galectins, semaphorins and plexins
Other components of the matrix that have been excluded fron
matriso me 0 I n c EQMdmeodifying  enzymes: proteases, cross -linking

enzymes, growth factors and cytokines 104,

The ECM network is made up of proteins forming various complex
interacti ons. Collagen fibrils are modified through cross -linking by
disulphide bonding, transglutaminase cross -linking and through the effect

of lys yl oxidases and hydroxylases  1°4. Proteolytic enzymes present in the
ECM can modify the ECM proteins . Collagens carry propeptide structures
that must be cleaved by procollagen propeptidase, allowing the
polymerisation of the collagen molecule s'%. Class | SLRPs, Asporin , decorin
and biglycan carry N -terminal propeptide sequences that require protease

cleavage 105,
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Proteolytic enzymes of the ECM that contribute to regulation and ECM
turnover include matrix metalloproteinases (MMPs), a disintegrin and
metalloproteinase  (ADAMs ) and, a Disintegrin and Metalloproteinase with
Thrombospondin motifs (ADAMTS)

1.2.1 Matrix metalloproteinases (MMPS)

Matrix metalloprotein ases (MMPs) are a group of ECM enzymes
crucial for the maintenance and turnover of the ECM . MMPs are calcium -
dependent zinc containing endopeptidases 106 ' capable of degrading
collagens, elastins, gelatin, matrix glycol proteins and proteoglycans . To
maintain homeostasis the MMPs are regulated by a combination of
cytokines, growth factors and paracrine and endocrine hormones . In
addition, MMP inhibitors (MMPIs) and tissue inhibitors of MMPs (TIMPSs)

closely regulate the expression and activity of MMPs.

MMPs are expressed as zymogens (propeptide MMPSs) by connective
tissues and pro -inflammatory cells, including fibroblasts, osteoblasts,
endothelial cells, macrophages, neutrophils and lymphocytes 106 These
zymogens are then cleaved by proteolytic enzymes, generating active
MMPs. This proteolysis regulates the levels of active MMPs there are three
stages: activation of MMPs through proteolysis of zymogen, transcription of
MMPs and inhibition of MMPs by TIMPs 19,

Dysregulation in MMP activity and expression disrupts the balance of
MMPs and TIMPs . In pathological conditions the MMPs/TIMPs balance has
shifted to increase MMP activity, resulting in increased tissue
degradation 1. MMPs have been implicated angiogenesis, apoptosis, bone
remodelling , and inflammation , as well as arthritis , multiple sclerosis,

Al z h e i nlisensé snephritis , osteoarthritis and periodontal disease 6.

1.2.2 Collagens

Collagens are the most abundant protein in mammal ilan tissues. There

are currently 28 identified mammalian collagen type s%’. The common
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structure of collagens is the presence of a triple helix, made of 3 alpha
chains , that can be made up as or homotrimer s 97 heterotrimeric triple

helices are more prevalent than homotrimeric triple helices 108

Collagens are categorised into classic fibrillar  collagens, network
forming collagens , FACITs (fibril -associated collagens with interrupted triple
helices ), MACIT (membrane -associated collagens with interrupted  triple
helices) and MULTIPLEXINs (multiple triple -helix domains and

interruptions) 198,

Type | collagen is the main building block of all tissues in the body,
except for cartilage which is made up of predominantly type Il collagen.
Type | collagen is  a fibrillar heterotrimeric  collagen , made up of two  U-1
chains and one  U-2 chain whereas type Il collagen is a fibrillar homotrimer
collagen made ofthree  U-1 chains. Collagens are a crucial component of the
ECM form ing supramolecular assemblies and providing main tissue
structure . Collagen | is widely expressed in the majority of mammalian
tissue s including dermis, bone, tendon and ligament, and identified in the
pathology of osteogenesis imperfecta, Ehlers -Danlos syndrome and
osteop orosis 198, Collagen Il accounts for 85% of the collagen of articular
cartilage, and changes to collagen Il function, structure and expression
have been identified for roles in the pathogenesis of osteoarthritis (OA) 109

and chondrodysplasias 108,

1.2.3 Proteoglycans

1.2.4 Small leucine -rich proteoglycans

Small leucine -rich proteoglycans (SLRPs) are a family of 17 proteins
classified into 5 groups, determined by phylogenetic analysis (Figure 15).
Their name is derived from the stretches of leucine -rich repeats (LRR) in
the protein  structure . SLRPs are proteins carrying glycosaminoglycan (GAG)
chains in their structure. GAGs are linear polysaccharides, consisting of

repeating disaccharide units of hexuronic acid linked to a hexosamine . The
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sulphate groups of these GAGs give the proteins  an overall negative charge
(Figure 16). The five glycosa minoglycan chains are: heparan sulphate,
keratan sulphate , chondroitin  sulphate , polylactosamine sulphate and
dermatan sulphate. GAGs are covalently attached to the proteoglycan
molecule, either N -linked or O -linked . N-linked chains are attached to
asparagine (Asn) presentin Asn -X-Ser/Thr, O-linked chains are attached to

functional hydroxyl groups on serine or threonine.

The classification of SLRPs is determined b y their amino acid sequence
organisation rather than function (Figure 15) . Class | SLRPs includes
decorin, biglycan and  Asporin %, These SLRPs have a Cys residue cluster at
the N termini, which form 2 disulphide bonds. Decorin and biglycan both
have serine residues inthe N -terminus and carry 10 LLRs. Decorin has one
N-linked glycosylation site, biglycan has two, allowing the binding of
chondroitin or dermatan sulphate chains. Asporin was formerly categorised
into Class I, however it possesses a unique stretch of aspartate residues in
its amino -terminal region, in place of the N -linked glycosylation sites,
without the capacity to bin d GAGs, therefore Asporin is notclassed as a true
proteoglycan. Asporin is actually more similar to the SLRPs in class Il, llI
and V which contain a stretch of aspartic acid (Asp) residues, located in

eitherthe N - or C-terminal 119,

Class I SLRPs comprises fibromodulin, lumican, PRELP, keratocan
and osteoadherin.  Similarly, toclassl, they each contain 10 LRRs. All  class
Il SLRPs but PRELP carry polylactosamine or keratan sulphate chains  bound
to the LRR region . Their N-terminus contains sulphated tyrosine residues,
whereas PRELP has a cluster of positi vely charged residues  allowing the
binding of heparan sulphate chain s. Osteoadherin is further differentiated

by its unique, large and very acidic C  -terminal domain 11!,

Class Il of SLRPs consists of epiphycan, opticin and osteoglycin, each
with 6 LRRs and sulphated tyrosine in the ir N-terminus . Epiphycan also

carries chondroitin  sulphate chain and at least three O-linked
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oligosaccharides in the N -Terminus 2. The N -terminus of opticin differs as

it contains a cluster of O  -glycosylation sites 113,

Class IV  SLRPs are the chondroadherin and nyctalopin
Chondroadherin is similar in structure to Asporin and contains 10 LRRs but
no N - or C- terminus extensions. Ny ctalopin contains an N -term inus signal

and a C -terminal glycophosphatidylinositol (GPI) anchor 14

Class V has been termed the non -canonical class of SLRPs containing
podoc an (PODN) and podoc an-like protein 1 (PODNL1) . These have a
different C -terminus cysteine cluster to the other SLRP classes however
they carry 20 LRRs  with homology to the class | and Il SLRPs. Podocan can
bind collagen | and can induce the p212 pathway, inhibiting  cell growth,
similarly to the  other SLRPs.
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Figure 15. Classification of SLRPs and their human chromosomal location.

Asporin can be found in SLRP class | on chromosome 9 upstream of osteoadherin (OMD) and osteoglycin (OGN) and
downstream of ECM2 (Adapted from 1109,
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Hyaluronic Acid

Heparan Sulfate Keratan Sulfate

Figure 16  Structure of major glycosaminoglycans
(GAGs) classes.

GAGs are unbranched polysaccharide chains made up of
disaccharide units . The makeup of these chains is varied, and GAGs
are classified based of the disaccharide chain composition. The 5
classes are: hyaluronic acid, chondroitin sulphate, dermatan
sulphate, heparan sulphate and keratan sulphate. Image obtained
from Sodhi et. al. 15,
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1.2.4.1 Diseases linked to SLRPs.

Diseases linked to SLRPs commonly presentwith ocular abnormalities
or have an ocular phenotype alongside the primary disease. Truncated
decorin , missing 33 amino acids atthe C -terminal, has been identified as a
cause of congenital stromal dystrophy, characterised by opacities of the

cornmeal stroma , predicted to alter the orthogonal arrangement of the

collagen fibrils of the cornea, which provides transparenc yite,
Loss of lumican or fiboromodulin alters collagen architecture in the
connective tissues . In fibromodulin null mice, Achilles tendons showed

rough and irregular collagen fibrils, with on average thinner fibrils in the
fioromodulin null mice than in the wild -type 7. | nterestingly in the
fibromodulin null mice lumican content was increased four -fold within the
tail tendon 7, potentially partially compensating for the loss of
fiboromodulin . Deletion of fibromodulin resulted in decreased tendon
stiffness. Conversely, | umican nul | mice presented with thicker collagen
fibrils resulting in an irregular collagen fibril organisation , and disorganised
matrix in the cornea and skin . Similarly to fibromodulin null  mice, this

affected corneal clarity and also increased the laxity of  skin 118,

In double knockout mice of fibromodulin and lumican, mice
manifested with a phenotype akin to several features of the Ehlers -Danlos
syndrome, they were smaller than their wild type littermates, presented
with gait abnormality, joint laxity and age -dependent osteoarthritis ~ '1°. The
tendons of the fibromodulin -lumican double -null mice were significantly less
stiff , the collagen fibril diameter s showed less definition in the transition

from small to la rge fibrils , resulting in irregularity in the organisation 19,
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1.2.4.2 Asporin

Asporin  (ASPN) is a member of the SLRP family of ECM proteins
Asporin is also referred to as periodontal ligament -associated protein 1
(PLAP-1) as it was first found to be expressed in the periodontal ligament
(PDL). The gene ASPN, that encodes the  Asporin protein is located on
human chromosome 9 (chr9:92,456,205 -92,482,506), and contains 8
exons , spanning 26 kilobases 8. There are 3 type | SLRPs present in bone :
cartilage, and the PDL:  Asporin , decorin and biglycan; all three bind type |
collagen and compete for the same binding site, however only Asporin binds
calcium, and has been shown to increase calcium uptake by the

osteoblast s120,

12421 Asporin protein structure

Asporin protein consists of a  propeptide signal N -terminus, followed
by a sequence of aspartate (Asp) repeats, 4 cysteine clusters, 10 LRRs and

2 cysteine clustersinthe C  -terminus (Figure 17).

Asporin 6 s u n i -¢getménal Bequence of a series of aspartate ( Asp)
repeats (Figure 17) means that it can bind other matrix constituents such
as fibres of collagen to play a role in collagen metabolism and fibrillogenesis.

This Asp repeat replaces the consensus sequences for glycosaminoglycan

(GAG) chains to covalently bind, these are Ser -Gly motifs  preventing
Asporin from being classified as a true proteoglycan 121 Asporin hasoneN -
glycosylation site at Asn 28 giving Asporin the potential to bind N  -linked

oligosaccharides 2. A potential O -glycosylation site at Ser % was also

identified.

The aspartate repeats in human Asporin is uninterrupted and consists
of 13 residues whereas in mouse sequences there are interspersed amino
acids through the repeats 2. However, the clustering of aspartates in thi S
region in the mouse protein still overall retains the negatively charged
cluster in the protein structure, and the conservation of this site indicates

an important function 21, Interestingly, Asporin  contains a  putative
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propeptide with a conserved region alike to the region present in biglycan
and decorin. Pro -biglycan , the prope ptide of biglycan, can be cleaved by
bone morphogenic protein -1 (BMP1), the conserved cleavage site

corresponds with the  recognition sequence for BMP1.

Although th e aspartate repeat found in  Asporin is unique within
SLRPs, it is found in other proteins . | nterestingly osteopontin, a key
component of the mineralised bone matrix and teeth , carri es an aspartate
repeat in the cen tre if the core protein . Osteopontin as previously
mentioned inhibits hydroxyapatite (HA) formation and has a suggested role

in bone mineralisation %2, The aspartate repeat in osteopontin acts as a

calcium ion binding domain in the protein to bind calcium ions and modulate
the mineralisation of bone and teeth 122 In Asporin this aspartate repeat
gives the protein the capacity to bind calcium ions and promote the

mineralis ing of type | collagen '23. Whereas in decorin, another class | SLRP,
lacking the aspartate repeat, decorin can bind but not mineralise type |

collagen 123,
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Figure 17 . Schematic diagram of class | SLRPs: Asporin
decorin and biglycan. Grey squares, leucine rich repeats
(LRR). Arrows represent O -linked glycosylation site, present

on decorin and biglycan, in Asporin this is replaced by a series
of asp residues (D box), therefore it is not a true proteoglycan.

S: signal peptide; C: cysteine region; dashed lines: putative
N-linked glycosylation site s. (Adapted from L. Xu. Et. al.
2015) 124,
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1.2.4.2.2 Asporin expression

Asporin has been found in the developing bones of mice, specifically
in the periosteum and perichondrium. However, it is not present in the
trabecular bone, cartilage growth plate, articular cartilage, or skeletal
muscle. Additionally, asporin is expresse d in periodontal ligament (PDL)
cells® 125 = A proteomics study by Onnerfjord found Asporin content was

much higher in the meniscus than in the medial tibial condyle (end of the

tibia bone) and the femoral head cartilage (cartilage in the hip joint) in  adult
joints 126
Asporin is expressed during development and into adulthood, a broad

screening of the presence of Asporin across adult and f oetal tissue by

hybridisation of a normal mRNA dot blot identified the highest signal levels
in aorta and the uterus, with moderate expression levels in small intestine,
heart, liver , bladder, ovary, stomach and within the adrenal, thyroid, and

mammary glands. Lo w levels were also observed in the bone marrow.
Similar expression patterns were observed in mouse foetal tissues (Figure

18).

High - density oligonucleotide arrays determined that gene expression
levels of ASPN was highest in the cells of the uterus 127 However, there were
other cell types with increased Asporin expression: fetal liver, fetal lung,
adipocyte s and the small intestine (Gene report ID: 54829; Figure 7) 127,
Gene expression database (GXD) highlighted expression in the embryo
mesenchyme in cartilage condensation, limb mesenchyme and strong
expression in the musculoskeletal system and its components, (Figure
19)128,
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1.24.2.3 Asporin interactions

STRING database was used to identify interactions of ASPN with other
proteins (Figure  20). This identified an interaction of Asporin  with TGF -a
family including TGF -a 1, Ja@F and-aBGF Closely | inded to
family is mimecan (OGN) which alongside TGF -al and-aRGFE nduce bor

formation 129,

Frizzled -related protein 3 (FRZB) and secreted frizzled -related protein
4 (SFRP4) are modulators of Wnt signalling, a pathway highlighted in
articular cartilage degeneration in osteoarthritis ( OA) models ?°. In rat
models of injury and exercise -induced OA Wnt signalling pathways were
excessively activated with increasa&a@nnprotei
however collagen Il was reduced in these models 130 ‘Whnt signalling has
been explored as a promising target for OA therapy with Wnt signalling

inhibitor SM04690 having reached stage | clinical trials 130

Two other notable interaction partners are Matrillin3 (MATN3) and
cartilage intermediate layer protein 1 (CLIP), a major component of the
extracellular matrix of cartilage as previously mentioned and a protein
involved in cartilage scaffolding and possible TGF-a 1 antagoni s

respectively 41129
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Figure 20 . STRING network for ASPN protein. Filtered for
known interactions, from curated database and experimentally
determined interactions, text -mining and co -expression.

(https://string -
db.org/cgi/network?taskld=b3BnJzmdWHVy&sessionld=bludj
R4eShul) 129,
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1.3 Asporin in a ge related diseases from ECM changes
1.3.1 Osteoarthritis

Osteoarthritis (OA) is an age -related condition that affects over 8.5
million people inthe UK 3! Itisa progressive and painful disease and can
become debilitating as it progresses , Characterised by loss of articular
cartilage in the joint and the subchondral bone becomes exposed resulting
in inflammation 132, OA is a long -term condition with no cure; all current
treatments aim to slow the OA progression and to reduce the symptoms 133,
Finding early markers of OA and understanding the pathogenicity of the
condition can help improve early intervention 21t is classed as
jointo di sease due t o pat hol ogi c adf thec han g ¢
diarthrodial joint , the degradation of articular cartilage, thickening of
subchondral bone, osteophyte formation, degeneration of the ligaments of
the joint and synovitis, which is when the synovium of the joint becomes

inflamed 133,

After significant loss of the cartilage, j oint movement causes further
damage and pain to the point where joint replacement is necessary for
quality of life 132 133 | The trauma at the ends of the bones can tip the
homeostasis balance towards overproduction of bone and the formation of
osteophytes (bone spurs), and bony lumps at the joint junction. These
cause more friction at the joint and as a result more pain for the

individual 132133

OAis a multifactorial disease . Age, lifestyle, trauma, and genetics are

all contributing factors to OA susceptibility.

1.3.1.1 Asporin and Osteoarthritis

Asporins role in osteoarthritis has been previously identified through

human association studies in various populations. The connection is made
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between polymorphisms in Asporin with varying numbers of D repeats 134,

As previously mentioned, the normal Asporin allele contains 13 aspartic acid
repeats whereas Asporin alleles with 14 aspartic acid repeats ( ASPN D14
allele) have been identified in individuals with OA of the knee in a Japanese

population where the frequency of the D14 allele increased with the severity

of the OA 134, 135 14 and 15 D -repeats were identified as a risk factor in a
United States cohort in hand and knee OA. 15 D -repeats in a Greek cohort
of knee OA was also identified as a risk factor of OA. Multiple associations

have been made between these alleles and OA, however in UK and Spanish

cohorts there was no significant asso ciation between Asporin and OA 124,

Ultimately, it has been shown in some cohorts that there is an increase in
Asporin expression  during OA therefore there is interest in investigating the

effect or role of Asporin in OA.

Invitro studies of chondrogenesis in presence of recombinant Asporin
in the culture medium have shown that Asporin is a negative regulator of
chondrogenesis by inhibiting TGF ~ -a function thus dampening TGF ~ -a-induced
aggrecan and type Il collagen expression. Moreover, overexpressing
Asporin D14 during TGF-a induced chondrogenesis of ATDC5 cells
dampened chondrogenesis 1%° and showedthat Asporin D14, had a stronger
inhibitory effect on TGF -a i nduced expression of
collagen and therefore stronger inhibition of TGF -a-induced

chondrogenesis 135,

It has been speculated that the polymorphisms in the Asp repeat of
Asporin  (D14) may affect conformation of collagen and as a result, its
functio n1?4134 |fthisistrue invivo , the developing cartilage of the patients
carrying the OA associated variant may be affected in but only come into
effectlate r in life as cartilage breaks down tipping the balance towards more
catabolism ( breakdown ) than anabolism ( production ) of the ECM. Asporin
can bind directly to collagen and calcium to induce collagen mineralisation,

by a similar mechanism to osteopontin (SPP1) , a key marker of

osteogenesis, to influence collagen hydroxyapatite crystal formation 123
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Other class | SLRPs, decorin and biglycan, and class Il SLRPs, fibromodulin
and lumican are  also known to bind collagen, however Asporin is unique in

its ability to mineralise collagen.

Another theory for the role of Asporin in OA pathogenicity is via the
TGF-a signalling pathway, as many SLRPs have known roles in modulating
TGF-B superfamily members. Decorin and biglycan the other two Class |
SLRPs, have been identified for roles in TGF -a signalling. Decorin is shown
to inhibit TGF -a and biglycan leading to overactive TGF -a signalling by
decreased sequestration of TGF ~ -a'24136 | Theratio of Asporin mRNAto TGF -
a mRNA levels was found to be higher in OA patients in both cartilage and
subchondral bone, moreover this ratio positively correlated with the OA
severity 136, Further supporting this, work by Nakajima et. al. showed that
SiRNA knockdown of  Asporin in Normal Human Articular Cartilage (NHAC)
cells resulted in increased expression of cartilage marker genes including
TGF-al, inferring Asporin may be aninhibitor of TGFa signalling 3. Witht he
addition of recombinant Asporin they further demonstrated that Asporin
inhibited TGF -a bi ndi ng TGEma bRIt hBGF& R ITGRE-a-induced
phosphorylation of Smad was also increased in a dose dependent manner

of recombinant  Asporin in NHAC cells.

In NHAC cells supplemented with TGF  -al, Asporin mRNA expression
was upregulated . Moreover, siRNA knockdown of Smad3 was found to
depress TGF -1-induced Asporin expression, whereas Smad3 overexpression
promoted Asporin expression. This is suggested a regulatory loop between
Asporin and TGF -a1%®’, and regulation of  Asporin by TGF -a in chondrocytes

may be through the canonical TGF -a/ Smad pathway
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1.3.2 Intervertebral disc disease

Intervertebral disc disease (IDD) is a musculoskeletal condition
affecting the spine, characterised by degeneration of one or more of the
fibrocartilage discs separating the vertebrae (bones of the spine) 138 Like
the articular cartilage, these discs provide cushioning between the bones
and regulate and absorb pressure on the spine. IDD has similarities with
osteoarthritis (OA), where the cartilage is worn down and degenerates
leaving the bones prone to meeti ng and damaging each other 139,
Osteophytes (bone spurs) develop on the edges on the vertebrae causing
more pain and without the fibrocartilage disc to absorb pressure and
separate the vertebrae nerves spinal nerves can be pinched where these

vertebrae meet, causing numbness and weakness 138139

The most widely accepted cause of IDD is the accumulation of
changes in the proteins making up the extracellular matrix of the discs. As
Asporin isan ECM protein , it has been investigated for arole in IDD . Studies
have shown  Asporin expression to be increased in degenerated
intervertebral discs, but its regulation during the disc development and
degeneration is unknown 140, Polymorphisms  within the aspartic acid rich
region of Asporin , together with an increase in ASPN expression, have been
implicated in  the susceptibility to the intervertebral disc degeneration
(IDD) 87110124

Individuals with 14 Asp residues allele of ASPN had an increased risk
of lumbar disc degeneration and OA 140 Asporin was also more highly
expressed in the nucleus pulposus (inner core of the vertebral disc) of
individuals with IDD %40 with a posit ive correlation of the more severe the
degeneration the stronger the Asporin  expression. Pro -inflammatory
cytokines TNF -U and IL -1a are upregulated in IDD, work with primary

human nucleus pulposus showed that IL-1a u p r e g UAbparin eexpression

viathe NF-éB p65 pathway. | n Adpain lisDrore highlg e |
expressed, this may be through upregulation of IL -1a'%, The Asporin
promoter was found to contain at least 2 p65 binding sites 124,140 This study
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highlights a common pathway of increase in inflammatory cells and
interaction between Asporin and TNF -U i n t he pat hogenesi

disease 140.141
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1.3.3 Asporin and tooth health

The most understood role of Asporin is in the periodontal ligament
(PDL), where it negatively regulates PDL differentiation and mineralisation

to prevent ossification and maintain the tooth supporting system 142,

A study by Ueda et. al. investigate d changes to the PDL during
pressure of tooth movement us ing centrifugation to mimic the compressive
force (CF) exerted by orthodontic tooth movement in vitro, on human
periodontal ligament (hPDL) 85, Cells were centrifuged at confluency and
RNA was extracted and analysed by qPCR. CF -treated hPDL cells showed
increased ASPN mRNA andlower SOST mRNA in comparison to control hPDL
cells®. The CF -treated hPDL cells were also exposed to varying levels of CF:

40, 90, 135,160 x  g. Interestingly, = ASPN mRNA expression increased in 40

X g and more so in 90 x g, however, was decreased in 135 x g and 160 x
g. Asporin is therefore predicted to have a role in prevention of ossification

in the PDL 85,

Periodontitis is a severe gum infection where the infection damages
soft tissue and can progress to the degradation of the bone that supports
teeth, known as alveolar bone 143 In a study investigating periodontitis in
rats, Asporin expression was reduced and degradation of PDL collagen was
increased '#!. Inflammatory cells were observed in the degrading alveolar
bone of the periodontitis rats, acute periodontal inflammatory infiltration,
with  Asporin -positive inflammatory cells having infiltrated in pits of the
alveolar bone surface, interacting with CD68+ cells and mediating collagen

destruction and alveolar bone resorption 141

In this periodontitis model alveolar bone destruction and acute
periodontal inflammatory infiltration is further induced by administration of
TNF-U . I n te i iMEced group i ncr Asposire-gosiive mber s o
inflammatory cells were found in multinucleate cells in pits of the alveolar

bone, identified to be osteoclasts by TRAP staining 141 This study concluded
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a role for Asporin -positive inflammatory cells in pathogenesis of

periodontitis, mediating osteoclast activity in the alveolar bone 141
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1.4 Conclusions

OA and IVD variants in ~ Asporin and/or exposure to recombinant Asporin in
the medium hinder chondrogenesis. Asporin  has also been shown to
influence collagen mineralisation and regulate TGF a signalling in the
pathological conditions. Modulation of the Asporin expression therefore
presents an exciting therapeutic avenue for several age -associated
conditions, including OA and |1VD. However, Asporin is also present in
healthy developing connective tissues, including healthy cartilage and bone.

As many repair mechanisms revert the cells to their more juvenile state in

an attempt t o increase anabolism and ECM production, it is therefore
important to analyse the effect of Asporin deletion on skeletal development

and homeostasis.

1.5 Aims

1. To analyse the effect of Asporin  overexpression on the TGF a
independent chondrogenesis and osteogenesis

2. To study the effect of Asporin deletion on cartilage (growth plate,
articular cartilage, 1VD) development and homeostasis

3. To assess the effect of Asporin  deletion on tendon mechanical
properties and health

4. Tostudythe effectof  Asporin deletion on bone metabolism in the long

bones and in the vertebrae
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Chapter 2.  Materials and Methods
2.1 Materials

The consumables, histology slides and tissue culture plastics used in the
experiments in this thesis were purchased from Fisher Scientific, unless

stated otherwise.

Cell culture media and supplements were obtained from Gibco and

purchased through ThermoFisher Scientific.

cOmplete E , MiniEDTA -free Protease Inhibitor Cocktail Tablet obtained from
Roche purchased through Merck.

Mr. Frosty E Freezing Container was purchased from ThermoFisher

Scientific.

DH5-U Competent Cells were obtained from The

S.0.C medium and DNase | (RNase  -free) (18047019) were obtained from

Invitrogen ™ and purchased through ThermoFisher Scientific.

RNase H (EN0202) was obtained from ThermoFisher Scientific.

Chemicals were procured from Merk (formerly Sigma Aldrich), and ethanol,

methanol and xylene were purchased from VWR.

Vector® Nuclear Fast Red solution and ImmEdge® Hydrophobic Barrier PAP

Pen were obtained from Vector Labs.

Primary and secondary antibodies used in the immunohistochemistry

experiments, primary antibodies used in Western blotting and Mounting

Medium with DAPI - Agqueous, Fluoroshield (ab104139) were purchased
from Abcam. Antibody dilutions and incubation conditi ons are given in
Appendix E.
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4-12% NUPage Bis Tris precast gels and the MES buffer were purchased

from Fisher Scientific.
Membrane was manufactured by GE Healthcare.

Secondary antibodies used in Western blotting and the REVERT E Total

protein stain came from LI -COR®.

Primers were purchased from Eurofins Genomics.

Power SYBR® Mastermix was acquired from Applied Biosciences.
10X Biomix E Red and Hyperladder E 100 bp came from Bioline.

ReliaPrep E  RNA Tissue and Cell Miniprep Systems, GoScript E Reverse
Transcription System and DeadEnd E Fluorometric TUNEL System were

obtained from Promega.
QIAprep Spin Miniprep kit was obtained from QIAgen.

Dissecting tools: Swann Morton scalpels, Dumont Watchmakers forceps and

dissecting scissors were purchased through Avantor E VWRE.

MicroAmp E Optical 96 -Well Reaction Plate and MicroAmp E Optical
Adhesive Film were obtained from Applied Biosystems E and purchased

through ThermoFisher Scientific.
D- profile tungsten carbide knife was obtained from Histoline.

Fast-Read® 102 Counting Chamber Slides were obtained from Immune

Systems Ltd.

All experiments are carried out at room temperature unless stated

otherwise.
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2.2 Invitro methods

2.2.1 Cell culture of ATDC5 and U20S cell lines

Mouse chondrogenic ATDC5 cells (ECACC: 99072806) were
maintained in complete D -MEM ( Dul beccobs Mi ni mum Ess
supplemented with 10 % foetal bovine serum and 1 %
penicillin/streptomycin  (Appendix F). Human osteogenic U20S cells
(ECACC: 92022711) w er e mai ntai ned iNMEMcupemented e U
with 10 % foetal bovine serum and 1 % penicillin/streptomycin (Appendix
F). Cells were cultured at 37 °C and 5 % CO > and media was changed every

2-3 days, cells were passaged at ~80 % confluency.

2.2.1.1 Passaging cell lines

At ~80 % confluency the cell monolayer was washed with PBS and
trypsinized (Trypsin  -EDTA 0.05%) for 5 minutes at 37 °C. Trypsin was
neutralised with equal volume of medi um, centrifuged at 1,000 x g for 5
minutes. Supernatant was removed and the cell pellets were resuspended
in appropriate medium and either passaged, frozen or seeded for

experiments.

Cells were passaged at 1 in 10 dilutions . Briefly, the cell pellet was
resuspended in 10 mL of the appropriate med ium and 1 mL was transferred

to each T75 (75 cm  2) flask and 9 mL of medi  um was added.

2.2.1.2 Freezing cell lines

Following trypsinization and centrifugation, the cell pellet was
resuspended in 1 mL of freezing medi um , comprised of 10 % (v/v) dimethyl

sulfoxide (DMSO) in appropriate media (Appendix F). Cell suspension was
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transferred to a cryovial and placed in a Mr. Frosty E Freezing Container
filled with 2 -isopropanol and placed in the -80 °C freezer overnight.

Cryovials were then removed from the Mr Frosty E and stored at -80 °C.

2.2.1.3 Thawing cell lines

Cells were removed from i 80 °C freezer and defrosted to room
temperature. Cells were transferred to T75 flask and 9 mL medi um was
added and cells were incubated as previously described for 24 hours to allow
the cellsto adhere. Medi  um was then replaced with fresh medi um toremove

dead cells and residual DMSO.

2.2.1.4 Cell counting for seeding

Cells were counted using Fast -Read® 102 Counting Chamber Slides
(Kova International). Following trypsinization and centrifugation,
supernatant was removed, and cell pellet was resuspended in 10 mL of
appropriate medi um. A 100 pL aliquot of cells was diluted with 100 pL
trypan blue to identify dead cells on the counting chamber slide. 9 pL of cell
suspension with trypan blue was pipetted into the chamber slide and the
number of cells in each square was counted, the volume in each 4 x 4 square
is 0.1 pL (Figu re 21). The calculation for cells/ mL detailed in the Fast -
Read® 102 Counting Chamber Slides protocol was used.
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2.2.2 Primary cell extraction and analysis

2.2.2.1 Extraction and culture and differentiation of mesenchymal stem

cells

Mice were culled at 9 weeks of age, femur and tibia were removed,
leg bones were separated at the knee joint, and all tissue was removed
from the bone. Ends of the bones were cut at either end of the bone shaft
and to expose bone marrow (Figure 22). Tibia and femur of each leg was
placed into a 500 pL Eppendorf tube pierced with an 18G needle at the
bottom inside a sterile 1.5 mL Eppenderf tube
MEM (Appendix F) (Figure  22). The Eppendorf tubes were centrifuged at
800 x g for 3 minu  tes. The bone marrow was flushed out of the bone and
i nt o tMBEM. THe settled bone marrow was resuspended into the
c omp | e-tMEM. Qells were counted as previously described and seeded

directly into 12 well plates at 0.5 x 10 6 per well for mineralisation studies.

2.2.2.2 Extraction and culture of primary osteoblasts

Following extraction of the bone marrow, the remaining tibia and
femur bones were cut into 2 mm fragments (bone chips) with a sterile
scal pel i n Hankdés buffered saline (HBS). Fr ac
T25 (25 cm ?2) flask containing 5 mg/mL collagenase and incubated in a 37
°C oven on a nutating mixer (GyroMini T Labnet) at 20 rpm for 1 hour. The
supernatant was discarded, and bone chips were washed three times in HBS
to separate the chi ps-MES washddedfothe R2fhffasket e U
and incubated at 37°C and 5% CO 2, left undisturbed f  or 5 days. Media was
removed and bone chips were washed i n- PBS, 5
MEM was added, and cells that migrated out of the chips were grown to

confluency for one month with media changed every 3 days.

74



At confluency the bone chips were removed, and the cell monolayer
was washed with PBS and trypsinized for 5 minutes at 37°C. Trypsin was
guenched with equal volume of media, centrifuged at 1,000 x g for 5

minutes and the cells were seeded in 24 well plates for mineralisation
studies.
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Figure 22 . Set up for the extraction of bone marrow from

mouse bones. Femur and tibia were cleaned and cut at the sites shown

on the figure. The cut bones were then placed into the 500 uL Eppendorf.

The 500 uL Eppendorf is pierced at the bottom with an 18 G needle and

pl aced withing a 1.5 mL BJYEMendorf containing U
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2.2.3 Cell differentiation protocols

2.2.3.1 Mineralisation of bone cells in monolayer

For mineralisation studies, the cells were counted as previously
described and seeded in 24 well plates at 0.05 x 10 6 cells per well, in 12
well plates, or at 0.1 x 10 6 cells per well for bone marrow derived cells. At
confluency the medium was changed to osteogenic differentiation medium
(Appendix F). Cells were cultured for 21 days at 37°C and 5% CO2 and

osteogenic media was changed every 2 -3 days.

2.2.3.2 Mineralisation of cartilage cells in monolayer

For mineralisation studies the cells were counted as previously
described and seeded in 24 well plates at 0.05 x 10 6 cells per well, in 12
well plates, orat 0.1 x 10 6 cells per well for bone marrow derived cells. Cells
were grown to confluency in cartilage mineralisation medium 1 (Appendix
F) for 6 days, medium was then changed to cartilage mineralisation medium
2 (Appendix F), and cells were cultured for further 21 da ys at 37°C and 5%

CO2 and cartilage mineralisation medium 2 was changed every 2 -3 days.

2.2.3.3 Mineralisation assay

To assess calcium deposition in the mineralising cultures, the cells
were stained with Alizarin Red S and the stain was extracted and quantified
by spectrophotometry. Briefly, media was removed, and the monolayer was
washed three times with 1 x PBS and fix ed in 4 % formaldehyde for 20
minutes at room temperature. Cell monolayers were then stained for 30
minutes with 40 mM Alizarin Red S solution (Appendix A) with gentle

agitation, then washed three times with distilled water. The water was
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removed, and slides were left to dry overnight. Once dry cells were scanned

on a Nikon flatbed scanner.

To extract the stain, 10% acetic acid (Appendix A) was added to each
well and incubated at room temperature on a shaker for 30 minutes. Cells
were then scraped off the plate and transferred to 1.5 mL Eppendorf tubes.
Tubes were vortexed for 30 seconds and then heated to 85 °C for 10
minutes forming a slurry. The extracts were cooled on ice for 10 minutes
and vortexed again. The slurry was then centrifuged for 15 minutes at
20,000 x g. The supernatant was removed and transferred to a new
Eppendorf tube and n eutralised with 75 pL of 10 % (v/v) ammonium
hydroxide to pH 4.1  -4.5 (Thermo -Scientific).

Standards for the quantification of the Alizarin Red S stain were made
up and loaded in triplicate on a 96 well flat -bottomed plate, standards are
outlined in Appendix G. For quantification, 50 pL of each sample was ran in
duplicate. Absorbance was quantified on a Varioskan LUX Multimode
Microplate Reader (Thermo Scientific), and absorbance measured at 405
nm optical density. Al izarin Red S stain concentration was calculated from
the standard curve of absorbance. Linear regression coefficient was

calculated and R 2> 0.99 was accepted for the standard curve.

A Student 6s unpai -testdasusedto anayselsignificant
differences between samples and statistical significance was given by

p<0.05.

2.2.3.4 Chondrogenesis of cells in monolayer

For chondrogenesis studies the cells were counted as previously
described and seeded in 24 well plates, at 0.05 x 10 6 cells per well in
complete DMEM medium (Appendix F). At confluency medium was changed

to chondrogenic differentiation medium (Appendix F), the cells were
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cultured for 21 days at 37 °C and 5% CO > and chondrogenic medium was

changed every 2 -3 days.

2.2.3.5 Proteoglycan assay

To assess sulphated proteoglycan (sGAG) deposition, the cell
monolayers were stained with Alcian Blue and quantified by

spectrophotometry.

Media was removed and the monolayer was washed three times with
1 x PBS and fixed in 95 % methanol for 20 minutes. Cells were then stained
overnight with 1% Alcian blue in 0.1 M HCI (Appendix A). Cells were washed
three times with distilled water. All wate r was removed, and slides were left
to dry overnight. Once dry, the wells were scanned on a Nikon flatbed

scanner.

To extract the stain, 6 M guanidine -HCI (Appendix A) was added to
each well and incubated at room temperature on a shaker for 3 hours. Cells
were then scraped off the plate and transferred to Eppendorfs. Tubes were
vortexed for 30 seconds and then heated t 0 85 °C for 10 minutes forming a
slurry. Cells were cooled on ice for 10 minutes and vortexed again. The
slurry was centrifuged for 15 minutes at 20,000 x g. The supernatant was

removed and transferred to a new Eppendorf tube.

Standards for the Alcian blue stain were made up and loaded in
triplicate on a 96 well flat -bottomed plate, standards are outlined in
Appendix A. For quantification 50 puL of each sample was ran in duplicate.
Absorbance was quantified on a Varioskan LUX Mul timode Microplate
Reader (Thermo Scientific), and absorbance measured at 630 nm optical
density. Alcian blue stain concentration was calculated from the standard

curve of absorbance.
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A Student s unpa.i -testdasusedto anayselsigniicait
differences between samples and statistical significance was given by
p<0.05.
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2.3 Molecular biology

2.3.1 Generation of overexpression vector

2.3.1.1 Bacterial transformation and culture

Asporin  cDNA ORF clone DNA (Genscript) (Clone ID: OHu29011)
(vector map outlined in Appendix D) was resuspended in 100 uL TE buffer
according to GeneEZ ™ protocol. 2 pL of DNA was transformed in 50 pL of
DH5U competent cells. BUicdmpet &t Odl lof Dl
on ice, under aseptic conditions 2 pL of Asporin  ORF clone DNA was added
and gently pipette mixed and kept on ice for a further 30 minutes. Cells
were heat shocked by incubating for 45 seconds at 42 °C and immediately
placed back onice for 2 minutes. 250 pL of prewarmed Super Optimal broth
with Catabolite repression (SOC) media was added and incubated in a
shaking incubator, 225 rpm at 37 °C for 1 hour. Transformed cells were
plated on LB Agar plates (Appendix A) with 100 pg/ mL ampicillin and
incubated in a 37  °C oven overnight. Individual colonies were aseptically
picked and added to 5 mL of LB broth containing 100 pug/ mL ampicillin
(Appendix A) and grown overnight in a shaking incubator, 225 rpm at 37
°C.

2.3.1.2 Miniprep extraction of ASPN ORF DNA.

To extract ASPN ORF plasmid DNA, QIAprep Spin Miniprep Kit was
used according to manufacturerds instructio
in 50uL of water. The concentration of the extracted DNA was assessed
using the NanoDrop E 8000 Spectrophotometer at 260 nm, absorbance at
280 nm is also measured and the ratio of 260/ 280 nm is used to assess

quality of the DNA.
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2.3.1.3 Transfection of cells overexpression of Asporin

ATDCS5 and U20S cells in T25 flasks were transfected with ASPN ORF
plasmid to overexpress  Asporin inthe cell lines. Briefly, 200 uL of OPTIMEM
and 2 pg of plasmid DNA were combined, and in a separate 15 mL sterile
falcon tube 200 pL of OPTIMEM and 16 pL of Lipofectamine were combined.

Tubes were left to equilibrate at room temperature for 5 minut es. The first
solution was added to the falcon containing the second solution and 3.6 mL

of OPTIMEM was added and incubated for 15 minutes at room temperature.

Media was removed from the cells and washed with PBS. After the 15
minutes the OPTIMEM/DNA/Lipofectamine solution was added to the
confluent cells and incubated for 24 hours at 37°C and 5% CO 2. Media was
removed and fresh complete medium was added, 24 hours later T25 flasks
were split into three T25 flasks, and selection media was added. Geneticin

was used for the selection of ASPN ORF plasmid positive cells.

Optimum antibiotic concentration in selection media was determined
to be 0.6 mg/mL for both ATDC5 and U20S by a kill curve, where cells were
seeded in a 24 well plate at 0.05 x 10 6, varying concentrations )0.05, 0.1,
0.2,0.3,0.6,0.75, 1.0, 1.25, 1.5 mg/ L) of Geneticin in media was added
to cells, alongside antibiotic free control wells. Optimum antibiotic
concentration was determined by the lowest concentration required to kil

all cells after 1 week of incubation.
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2.4 Protein methods

2.4.1 Lysate collection

Media was removed from cells and monolayer was washed with
phosphate buffered saline (PBS). Cells were trypsinized and centrifuged at
1,000 x g for 5 minutes, supernatant was removed, and cell pellet was
resuspended in PBS. Cells were centrifuged again at 1,000 x g for 5 minutes
and resuspended in 100 pL of RIPA buffer (Appendix A) and snap frozen in
liquid nitrogen. Lysates were defrosted and vortexed for 20 seconds, shap
frozen in liquid nitrogen and again defrosted and vortexed. Lysates were
then centrif uged at 8,000 x g for 5 minutes at 4 °C. Supernatant was
removed and transferred to a clean Eppendorf; lysates were stored at -80

°C until needed.

Protein concentration of the lysates was assessed using the Pierce E
bicinchoninic acid assay ( BCA) Assay
instructions, using the kit standards to plot the standard curve for
absorbance. Absorbance was quantified on a Varioskan LUX Multimode
Microplate Reader (Thermo Scientific), and absorba nce measured at 562

nm optical density.
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2.4.2 Western blotting

Western blot samples were made up to final volumes in 5 x sodium
dodecyl sulphate (SDS) -PAGE sample buffer with 0.05 M dithiothreitol
(DTT) (F.C.) using 1 M dithiothreitol (DTT) stock to reduce disulphide bonds
(Appendix A). Samples were denatured by heating to 95 °C for 5 minutes,
cooledonice and were loaded alongside Precision Plus  E dual colour protein
colour marker (Bio -Rad) into precast 4 -12% NuPAGE® Bis -Tris gels.
GSamples were elecrophoretically resolved at 150 V for 90 minutes in 1 x
Running buffer and electroblotted at 30 V for 90 minutes onto nitrocellulose
membrane (Amersham) in 1 x Transfer buffer using the XCell SureLock
Mini -Cell® Electrophoresis System. Membrane was blocked in 5 % Bovine
Serum Albumin (BSA) in 1 x PBS with 0.05 % Tween -20 (PBS -T) (Appendix
A) for 1 hour on a rocker. Membrane was washed three times with PBS -T
for 5 minutes, then incubated with primary antibody dilu ted 5% BSAin 1l
x PBS containing 0.02 % sodium azide (Appendix A) overnight at 4 °Cona
rocker. Membrane was wash  ed three times with PBS  -T for 5 minutes, then
incubated secondary antibody diluted in 5 % BSA/ 0.02% sodium azide/ 1
x PBS for 1 hour on a rocker, in a dark box. Membrane was washed three
times with PBS -T for 5 minutes. Membranes were imaged on a LI -COR®
Odyssey CLx Imaging System. All solutions are outlined in Appendix A,

antibody dilutions are outlined in Appendix E.
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2.5 Analysis of gene expression

2.5.1 Ribonucleic acid (RNA) extraction

Media was removed from cells and the monolayer was washed with
phosphate buffered saline (PBS). Cells were trypsinized and pelleted by
centrifugation at 1,000 x g for 5 minutes, supernatant was removed, pellet
was resuspended in PBS and centrifuged as prev lously, and supernatant
was removed. Cell pellets were snap -frozen in liquid nitrogen and stored at
-80 °C until required. RNA was extracted from the cell pellet using the
ReliaPrep E. RNA Cell Miniprep System (Promega) according to
manuf actur er 0 sith ip rcolatnm OBA digastion. Cell pellets were
passed through an insulin needle in the first step of kit, the lysis buffer, to
ensure efficient RNA extraction. The resulting RNA was eluted in 15 pL

RNase free water.

Prior to cDNA generation, the concentration of the extracted RNA was
assessed using the NanoDrop E 8000 Spectrophotometer at 260 nm,
absorbance at 280 nm is also measured and the ratio of 260/ 280 nm is

used to assess quality of the RNA.
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2.5.2 Reverse transcription polymerase chain reaction (RT -PCR)

and quantitative polymerase chain reaction (QPCR)

cDNA was prepared from RNA, using the GoScript E Reverse
Transcriptase system (Promega) according to n
Reverse transcription was carried out on a Labnet International MultiGene E
OptiMax Thermal Cycler. 50 - 150 ng of RNA was combined with 0.5 ug
Oligo(dt)15 primers and 0.5 Tg random pri mer s
the Thermal Cycler. Tubes were removed and place on ice immediately for
5 minutes. Each tube was then made up to 1X G oScript E reaction buffer,
2.0 mM magnesium chloride, 20 Units (U) Recombinant RNasin®
ribonuclease inhibitor, 20 U GoScript E reverse transcriptase, and ran in the

thermal cycler with the cycling conditions described in Appendix B.

Prior to gPCR, cDNA was treated with 2 U RNase H for 20 minutes at
37°Cto digestthe RNA template. cDNA was diluted as necessary in nuclease

free water to concentration of 5 ng/ pL.

Quantitative real time PCR (qPCR) was performed using Power
SYBRE green according to manufacturerés proto
reaction mix consisted of 10 1L Power SYBRE G
of forward and reverse primers, fretewater cDNA and
Samples were run in duplicate and normalised to the expression levels of
the housekeeping gene  18S. gPCR reactions were carried out on a
QuantStudio E 3 Real -Time PCR System, 96 -well machine. Primer
sequences and cycling conditions are outlined in Appendix B. Melt curve
was carried out at the end of the gPCR protocol and melt curves were
assessed to check for single product amplification. Ct (cycle threshold)
values were obtained from the Quantstudio 3 analysis software,
normalised Ct values were calculated and expressed as q
ANNOVA was used to analyse significant differences between samples with
Tukey & post -hoc analysis to and statistical significance was given by

p<0.05.
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2.6 Generation and maintenance of the mouse models

2.6.1 Breeding strategy of the mouse model

All animal experiments were carried out under Home Office granted
licenses and procedures. All procedures were in accordance with the
Animals (Scientific Procedures) Act 1986 and the EU Directive 2010/63/EU
and after the local ethical review and approval b y Newcastle Unive
Animal Welfare and Ethical Review Body (AWERB). Breeding and

phenotyping experiments were performed under licence P8A8SB649A.

Asporin  null (Aspn “/-) mice were obtained from The European
Conditional Mouse Mutagenesis Program (EUCOMM) (Aspn tm1a(EUCOMM)Hmgu )
gener ated wit h-f ifrkshmoockoanhdi ti onal all ele
generation of both  Asporin null and col2cre conditional knockout mice. Mice

were generated on a C57BL/6J background.

There are 8 exons present in Asporin , in the targeted  Asporin knock -
out allele exon 4 was spanned by 2 loxP sites and a FRT flanked lacz/

neomycin -resistant cassette, containing a third loxP site, inserted in the

intron between exons 3 and 4 (Figure 23) disrupting the  Asporin gene.

Mice carrying the targeted allele were crossed with Actin -flp mice
(Jackson Laboratories) resulting in the excision of the neomycin -resistant
cassette restoring the wild  -type Asporin allele. These mice were then
crossed with mice expressing Cre under the Collagen 2 promoter 145
subsequently excising exons 2 and 3 in the Asporin allele in cells expressing
Collagen 2.
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2.6.2 Genotyping the mouse models

Ear or tail biopsies were used to genotype the mice. Biopsies were
incubated in 75 pL of HotShot lysis buffer pH 12 (Appendix A) at 95 °C for
30 minutes. Samples were cooled and incubated at 4 °C for 10 minutes. 75
uL of neutralising buffer pH 5 (Appendix A) was added to the samples and
vortexed. To prepare Polymerase Chain Reaction (PCR) mix 3 pL of DNA
was combined with 25 pL of BioMix ™ Red (Bioline) with 0.1 uL of each

primer and made up to a final volume of 50 pL with nuclease free water.

PCR reaction s were carried out on a Labnet International MultiGene E
OptiMax Thermal Cycler. For Asporin global knockout genotyping, samples
were combined with Ef, Er and Kr primers (Figure 23). For FLP genotyping,
samples were combined with Flp forward and reverse primers. For Asporin
flipped genotyping, samples were combined with Ef, Er and Kr primers,
additionally Nr primer was used to confirm the genotype. For Col2 Cre
genotyping, samples were combined with Cre forward and reverse primers,
additionally Ef, Er, Kr and Nr primer were used to confirm the genotype. For
conditional Col2 Cre Asporin knockout mice samples were combined with Ef,
Er and Nr primers, additionally Kr primer was used to confirm the genotype.
Water samples were included in every genotyping experiment as controls
to exclude contamination.

Location of primers are outlined in Figure 23 ; thermocycler protocol
and primers sequences are outlined in Appendix B.

PCR samples were samples were elecrophoretically resolved onl1l.5%
(w/ v) agarose gel in 1 x TAE buffer containini

for DNA intercalation (Appendix A) and electrophoresed for 40 minutes at
100 V, alongside 5 pL of 100bp Hyperladder ™ (Bioline) for identification of

PCR DNA product size. Gel was visualised on a Bio -Rad Gel Doc System.
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Figure 23 . Allele maps and expected band sizes for the
generation of Asporin  mouse models. Wild -type Asporin allele has
primer sites for Ef and Er. Ef  -Er product is 166 bp. Targeted Asporin
knockout allele (KO) has primer sites for Ef, Er and Kr. In the targeted
knockout allele, the Ef  -Kr band is too large for PCR therefore no product is
made. Ef -Er product is 262 bp. Wild  -type flipped allele has only Ef and Er
primer sites as Kr has been ex cised out by the FRT sites through Flp
recombinase. Ef -Er is the only product at 416 bp. Conditional Col2Cre
Asporin knockout allele has primer sites for Ef and Nr primers the Er primer

site has been excised out by the loxP sites, the Ef -Nr product is 259 bp. If
Cre excision has not worked, then there will be no Ef -Nr product as it will
be too large.
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2.7 Phenotyping methods of mouse models

2.7.1 Whole body skeletal preparations

P2 mice were sacrificed with anaesthetic overdose, euthatyl and death
confirmed by jugular snip. Whole bodies were scalded in tap water and skin
removed and fixed in 95 % EtOH for 3 days. Whole preparations were
stained for 24 hours with Alcian blue for sk eletal preparations (Appendix A),
then rinsed twice in 95 % EtOH and fixed for 48 hours in 95 % EtOH. Tissue
was cleared in 1 % KOH (Appendix A) for 6 hours and stained with Alizarin
Red for skeletal preparations (Appendix A) for 3 hours. To remove
remaini ng tissue skeletal preparations were cleared for up to 48 hours in 2

% KOH, until only cartilage and bone remained.

For storage of the skeletal preparations, skeletal preparations were
taken through decreasing concentration of 2 % KOH in glycerol. 80:20 2 %
KOH:glycerol solution, 60:40 2 % KOH:glycerol solution, 40:60 2 %
KOH:glycerol solution each for 24 hours, before being stored in 20:80 2 %
KOH:glycerol solution.

Skeletal preparations were imaged on a Nikon Flatbed scanner and

long bone measurements were carried out in ImageJ 1.52i software 146

90



2.7.2 X-Ray and bone measurements

For longitudinal bone measurement studies mice were X -Rayed at 3,
6, 9 and 12 weeks of age. Where possible the same mice would be used
through the study. Mice were anaesthetised with 5% isoflurane in a red
induction box once righting reflex was absent, mic e were transferred to
isoflurane mask and following paw pad and tail reflex check and X -rayed for
5 seconds at 23 kV, using the Faxitron X -Ray radiography system. Bone
measurements were carried out in ImageJ 1.52i software 146 Tibia, femur,
L5 vertebrae length, pelvis, inner canthal distance (ICD) and skull length
were measured. Measurements are outlined in Figure 24 . Left and right tibia

and femur measurements were averaged for each mouse.
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Figure 24 . X-Ray bone measurements. Representative X -ray

image to demonstrate the measurements taken for analysis.
body image: 1) Skull length, 2) inner canthal distance (ICD), 3) femur

A)whole

length, 4) tibia length, B) Magnified pelvic and spine region of 5) L5

vertebrae length and 6) Pelvis angle.
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2.7.3 Structural analysis of tissues

2731 Preparation of ti ssue-poinfbendingir CT, and thr

Mice at 12 weeks were sacrificed by exposure to carbon dioxide in line
with Schedule 1 of ASPA 1986 to preserve the spine, severing of the femoral
artery was performed for secondary confirmation of death. Skin was
sprayed with 70% ethanol and removed. Exce ss tissue was removed from
the hip joint and hind limbs were dislocated at the hip and removed. Tissue
around the spine was removed, and lumbar spine was cut below the hip and
bel ow the ribcage. For 1 CT | eft l eg and s
paraforma ldehyde for 24 hours and then stored in 70% ethanol until
scanned for 1CT. Right | egs were stored in

three -point bend tests were carried out.

2.7.3.2 Micro-computed tomography (7T CT) and anal ys

Left legs and spines were scanned by Histology Shared Research

Facility at University of Liverpool, using a SkyScan 1272 system (Bruker)

by T CT with aluminium filter -tapsowdent&® s of
kV and 200 T A. For tr abe candapine asrotaionstepof | e g
sizeof0.3 °with 4.5 T m pixel size and a resol u:
used. For cortical scans of leg bones, a rotation step size of 0.5 ° with 9.0

Tm pixel size and a resolution of 2016 x 13

Images were reconstructed for tibia, femur and spine using SkyScan
NRecon software (Bruker) which generated cross -sectional slices from the
raw images, with the following parameters Smoothing: 1, Misalignment
compensation: -2.0, Ring artifacts reduction: 5 and Beam -hardening
correction: 38 %. Reconstructed images were then opened in SkyScan
DataViewer to produce 3D computational models of the bones and spine.
Legs and L5 vertebrae were oriented as outlined in Figure 25 and Figure 26
respectively , and Volume of Interest (VOI) was selected and exported,
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encompassing the whole width of bone and the Region of Interest (ROI),

and the whole L5 vertebrae, offtimised by Rob

To quantify metrics of the bone VOIs were opened in CTAn (Bruker)
and Region of Interest for analysis was determined. For trabecular bone
analysis, the ROI of leg bones were 200 slices immediately proximal to the
femoral growth plate and 200 slices immedia tely distal to the tibial growth
plate, outlined in Figure 25 . For cortical analysis, the ROI of leg bones were
100 slices immediately distal to the trochanter of the femur and 100 slices
proximal to the tibio  -fibular junction of the tibia, outlined in Fig ure 25. For
L5 vertebrae the ROI was between both growth plates of the vertebrae and

a 0.9 mm circle to select exclusively the trabecular bone.

CTAn macros devel oped ¥, detdited m Appendix @&t Hof
were used to separate trabecular bone from cortical bone and then the same
macro was used to quantify metrics of the trabecular and cortical bone
according to the ASBMR guidelines %8, For L5 vertebrae a trabecular bone

macro was used, detailed in Appendix G.
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Figure 25. Representative images from Data -Viewer
software. Images of femur (A) and tibia (B) in correct orientation

with growth plate landmark for selection of region of interest for
trabecular analysis. Images of femur (C) and tibia (D) in correct
orientation with trochanter and tibio -fibular junction landmarks f or
femur and tibia respectively for selection of region of interest for

cortical analysis.
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Figure 26 . Representative images from Data - Viewer
software. Image of L5 vertebrae in correct orientation for selection
region (A) with blue circle highlighting the region of interest for
trabecular analysis (B).
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2.7.3.3 Three -point bending

Destructive three -point bend tests were carried out on tibia and femur
of 12 -week -old mice on a UniVert CellScale Tester, using the compression

mode and 3 -point bend setup.

Bones were placed across 2 plinths 8 mm apart; force was applied to
the centre of the bone. The magnitude of force parameters used was
displacement control mode for compression, with ramp function and stretch
magnitude of 3mm for 30 seconds with no rest du ration and no preload.
Force (N) and displacement (mm) measurements were taken every 0.1

seconds (Figure 27).

Raw data was used to plot force/ displacement graphs. To calculate

Stiffness (N/mm) was calculated by the gradient of the graph at the start

of application of force. YO "Q"Q"Qéy'Q:yE . Maximum force

(Fmax ) was identified as the peak of the force displacement graph.
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Figure 27 . Setup of tibia bone on UniVert CellScale tester

for destructive three - point bend test. Tibial bone was laid
horizontally across the two plinths, 8 mm between the two base
points. Downwards force was applied in the direction of the arrow.
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2.7.3.4 Preparation of Achilles tendons for transmission electron

microscopy (TEM) and test to failure.

9-week -old and 12 -week -old wild -type and Asporin null mice were
sacrificed as previously described for transmission electron microscopy
(TEM) and test to failure experiments respectively. Achilles tendons were
separated from muscle with tweezers and cut at the join to the calcaneus
(heel bone), Achilles tendon identified in Figure 28. For test to failure
experiments tendons were frozen in phosphate buffered saline at -20 °C.
For transmission electron microscopy tendons were fixed in 2% (v/v)
glutaraldehyde for 24 hours and passed to the Newcastle University Electron

Microscopy Research Services Unit for processing.
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Tendon attachment
to muscle

Achilles tendon

Tendon attachment
to calcaneus

Figure 28 . Identification of mouse Achilles tendon. Arrow
indicates the Achilles tendon and the places where the tendon is cut
is highlighted the attachment of the tendon to the muscle and the
attachment of the attachment to the calcaneus (heel bone). Image

published by Zhang et. al. ~ 14°
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2.7.3.5 Transmission electron microscopy (TEM) of Achilles tendon

Newcastle University Electron Microscopy Research Services Unit
processed the samples according to the following protocol. Tendon samples
were washed three times in 0.1 M sodium cacodylate buffer for 30 minutes
per wash, then fixed again in 2 % (w/v) osmiu m tetroxide in distilled water
for 1 hour at room temperature. Tendon samples were then rinsed in water
twice and immersed in 2 % uranyl acetate for 2 hours, then rinsed again in
water twice before washes with increasing concentrations of acetone (25
%, 50 %, 75 %) for 30 minutes per wash, followed by two 1 hour
incubations in 100 % acetone. Samples were embedded using the TAAB
epoxy resin kit according to manufacturer
incubated in 100 % resin for 2 days to ensure full penetratio n of the tissues
with resin. Samples were then placed into a mould and into a 60 °C oven

overnight to polymerise the resin.

Samples were sectioned to ultrathin 70 nm sections on a Leica EM
UC?7 ultramicrotome using a diamond knife. Sections were stretched with
chloroform and mounted onto PioloformOfilmed copper grids. Grids were

then stained with 2 % aqueous uranyl acetate and | ead citrate solution.

Collagen fibrils and tenocytes were imaged using a Hitachi HT7800

Transmission Electron Microscope.

2.7.3.6 Test to failure of Achilles tendons

Achilles tendons of 12  -week -old wild -type and Asporin null mice were
stretched to failure on a UniVert CellScale Tester, using the tension mode

and setup.

Tendons were gently defrosted and sandwiched at either end between
two slices of ultra fine sandpaper within the clamps. This was carried out as

quickly as possible to minimise the tendon drying. The length of tendon
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between the two vertical clamps to be tested was 1 mm, with the calf end

of the tendon fixed in the upper clamp and the foot end fixed in the lower
clamp. The magnitude of force parameters used was displacement control
mode for tension, with ramp function and stretch magnitude of 60% for 60
seconds with no rest duration and no preload. Force (N) and displacement

(mm) measurements were taken every 0.1 seconds (Figure 29).

Raw data was used to plot force/ displacement graphs. To calculate

Stiffness (N/mm) was calculated by the gradient of the graph at the start

of application of force. YO 'Q"Q"Qéy'Q?/i . Maximum force

(Fmax ) was identified as the peak of the force displacement graph.
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| Ultra fine
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Figure 29 . Set up of Achilles tendon on UniVert CellScale

tester for test to failure tension test. Tendon was sandwiched
between two pieces of ultra fine sandpaper at the top and at the
bottom of the tendon and clamped at either end with 0.1 mm distance
between the two clamps. Tendon was set up vertically and the
direction of force was upwards where the upper clamp is moved up

by the Univert System, shown by the arrow on the figure.
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2.7.4 Histological analysis of cartilage

2.7.4.1 Preparation of mouse tissues for histological analysis of cartilage

Legs (tibia and femurs) were dissected from 3 -week -old mice as
previously described, for histological staining legs were fixed in 4% PFA and
for immunohistochemical staining legs were fixed in 5% acetic acid: 95%

ethanol for 24 hours.

Bones were decalcified in 20% (w/v) EDTA pH 7.4 (Appendix A) for 2
weeks at room temperature with constant gentle agitation. Legs were
washed for 1 hour in running tap water and processed overnight (Appendix
C) in Thermo Scientific E STP 120 Spin Tissue Processor. Processed samples
were embedded in Lamb wax paraffin blocks; lateral side of the joint was
at the front of the block.

Legs wer e sectioned t o 6T m sagittal sect
Scientific E HM 355S automatic microtome. Wax sections were collected on
positively charged slides and left to dry overnight, to fix sections they were
heated on 60 °C hot plate until wax melted and removed and left to cool

before staining.

2.7.4.2 Toluidine blue staining

Toluidine blue staining was performed to analyse deposition of
sulphated proteoglycans of the growth plate and articular cartilage. 3-
week -old formaldehyde -fixed limb sections were dewaxed in two 5 minute
incubations of xylene and rehydrated through decreasing concentrations of
ethanol (100 %, 90 %, 70%, 50%) (v/v) followed by two 5 minute washes

in distilled water.
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Slides were stained with 0.04 % (w/v) toluidine blue pH 3.75
(Appendix A) for 10 minutes, followed by two 5 minute washes in distilled
water to remove excess stain. Slides were counterstained with Nuclear Fast
Red solution for 10 minutes, followed by two 5 minute washes. Slides were
quickly dehydrated in 95 % and 100% ethanol each for 2 minutes. Slides

were cleared in xylene and mounted in DPX mountant.

Once mountant was dry (overnight), the slides were imaged using a
brightfield camera on a Zeiss Axioimager 2 microscope at a magnification

of 20 x, images were tiled and stitched using the ZEISS Zen Blue Software.

2.7.4.3 Immunohistochemistry

As previously described, 3 -week -old acetic acid -ethanol -fixed limb
sections were dewaxed in xylene and rehydrated through a decreasing

series of ethanol, followed by two washes in distilled water.

Slides were washed twice in phosphate buffered saline (PBS) for 3
minutes. For intracellular unmasking slides were placed in a citrate buffer
(Appendix A) boil, for 20 minutes. Citrate buffer was heated to boiling point
in a microwave and then slides were added to the buffer and microwaved
at 160 W for 2 minutes every 5 minutes to maintain the temperature. Slides
were then placed in PBS and left to cool followed by two further washes in
PBS for 5 minutes. Individual sections were outlined with ImmEdge ™ pen,
from this point all work was carried out in a darkened humidified chamber.

Slides were blocked for 1 hour in donkey serum in 1 % (w/v) BSA in 1x PBS

solution at room temperature. Slides were incubated in primary antibodies

diluted in 1 % BSA/1x PBS solut ion overnight at 4  °C (dilutions outlined in
Appendix E). Slides were then washed twice in 1 % BSA/1x PBS for 5
minutes followed by incubation for 1 hour in secondary antibody diluted in

donkey serum/1 % BSA/1x PBS solution (dilutions outlined in Appendix E).
Slides were then washed three times in 1x PBS for 5 minutes and mounted

in Fluoroshield Mounting Media with DAPI, media was left for 5 minutes

before coverslips were added. Negative controls were carried out for all
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experiments as all other sections however without primary antibody. All

solutions are outlined in Appendix A, antibody dilutions in Appendix E.

Slides were imaged on a Zeiss Axioimager 4 at 20 x magnification
using DAPI and AlexaFluor ™ 488 and 594 filter sets.

2.7.4.4 Proliferation analysis

Ki67 was used as a marker of proliferation in the growth plate and
articular cartilage %0 151 | Ki67 assay was optimised to, citric buffer boil
Appendix A. Ki67 immunohistochemistry was performed as previously

described.

Slides were imaged using Zeiss Axioimager 2, fluorescent microscope
at 20x magnification. Ki67 positive cells in the growth plate, articular
cartilage and vascular invasion front were counted using the Watershed
Segmentation program in ImageJ 1.52i software %6, and expressed as a

percentage of the total number of cells in each zone.

Ki67 was performed on 3 slides per mouse (9 sections), 3 mice per
genotype. A Student 6s u ntgstawas esdd td analyset ai | e d
significant differences between samples and statistical significance was

given by p<0.05.

2.7.4.5 Terminal deoxynucleotidyl transferase deoxyuridine triphosphate

(dUTP) nick end labelling (TUNEL) assay

To analyse cell death, TUNEL assay was carried out according to
DeadEnd E Fluorometric TUNEL System protocol, on formaldehyde fixed
samples. Sections were dewaxed in xylene, re -hydrated through decreasing

concentrations of ethanol. Citric buffer boil was performed for antigen
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unmasking as previously described. Manufact

of Proteinase K for the unmasking step, however this has been shown to
generate false positive therefore the assay was optimised to use citric buffer

boil 52, 5.5 units/ mL DNAsel was added to one section per experiment for
the positive control, DNasel fragments the DNA generating nick ends and
therefore will be labelled by TUNEL assay kit. Nuclei were counterstained

with DAPI.

Slides were imaged using Zeiss Axioimager 2, fluorescent microscope
at 20x magnification . TUNEL positive cells in the growth plate, articular
cartilage and vascular invasion front were counted using the Watershed
Segmentation program in ImageJ 1.52i software 46, and expressed as a

percentage of the total number of cells in each zone.

TUNEL was performed on 3 slides per mouse, 3 mice per genotype.
Student 6s unpai r e desttwasouset doi dnalyde sinificant
differences between samples and statistical significance was given by p<
0.05.
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2.7.5 Histological analysis of bone

2.7.5.1 Preparation of mouse tissues for histological analysis of bone

Foll owi ng 1 -Qué@ek-old left ldgR and spines were then used
for bone histology. Legs and spines were dehydrated through an increasing
series of ethanol (70 %, 90%, 100%), and then infiltrated with methyl
methacrylate (MMA) Embedding Solution 1 (Appen dix A) for 24 at 4 °C.
Bones were transferred to a fresh Solution 1 and incubated for a further 24
hours at 4 °C. Legs and spines were then embedded in MMA Embedding
Solution 2 (Appendix A) in sealed glass vials, vials were placed in water at

4 °C for 72 h ours to aid polymerisation.

Samples were broken out of the glass vial
sections on a Thermo Scientific ~ E HM 355S automatic microtome using a D -
profile tungsten carbide knife (Histoline). Sectioning solution (Appendix A)
was used to aid smooth sectioning; this was applied to the front of the
sample and the blade to guide the section down. The sections were co llected
on positively charged slides. Stretching solution (Appendix A) was added to
the sections for 5 minutes then sections were gently stretched, this was
re peated 2 more times. Once fully stretched plastic coverslips were placed
on the slides. Slides were placed on top of one another and clamped at
either end using G -clamps to keep sections flat as they fixed. Slides were

placed ina 60 °C oven for 72 hours to securely fix the sections to the slide.

2.7.5.2 Toluidine blue staining for osteoblasts

Toluidine blue staining was used to analyse osteoblasts at the
trabecular bone surface. Slides were de -plastified in two 10 minute
incubations in 2 -methoxyethyl -acetate (MEA), reagent grade, 98 % slides
were then rehydrated through decreasing concentration s of ethanol (100
%, 90 %, 70 %, 50 %) followed by two 5 minute washes in distilled water.

Slides were then stained with 1 % (w/v) toluidine blue pH 4.5 (outlined in
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Appendix A) and washed with distilled water to remove to remove excess
stain. Slides were dehydrated through increasing concentrations of ethanol
(50 %, 70 %, 90 %, 100 %), cleared in xylene and mounted in DPX

Mountant.

Bioimaging Unit at Newcastle University imaged the tibiae using a
brightfield camera on a Zeiss Axioscan 7 microscope at a magnification of

10 x, images were tiled and stitched using the ZEISS Zen Blue Software.

Osteoblasts were analysed in a 100 pmby 300 pmarea, 100 pm from
distal from the tibial growth plate, 3 mice per genotype. Osteoblasts, the
cuboid cells along the bone surface were counted in ImageJ 1.52i
software 146, Total osteoblast count and osteoblast count per bone surface
were calculated. A St udenttésswasiusenanalgsd t wo
significant differences between samples and statistical significance was

given by p< 0.05.

2.7.5.3 Von Kossa/Van Gieson staining

Von Kossalvan Gieson staining was performed to analyse the
calcification of bone. As previously described, slides were de -plastified in
MEA and rehydrated through a decreasing series of ethanol, followed by two
washes in distilled water. Slides were incuba ted in 1% (w/v) silver nitrate
(Appendix A) for 10 minutes followed by a 10 minute wash in distilled water.

To reduce to silver nitrate slides were exposed to ultraviolet (UV) light, by

adding water droplets to keep samples from drying and placing slides o na
DarkReader transilluminator ( ClareChemical) for 30 minutes. To remove
unreacted silver nitrate, slides were incubated in 5% thiosulphate
(Appendix A) for 5 minutes and then washed for 10 minutes in tap water.

Slides were stained with Van Gieson counterstain (Sigma -Aldrich) for 2

minutes followed by  arinse in distilled water to remove excess stain. Slides
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were then dehydrated as previously described through a series of increasing

ethanol, cleared in xylene, and mounted in DPX mountant.

Bioimaging Unit at Newcastle University imaged the tibiae using a
brightfield camera on a Zeiss Axioscan 7 microscope at a magnification of

10 x, images were tiled and stitched using the ZEISS Zen Blue Software.

Osteoid deposition was analysed using the open -source software

Osteoi dHi st o, devel oped by Rob Van o0t Hof ,

ot}

protocol 3. 3 mi ce per genotype. A Studtestwads unpai
used to analyse significant differences between samples and statistical

significance was given by p< 0.05.

2754 Gol dner 6s Trichr ome

Gol dnerd6s Trichrome staining was perfor med
fat. Sections were de -plastified and rehydrated as previously described

followed by two washes in distilled water.

SIl'ides were stained with freshly made Wei i
solution of equal parts solution A and solution B (Sigma -Aldrich) for 30
minutes followed by 10 minutes wash in running tap water to remove excess
staining. Slides were then stained with Pon ceau -acid fuchsin solution or 30
minutes and quickly rinsed with 1% (v/v) acetic acid in water. Slides were
stained in Phosphomolybdic Acid T orange G solution for 5 minutes and again
rinsed quickly in 1% (v/v) acetic acid and stained with Light Green soluti on
for 15 minutes, slides were rinsed in 1% (v/v) acetic acid for 5 minutes.
Slideswereimmersedin2  -isopropanol three times, then immersed in 100%
ethanol twice and mounted in DPX mounting media. All solutions are

outlined in Appendix A.

Bioimaging Unit at Newcastle University imaged the tibiae and spines
using a brightfield camera on a Zeiss Axioscan 7 microscope at a
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magnification of 10 x, images were tiled and stitched using the ZEISS Zen

Blue Software.

Bone marrow fat was quantified in a 100

from distal from the tibial growth plate, 3 mice per genotype. Fat deposits,

the circular spaces in the bone marrow were counted and area of deposits

were quantified in ImageJ 1.52i software 146 Total fat deposit count, fat
deposit area and total deposit area were
two tailed T -test was used to analyse significant differences between

samples and statistical significance was given by p< 0.05. Mann - Whitney U

test was performed  to assess the difference in distribution of fat deposit

size in the bone, p < 0.05.

2.7.5.5 Safranin O staining

Safranin O/Fast Green staining was used to assess integrity of
cartilage growth plate and intervertebral discs. Sections were de - plastified
and rehydrated as previously described followed by two washes in distilled

water.

SIl'ides were placed in Weigertds 1|l ron
minutes followed by two brief washes in distilled water and dipped in 0.5%
acid alcohol (Appendix A), to clean excess staining leaving only nuclei
stained, and immediately into running tap w ater for 10 minutes to stop the

reaction.

Slides were then stained with 0.06 % (w/v) Fast Green solution for 5
minutes; slides were briefly washed in 1 % acetic acid (v/v) in water before
being stained with 0.1 % (w/v) Safranin O solution for 5 minutes. To
prevent loss of staining slides were dehy drated quickly in 95 % ethanol for

1 minute followed by two washes in 100 % ethanol for 1 minute. Slides
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were cleared in xylene and mounted in DPX mountant. All solutions are

outlined in Appendix A.

Bioimaging Unit at Newcastle University imaged the tibiae and spines
using a brightfield camera on a Zeiss Axioscan 7 microscope at a
magnification of 10 x, images were tiled and stitched using the ZEISS Zen

Blue Software.

2.7.5.6 Tartrate -resistant acid phosphate (TRACP) staining

Tartrate -resistant acid phosphate (TRAcP) staining was used to
analyse osteoclasts in undecalcified bone. Sections were de -plastified and
rehydrated as previously described followed by two washes in distilled
water. 100mL of TRACP solution 1 was preheated to 37 °C, 1 mL of TRACP
solution 2 was added. Slides were placed into this solution for 45 minutes
at 37 °C. 1.8 mL of TRAcP solution 3 was combined with 1.8 mL TRAcP
solution 4 and mixed by inversion and left for 2 minutes, solution was a pale

red colour. If solution had turned bright fuchsia after the 2 minutes the

solution was discarded. The pale red soluti on (TRACP solution 3 and 4) was
added to 100mL of TRACP solution 1, preheated to 37 °C. Slides were placed
into this solution for 20 minutes at 37 °C. All solutions are outlined in
Appendix A.

Slides were immediately placed in distilled water to stop the reaction.
Slides were counterstained with Aniline blue solution (Appendix A) to stain
bone tissue. Slides were dehydrated quickly in 95 % ethanol for 1 minute
followed by two washes in 100 % eth anol for 1 minute. Slides were cleared

in xylene and mounted in DPX mountant.

Sections were imaged using a brightfield camera on a Zeiss Axioscan
4 microscope at a magnification of 20 x, images were tiled and stitched
using the ZEISS Zen Blue Software.
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Osteoclasts were analysed using the open -source software TrapHisto,
devel oped by Rob Van 6t Hof, accold3mcg to t
per genotype. Osteoclast number, osteoclast number per bone surface and
osteoclast surface per bone surface were c:
two tailed T -test was used to analyse significant differences between

samples and statistical signifi cance was given by p< 0.05.

2.7.5.7 Immunohistochemistry of undecalcified bone

For localisation of perilipin in bone marrow fat, protocol was adapted
and optimised from Torgersen et. al 154 Slides were de -plastified and
rehydrated as previously described followed by two washes in distilled
water. For epitope retrieval slides were boiled in 10 mM Tris -HCL pH 10
(Appendix A) for 3 minutes. Slides were cooled and blocked in 5 % milk/1x
TBS (Ap pendix A) for 1 hour.

Slides were incubated in primary antibodies diluted in 2 % milk/1x
TBS solution overnight at 4 °C (dilutions outlined in Appendix E). Slides
were then washed 3 times in 2 % milk/1x TBS for 15 minutes followed by
incubation for 1 hour in secondary antibody diluted in 2 % milk/1x TBS
solution (dilutions outlined in Appendix E). Slides were then washed three
times in 1x TBS for 15 minutes and mounted in Fluoroshield Mounting Media
with DAPI, media was left for 5 minutes before coverslips were added. All

soluti ons are outlined in Appendix A, antibody dilutions in Appendix E.

Slides were imaged on a Zeiss Axioimager 4 at 20 x magnification

using DAPI and AlexaFluor ™ 488 and 594 filter sets.

2.7.5.8 Dynamic histomorphometry of bone

Double injection of alizarin complexone and calcein green was used
to assess bone formation. Mice were injected intra - peritoneally (IP) with 30

mg/kg alizarin complexone and 20 mg/kg calcein green in 2% (w/v) sodium
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bicarbonate pH 7.4 solution (Appendix A), 8 days and 1 day before culling

at 12 -weeks -old respectively. Mice were euthanised by exposure to carbon
dioxide. Left tibiae were dissected and fixed in 4% formaldehyde for 24
hours before being stored in 70% etha nol until processing and embedding

in methyl -methacrylate and sectioned, as previously described.

Calcein blue staining was used to counterstain bone for analysis of
bone formation. Sections were not de -plastified and placed in 0.1 % calcein
blue pH 8 (Appendix A) for 3 minutes followed by three 5 minute washes in
distilled water. Slides were then dehy drated as previously described
through a series of increasing ethanol, cleared in xylene, and mounted in

DPX mountant.

Bioimaging Unit at Newcastle University imaged the tibiae using a
fluorescent camera on a Zeiss Axioscan 7 microscope at a magnification of
20 x. Custom filter sets were used to image the fluorescent dyes, Alizarin
complexone 495/515 mm, calcein green 530 -560/580 nm and calcein blue
was imaged using the DAPI filter. Images were tiled and stitched using the
ZEISS Zen Blue Software.

Bone histomorphometric analysis was carried out using a custom
analysis program to quantify bone formation parameters, developed by
Professor RobB3 thraug® Imaged d.52i software 146, Analysis was
performed on matched sections 3 per genotype. A Studentds wunpaired
tailed T -test was used to analyse significant differences between samples

and statistical significance was given by p<0.05.
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2.8 Protein analysis of mouse tissue

Mouse tissues of ear notches, tail tips, skin and xiphoid were collected
and snap frozen in Eppendorfs. Mikro -Dismembranator S (Satorius)
homogeniser vessel with ball bearing was precooled in a liquid nitrogen
bath. Tissues were transferred to the vessel 200 pL RIPA buffer (Appendix

A) was added and tissues were homogenised at 2000 rpm for 2 minutes.

Homogenised tissues lysates were defrosted and vortexed for 20

seconds, snap frozen in liquid nitrogen and again defrosted and vortexed.

Lysates were then centrifuged at 8,000 x g for 5 minutes at 4 °C.

Supernatant was removed and transferred to a clean Eppendorf; lysates

were stored at -80 °C until needed.

Protein concentration of the lysates was assessed using the Pierce E
bi cinchoninic acid assay ( BCA) Assay
instructions, using the kit standards to plot the standard curve for
absorbance. Absorbance was quantified on a Varioskan LUX Multimode
Microplate Reader (Thermo Scientific), and absorba nce measured at 562

nm optical density.

Lysates were made up for Western blot samples and Western blot

were carried out as previously detailed.
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Chapter 3.  Overexpression of Asporin in cartilage and

bone cells.
3.1 Introduction

A polymorphism in the aspartic acid region of the human ASPN gene
has been shown to correlate with osteoarthritis risk in several
populations 155156 'Wild -type Asporin has also been shown to be upregulated
in osteoarthritis both in humans and in mice. RNA sequencing data obtained

from Prof David Young at Newcastle University (unpublished) of unaffected

neck of femur control cartilage versus osteoarthritic neck of femur articular
cartilage highlighted an approximately seven -fold upregulation of  Asporin
in the osteoarthritic data set, Figure 30. Furthermore, human microarray

data collected by Dr Mary Goldring mined and plotted by Professor
Francesco del Iblshd),doun AFPN expression was significantly
upregulated in the osteoarthritis knee cartilag e samples versusnormal  knee
cartilage samples (p = 0.00002), this was both male and female samples,
highlighting that the elevated Asporin expression in OA was independent of
sex, Figure 31. Secondary stratification of Age vs ASPN expression in
Normal and OA samples found Asporin expression was increased in the OA
samples independent of age, Figure 31. Further data obtained from Prof
David Young (unpublished) s howed an upregulation in Asporin in the
articular cartilage of mice following induction of osteoarthritis through

surgical destabilisation of the medial meniscus (DMM) surgery in
comparison to controls, by Log 2FoldChange 1.421 (Adjusted p = 0.000785),
Figure 32. These datasets are further supported by consistent data by Liu

et. al. where expression levels of Asporin were increased in OA -damaged

articular cartilage and as a result of DMM -induced OA mouse model 157,

Chondrogenesis studies have been previously performed in the

presence of exogenous recombinant Asporin in the medium and showed

that exogenous Asporin can downregulate chondrogenesis and inhibit TGF -

al functi on il Fhrthek Epecirrenhts veith cells stimulated with

TGF-al to drive chondrogenesis and mi mi
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Human Articular Cartilage (NHAC) cells showed Asporin expression was
induced 37 .The effect of the upregulation of Asporin expression in cartilage

and bone progenitor cells has not been previously assessed.

Mineralisation is an important part of endochondral ossification;
hypertrophic chondrocytes of the cartilage growth plate undergo apoptosis
as the secreted extracellular matrix mineralises. This hypoxic environment,
together with growth factors and ECM rem odelling factors secreted by the
hypertrophic cells, drives the recruitment of blood vessels and osteoblasts
to form calcified bone. Mineralisation of the articular cartilage is a common
feature of the osteoarthritis pathology 158 Additional features of
osteoarthritis (OA) include cartilage hypertrophy and tidemark duplication,
accompanied by upregulation of type X collagen and MMP13. These changes
lead to alterations in chondrocyte differentiation that resemble the
processes obser ved in the growth plate during endochondral ossification,
where cartilage undergoes hypertrophy 159 Tidemark replication describes
the change to the cartilage/bone junction, in healthy articular cartilage the
tidemark is the zone of calcified cartilage between the bone and the
uncalcified articular cartilage. During tidemark replication the hypertrophy
drives an advancement of the calcification front, where the previously
uncalcified zone is calcified, the previously calcified zone of cartilage is
degraded, and the subchondral bone thickens and extends into the
previously calcified zone %9, Moreover, during the progression of
osteoarthritis, osteophytes (bony spurs) develop from the chondro -synovial
junction, where the periosteum, a reserve of mesenchymal and
osteochondroprogenitor cells reside. The formation of osteophytes has been
shown t o be similar to the process of fracture repair, which periosteum is

heavily involved in in the bone 160

Cartilage mineralisation occurs through the mineralisation of the

collagen fibrils by the binding of hydroxyapatite (Ca 10(OH) 2(POa4)s), the
mineral form of calcium apatite 161~ Asporin has been shown to have a high
affinity for collagen, however decorin competes with Asporin  to bind

collagen and inhibits Asporin -collagen interaction. Although they can both
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bind collagen, Asporin is the only SLRP capable of binding the Ca 2t
therefore Asporin is the only SLRP that can mineralise collagen fibrils 123 The
upregulation of  Asporin in the cartilage of OA and DMM  -induced OA models
and the unique ability of Asporin in the SLRP family to bind and mineralise
collagen fibrils suggests a role of Asporin in OA cartilage mineralisation and

osteophyte formation 123,

To analyse the effect of Asporin overexpression on chondrogenesis
and on the mineralisation of cartilage and developing bone, two
commercially available immortalised cell lines were used - a chondrogenic
cell line, ATDCS5, and osteogenic cell line, U20S 162,163 ATDCS5 cells are
derived from mouse teratocarcinoma cells, they have capacity to
differentiation analogous to that of chondrocytes 162 U20S are an
osteoblast -sarcoma which demonstrate similar gene expression to that of
human osteoblasts 163, Human Asporin was overexpressed in the cells using
an open reading frame (ORF) ASPN cDNA containing mammalian expression
vector (Clone ID: OHu29011) (Appendix D). The cells were driven through
differentiation for chondrogenesis, and with mineralising media (containing
Beta - glycerophosphate) to model cartilage mineralisation and osteogeni c
differentiation 164-166  Beta -glycerophosphate (BGP) is routinely used in
ATDCS5 differentiation studies in order to induce cartilage mineralisation 164
The use of beta -glycerophosphate has been shown to induce rapid
chondrogenic differentiation with the production of a mineralised ECM
previous studies required over 34 days of culture followed by 21 days in
mineralising media to produce the same results 164 BGP provides the
phosphate needed to produce hydroxyapatite 166 Alkaline phosphatase
(ALP) produced by the hypertrophic chondrocytes hydrolyses the BGP
releasing the inorganic orthophosphate, sodium phosphate co -transporters
then take up the orthophosphate and produce hydroxyapatite 167 High levels
of orthophosphate have been shown to induce apoptosis of hypertrophic

chondrocytes, the terminal stage of chondrocyte differentiation.
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Chapter aims:

1 To study the effect of overexpression of Asporin  on chondrogenesis of
ATDCS cells

1 To study the effect of ASPN overexpression on mineralisation of ATDC5
derived cartilage

1 To study the effect of =~ ASPN overexpression on early bone mineralisation

using the USOS2 immature osteoblast cell line
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Figure 32 . Asporin expression is upregulate following DMM induction

RNAseq analysis of articular cartilage of mice following OA induction by destabilisation of the medial meniscus (DMM) surgery.
Asporin is significantly upregulated by Log 2FoldChange 1.421 (Adjusted p = 0.000785) in the DMM surgical group in comparison
to the control group. Unpublished data from Professor D. Young.
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3.2 Preparation of the ASPN overexpression plasmid

Lyophilised GenScript ASPN ORF plasmid DNA (Clone ID: OHu29011)
(vector map in Appendix D) was resuspended in TE buffer and transformed
into DH5U cell s, cel l col onies successful
plasmid that survived on the selective ampicil lin were picked and cultured
in liquid broth cultures to amplify the DNA. ASPN ORF plasmid DNA of the
clone was extracted was extracted by Minipr
cells. ATDC5 and U20S cells were transfected with 2mg of ASPN ORF
Plasmid DNA was transfected with lipofectamine. Cells successfully
transfected with the plasmid DNA survived Geneticin selection, and
untransfected and no  -DNA transfection controls were used in the selection
to verify Geneticin selection was effective. The ATDC5 and U20S cells
expressing the vector (OE) and untransfected controls (WT) were used for

the following studies.
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3.3 Asporin  cDNA is successfully and consistently overexpressed in

chondrogenic and osteogenic cell lines.

To determine the effect of the overexpression of Asporin  on
differentiation and mineralisation of cartilage and bone, ATDC5
chondrogenic cell line and U20S osteogenic cell line were transfected with

human Asporin ORF overexpression vector (Genscript).

Overexpression of human ASPN (h ASPN) was confirmed at an mMRNA
level by quantitative RT -gPCR, using human ASPN specific primers to
differentiate from the endogenous mouse Asporin expression in ATDC5
cells. mRNA was sampled at day 1, 7, 14 and 21 of the culture using of the
experiment . Inthe chondrogenic ATDCS cells, by ANOVA and Tukey & post -
hoc analysis, hASPN was overexpress ed fromDay1l wildty pecellsby 31.1-
fold (p<0.05) todayl 4and 81.2 -foldtoda y 21 (p<0.0001) andby 81.2 -
fold (p<0.0001) between WT and OE cells at day 21 (Figure 33 A). By
ANOVA and Tukey & post-hoc analysis, hASPN was overexpress ed in
mineralising A TDC5 cells from Day 1 wild ty pe cells by 135-fold (p<0.0 1)
today 1 4. Additionally, overexpressionofh ASPN in the mineralising ATDC5
cells was 117.5 -fold (p<0.0 1) at day 14 (Figure 33 B). Primers specific to
mouse Aspn gene were used to check the endogenous levels of  Asporin

expression during ATDC5 chondrogenesis.

Overexpression of  ASPN was also confirmed in osteogenic U20S cells,

by ANOVA and Tukey & post-hoc analysis of WT an OE at each time point
whereby  Asporin  was overexpressed 14.6 -fold (p<0.01), 16.5 -fold
(p<0.0 01) and 14.1 -fold (p<0.0 1) at day 1, 7 and 14 respectively . By
ANOVA and Tukey & post -hoc analysis, hASPN was overexpress ed from Day
1 wild ty pe cells by 22.3-fold (p<0.01) to day 1 OE cells, 23.2 -fold
(p<0.00 1) to day 7 OE cells and 19.67 -fold (p<0.0 1) to day 14 OE cells
(Figure 33 C). F old changes were lower in the U20S cells in comparison to
ATDCS5 cells, however U20S cells are a human cell line and Asporin is

expected to be expressed in the WT cell line during osteogenesis.
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To confirm overexpression of Asporin at protein level 30 ng of protein
was electrophoretically resolved. SDS -PAGE gel electrophoresis followed by
Western blotting for Asporin and GAPDH loading control Protein from
mineralising ATDCS5 cells and mineralising U20S cells was used to verify the
sustained overexpression of Asporin  after 21 days of -culture in
differentiation media. Overexpression was confirmed in both ATDC5 cells

(Figure 33 D) and U20S cells (Figure 33 E).

Additionally, endogenous mouse Asporin expression was assessed by
gPCR in chondrogenic  WT ATDCS cells and in cells overexpressing Asporin
Mouse Asporin was expressed in low levels in chondrogenic WT ATDCS cells
and OE ATDCS5 cells with no significant difference in the expression of mouse

Asporin between the WT and OE cells (Figure 34)
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Figure 33 . Human ASPN is overexpressed for 21 days of
chondrogenic and mineralising culture. RT-gPCR confirmed
overexpression vector consistently upregulated ASPN in chondrogenic ATDC5
cells ( A), mineralising ATDC5 cells ( B) and osteogenic U20S cells ( C).
Expression levels were normalised to 18s. 2-way ANOVA was carried out
between WT and OE and across each timepoint (n=3) and denoted by
*=p<0.05, **=p<0.01, ***=p<0.001. Overexpression of Asporin at protein
level was confirmed by Western Blotting in mineralising ATDCS5 cells ( D) and
U20S cells ( E) after 21 days of culture. Error bars represent standard error
of the mean
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Figure 34. Mouse ASPN is expressed in low levels in
chondrogenic culture of WT ATDCS5 cells. RT-gPCR assessed human
and mouse Asporin expression at day 1, 7 and 14 in chondrogenic ATDC5

cells. Expression levels were normalised to 18s. 2-way ANOVA was carried
out between WT and OE  and a cross each timepoint (n=3) and denoted by
*=p<0.05. Error bars represent standard error of the mean
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3.4 Overexpression of Asporin  dysregulates proteoglycan

networks in the extracellular matrix produced by ATDCS5 cells.

3.4.1 Overexpression of Asporin  decreases proteoglycan

deposition during ATDC5 chondrogenesis.

To study the effect of overexpression of Asporin on the deposition of
the extracellular matrix of cartilage, ATDC5 cells were transfected with
hASPN ORF expression vector. WT (no vector controls) and overexpressing
(OE) cells were plated and grown to confluency in chondrogenic medium
supplemented with 1% insulin/transferrin/selenium and 1 % sodium
pyruvate then stimulated to drive collagen production and ECM deposition
stimulated with ascorbic acid at day 6 164 Cells were cultured for a further

21 days and assessed atday 1, 7, 14 and 21.

Cell monolayers were stained with Alcian blue, a sulphated
proteoglycan specific stain. Sulphated proteoglycan deposition was visibly
decreased in the OE cells in comparison to the WT cells (Figure 35 A). At
day 1, 7, 14 and 21, Alcian blue stain was extracted from the monolayers
and quantified using absorbance measurement . By ANOVA and Tukey &
post -hoc analysis across time points , sulphated proteogl ycan decreased
from day 1 WT cells 35.1% (p<0.05) to day 14 OE cells and significant ly
reduced inthe OE cellsby  43.7 % (p<0.05) at day 14 comparedt o WT cells
(Figure 35 C). Sulphated proteoglycans are crucial for cartilage integrity,
stabilising and organising collage fibrils and a role in re gulation of growth
factor signalling '%. The decrease in deposition in the ASPN OE cells

suggests a role of  Asporin in cartilage integrity.

To assess mineralisation of the differentiating ATDC5 monolayer
cultures, Alizarin red staining (ARS) was performed. ARS is an anionic dye
that binds to cationic metals including calcium the cationic ion of
hydroxyapatite (Ca s(OH)(PO 4)3), the main mineral of mineralised bone.

Alizarin red stains the calcium deposits red when bound to the cations,
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however the staining of the cells in this experiment appeared brown,
suggesting background staining rather than staining of calcium deposition

in the monolayer (Figure 35 B). The quantification of the ARS showed no
difference in mineralisation between the WT and ASPN OE cultures (Figure

35 D).
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Figure  35. Overexpression of Asporin inhibits  sulphated
proteoglycan deposition in ATDCS. Alcian blue and Alizarin Red

staining of monolayer ATDC5 cells through chondrogenic differentiation of
ATDCS throughout 21  -day cell culture in chondrogenic medium without beta
glycerophosphate (BGP). Comparison of wild -type ATDCS5 (WT) and ATDC5
overexpress ing Asporin  (ASPN OE). Cells were stained with 1% Alcian blue
(A) or 40mM Alizarin Red stain (ARS)( B). Semi -quantitative measurement of
sulphated proteoglycan deposition through quantification of Alcian blue stain
read by spectrophotometry at 630 nm( C). Semi -quantitative measurement
of calcium deposition through quantification of Alizarin red stain read by
spectrophotometry at 405 nm( D). Concentration of stains were calculated
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from calibration curve of standards of serial dilutions of Alcian blue stain ( E)

and standards of serial dilutions Alizarin red stain ( F). 2-way ANOVA was
carried out between WT and OE and across each timepoint (n=3) and denoted
by *=p<0.05, **=p<0.01. Error bars represent standard error of the mean
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3.4.2 Overexpression of Asporin  inhibits the expression of Decorin

during ATDC5 chondrogenesis.

To assess the effect of overexpression of Asporin on chondrogenesis
and the extracellular matrix production, mRNA levels of chondrogenic
markers and extracellular matrix proteins were assessed by RT -gPCR.
Chondrogenic differentiation markers were selected and assessed for the
different stages of the diff erentiation, Sox9 an early marker, Ihh a mid

differentiation marker and Col10al, Mmpl3 , Runx2 for late markers.

Overexpression of  Asporin led to a decrease in the Alcian blue staining
of the chondrogenic OE monolayers. Aggrecan is a key component of the
cartilage extracellular matrix. Interestingly, aggrecan expression, was
comparable between the WT and OE cells at day 1, 7 and 21 of
chondrogenesis, however, it was dramatically increased (1812 %, p<0.0 01)
in the OE cells compared to the WT controls at day 1 4. Aggrecan is a large
aggregating chondroitin sulphate and is important to the function of the
articular cartilage contributing to the ability of cartilage to resist
compressive load and mediating chondrocyte -chondrocyte interaction and
chondrocyte -ECM interactions 16°. Aggrecan degradation is a feature of
osteoarthritis, with breaking down of the protein aggregates an d the

degradation of the protein itself 169

Expression of decorin, a member of the SLRP family of proteins shown
to bind to aggrecan and modulate the structural integrity of the cartilage
ECM by increasing its interaction with type Il collagen fibrils, was decreased
significantly in ASPN OE ATDC5  cellsat 21 98.8 % (p<0.0 01) respectively
(Figure 36).
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Figure 36 . Asporin overexpression supresses the expression of

Decorin during chondrogenesis. Chondrogenic markers were assessed

by rt -qPCR. Decorin is supressed in  Asporin overexpression ATDC5 at day 1,

7 and 21. Aggrecan expression is upregulated at day 14 in the Asporin
overexpression ATDC5. Expression levels were normalised to 18s. 2-way
ANOVA was carried out between WT and OE and across each timepoint
between WT and OE (Black *) and within the genotype between each time

point (Grey *), (n=3) and denoted by *=p<0.05, **=p<0.01, ***=p<0.001.

Error bars represent standard error of the mean
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3.4.3 Overexpression of Asporin  promotes hypertrophic and

terminal differentiation of ATDCS5.

Chondrogenic differentiation proceeds to hypertrophy and terminal
chondrocyte differentiation. At this stage of differentiation chondrocytes
begin to express genes involved in osteoblast differentiation, these are
classed as osteogenic markers. These trans cription factors drive osteoblast
differentiation in developing bone. For the assessment of the terminal

differentiation and mineralisation early markers Sp7, Runx2 were measured

and late markers of osteoblastogenesis Sostand Bglap were tested by gRT

PCR to assess the effect of  Asporin overexpression on chondrogenesis.

Asporin  overexpression upregulated Runx2 a master regulator of
osteogenic differentiation by ANOVA and Tuke y& post -hoc analysis , Runx2
was increased inday 21 O E cells by 45.8% (p <0.05) incompa rison to day
14 WT cells this was not observed in the day 14 to day 21 WT cells (Figure
37). This s interesti ng pre liminary da ta as by Stude nt paired T -test at day
7 and day 21, by 75.5 % (p<0.05), 32.6 % (p<0.001) respectively Runx2

expression was upregulated inthe O  E cells in comparison to WT cell  s.

SPP1 is involved in the mineralisation of the matrix and regulated by
RUNX2. SPP1 (osteopontin) is a non  -collagenous bone protein, involved
mineralisation of the matrix, capable of binding hydroxyapatite and in the
attachment of osteoclasts to the mineralised matrix. In ASPN OE ATDC5

cells, Sppl expression is upregulated at day 14 by 3053 % (p<0.0 5).

SP7 (osterix) is another master regulator of osteogenic differentiation
however it has also been shown to be expressed by hypertrophic
chondrocytes at low levels, in ASPN OE ATDCS5 cells Sp7 expression was
decreased atday 21 by 814 % (p< 0.01) incompa risontoday 1 WT cells,
where as there was no signi  ficant diffe rence in expression from day 1 today

21 WT cells .
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BGLAP (osteocalcin) is a marker of osteoblast differentiation, Bglap
expressionwas decreased atday 21 inthe OE cells by 78 % (p<0.05). SOST
is a late marker of osteoblast differentiation expressed by osteocytes
however it is also expressed by hypertrophic chondrocytes, RUNX2 can

supress the expression of SOST.

The upregulationof  Runx2 and the expression changes in downstream
transcription factors expression Sppl and Bglap, suggests arole for  Asporin
in modulating the RUNX2 axis of chondrocyte differentiation and osteoblast

differentiation.
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Figure 37 . Overexpression of Asporin  upregulates Runx2 and
Sppl expression and supresses Bglap . Osteogenic markers were
assessed by RT -gPCR. Runx2 expression is upregulated at day 7 and

21l inthe Asporin overexpression ATDC5. Sppl was upregulated at day

14. At day 21, Bglap was downregulated. Expression levels were
normalised to 18s.  2-way ANOVA was carried out between WT and OE and
across eachtimepoint between WT and OE (Black *) and within the genotype

between each time point (Grey *), (n=3) and denoted by *=p<0.05,
**=p<0.01, **=p<0.001. Error bars represent standard error of the
mean .
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3.5 Overexpression of Asporin  accelerates cartilage mineralisation.

3.5.1 Asporin overexpression increases calcium deposition in

mineralising ATDC5 monolayer.

To study the effect of overexpression of Asporin in the mineralisation
of the extracellular matrix of cartilage, ATDC5 cells were transfected with
hASPN ORF expression vector, WT and OE cells were plated and grown to
confluency in chondrogenic differentiation media supplemented with 1%
insulin/transferrin/selenium and 1 % sodium pyruvate for 6 days. Cells were
then cultured for a further 21 days supplemen ted with BGP and ascorbic
acid to drive the mineralisation of the deposited ECM and collagen
production and assessed at day 1, 7, 14 and 21. As discussed previously
BGP provides the phosphate for the formation of hydroxyapatite the mineral

for the calcification/mineralisation of the cartilage ECM.

Mineralising ATDCS5 cell monolayers were stained with Alcian blue as
described previously and showed no overt difference in the sulphated
proteoglycan deposition (Figure 38 A). No difference was found between WT
and ASPN OE ATDCS cells in the quantification of the extracted Alcian blue
stain either (Figure 38 C).

To assess mineralisation of the ATDC5 cell monolayer, Alizarin red
staining (ARS) was used. ARS was visibly increased in the ASPN OE ATDC5
at day 7, 14 and 21 (Figure 38 B). Atday 7, 14 and 21, the extracted and
quantified ARS levels were significantly increased 945.7 % (p<0.001),
453.7 % (p<0.0001) and 29.3 % (p<0.0 001 ) respectively, compared to the
WT cells (Figure 38 D).

The significant increase in the Alizarin Red staining in the Asporin OE
cells supports a potential role of Asporin in the mineralisation of cartilage

during osteoarthritis.
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Figure 38. Overexpression of Asporin accelerates
mineralisation in ATDCS5. Alcian blue and Alizarin Red staining of
monolayer ATDC5 cells throughout mineralising 21 -day cell culture in
chondrogenic medium supplemented with beta -glycerophosphate (BGP), to
induce mineralisation. Comparison of wild -type ATDC5 (WT) and ATDC5

overexpr essing Asporin (ASPN OE). Cells were stained with 1% Alcian blue
(A) or 40mM Alizarin Red stain (ARS)( B). Semi -quantitative measurement of
sulphated proteoglycan deposition through quantification of Alcian blue stain

read by spectrophotometry at 630 nm ( C). Semi -quantitative measurement
of calcium deposition through quantification of Alizarin red stain read by
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spectrophotometry 405 nm ( D). Concentration of stains were calculated from
calibration curve of standards of serial dilutions of Alcian blue stain ( E) and
standards of serial dilutions Alizarin red stain ( F). 2-way ANOVA was carried
out between WT and OE and across each timepoint , between WT and
OE(Black *) and within the genotype between each time point (Grey *), (n=3)

and denoted by *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.

Error bars represent standard error of the mean
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3.5.2 Cartilage and OA markers are increased by Asporin

overexpression in the mineralising ATDC5 cultures.

Key steps in the mineralisation of the cartilage growth plate and laying
down of bone in endochondral ossification is the degradation of the cartilage
to allow the infiltration of blood vessels with osteoblasts and osteoclasts
from the perichondrium, the e xpression of type | collagen and the
subsequent mineralisation of the collagen fibrils. In order to assess the
effect of Asporin overexpression on the differentiation of mineralising
ATDCS5 cells, expression of chondrogenesis markers ( Sox9, Ihh, Mmp13,
Col10al) was assessed by gqRT -PCR in OE and WT cells at day 1, 7, 14 and

21 of culture.

Sox9 expression in the OE cell was not significantly different at any
time point to the WT cells. However, expression does increase in the OE

cells from day 7 to 14.

Ihh is a key morphogen secreted by prehypertrophic chondrocytes
responsible for the organisation of the zones of the growth plate through
the differentiation of the chondrocytes in the PTHrP feedback loop,
described in Chapter 1, PTHrP Ihh is regulated by Sox9 and a downstream
targetof Runx2 17°. Ihh expression has also been implicated in OA pathology
because of its role in regulation of chondrocyte hypertrophy and Mmp1l3
expression, lhh is found to be upregulated in OA cartilage in, 1z
Interestingly, Ihh expression was upregulated in the day 14 ASPN OE cells
411.96 % (p<0.01) compared to the WT mineralising cells.

Collagen Xis expressed specifically by the hypertrophic chondrocytes,
Coll0al expression was downregulated at day 7, 88.1 % (p<0.0 001), and
there was no differencein Coll0al expression between the OE and WT cells
at day 14 and day 21. COL10Al is important for the cartilage -bone

transition, expressed by the hypertrophic chondrocytes.
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MMP13 is a matrix metalloprotein that is responsible for the turnover
of the cartilage ECM. MMP13 is the primary collagenase in the primary and
secondary ossification centres of endochondral ossification and targets type
Il collagen and aggrecan ~ “8. and upregulation of MMP13 leads to accelerated

articular cartilage  degradation in OA 173,

In the ASPN OE mineralising ATDC5 cells M mpl3 expression was
upregulated at day 7 , 14 and 21, by 2322.4 % (p<0.0001), 587.3 %
(p<0.001) and 288 % (p<0.0 5) respectiv ely, com pared to the WT cells.
This highlights a very interesting avenue for an effect of Asporin
overexpression in OA cartilage. MMP13 is expressed by terminal
hypertrophic chondrocytes and cleaves type Il collagen 48 the degradation
of the cartilage is necessary for the invasion of blood vessels. However, it
is also highlighted for its pathogenic role in OA, MMP13 has been shown to
be elevated in osteoarthritic cartilage, where degradation is increased
further accele rating the loss of cartilage and progression of OA 173, As
Asporin has been shown to be upregulated in OA cartilage and has been
shown here to upregulate the expression of MMP13, Asporin  may be a

therapeutic target in OA to reduce the activity of MMP13.

Type | collagen is significantly increased in the overexpression of
Asporin from day 1 to day 7. Type | collagen, the main building of all tissues
in the body except cartilage, it is expressed at high levels in early osteoblast
differentiation (Figure 3). Type | collagen is used as a marker of early
osteoblasts. The formation of bone is from the mineralisation of cartilage,
as discussed, Kalamajski et. al. demonstrate Asporin  binds Type |

collagen 123,
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Figure 39 . Asporin overexpression upregulates cartilage
degradation enzyme Mmp13 in mineralising cartilage.
markers were assessed by rt  -gPCR. Mmp13 is significantly upregulated in the
OE cells, Mmp13 is a major enzyme targeting cartilage for degradation, a

! found that deletion of Mmp13 resulted in
decreased ColX induction, here we see upregulation of Mmpl3 and no
suppression of ColX at  the later differentiation time points. Expression levels
were normalised to 18s. 2-way ANOVA was carried out between WT and OE

previous study by Wang et al.

and across each timepoint , between WT and OE

genotype between each time point (Grey *), (n=3)
Error bars represent standard error

*=p<0.05, **=p<0.01, **=p<0.001.
of the mean.

Osteogenic

(Black *) and within the

and denoted by
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3.5.3 Asporin upregulates Runx2 expression in mineralising ATDC5

cells.

To explore the reason behind the increased mineralisation of the
cartilage monolayer in BGP cultured ASPN OE ATDCS5 cells, osteogenic
markers were assessed by RT  -gPCR to determine gene expression changes

during chondrogenesis and cartilage mineralisation in presence of BGP.

RUNX2, the master regulator of osteoblast differentiation was
increased atday 14 inthe ASPN OE ATDC5 590.1 % (p<0.05) from day 1
OE cells, whereas the re was no significant differen ce in th e expression

between day 1 andday 14 WT cells (Figure 40).

SPP1, capable of binding hydroxyapatite and regulated by RUNX2 In
ASPN OE ATDCS5 cells, Sppl expressionwas upregulated atday 14 by 3680
% (p<0.05) from day 1 WT cells, whereas there was no significant
difference in e xpression between day 1 and day 14 WT cells . Interestingly,
the increase of Sppl correlated with the increase in mineralisation of the
cell monolayer (Figure  40). Sost, Sp7 and Alp expression in the OE cell was

not significantly different at any time point to the WT cells. There were

changes between the expression of the genes within the cell type, Bglap
expression peaked at day 14 in the OE cells , howe ver t here was no
difference in the expression of Alp between the WT and OE or between the

day points of the cells.
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Figure 40 . Overexpression of Asporin  upregulates Bglap and
Sppl expression. Osteogenic markers were assessed by rt -gPCR.
Bglap expression is upregulated at day 14 in the Asporin
overexpression ATDC5. Sppl was upregulated at day 14 . Expression
levels were normalised to 18s. 2-way ANOVA was carried out between WT
and OE and across each timepoint , between WT and OE  (Black *) and within
the genotype between each time point (Grey *), (n=3) and denoted by
*=p<0.05, **=p<0.01, ***=p<0.001. Error bars represent standard

error of the mean
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3.6 Overexpression of Asporin  in mineralising ATDCS5 cells leads to

changes in the balance of the OPG/RANKL pathway.

During end stage chondrogenesis and cartilage mineralisation the
recruitment and modulation of osteoblastogenesis is essential for
endochondral ossification. As discussed previously the RANKL and OPG
balance regulates the activation of osteoclastogenesis. Osteoclastogenesis
is initiated by the binding of RANKL (secreted by the osteoblasts) to the
RANK receptor on osteoclast progenitor cells. Osteoprotegerin (OPG) is a
decoy receptor of RANKL secreted by several cell types, including the
osteoblasts and chon drocytes. Increased OPG binds RANKL preventing
RANKL from binding to the RANK receptor, thus inhibiting
osteoclastogenesis. The OPG/RANKL balance has been shown to be active
in OA pathology 174. In primary human OA chondrocytes cultured grown in
vitro, supplementation with human OPG resulted in an upregulation in
MMMP13 expression 174,

To assess the modulation of the elements of this pathway by Asporin
overexpression in mineralising cartilage cells, Opg and RankL mRNA
expressi on levels were assessed by RT -gPCR. Interestingly, in the
chondrogenic unmineralized cartilage (ATDC5 cells cultured without BGP),

Opg wa s upregulated at day 21 in the ASPN OE ATDCS5 cells, by 339.8 %
(p<0. 05) (Figure 41 A). In the mineralising chondrocytes, Opg was
upregulated at day 14 in the ASPN OE ATDCS5 cells, by  490.1 % (p<0. 01)
(Figure 41 B).
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Figure 41 . Asporin overexpression upregulates Opg in
chondrogenic ATDC5 cells.

Activators of the osteoclastogenesis differentiation, RankL and Opg were
assessed by rt -gqPCR. Opg is significantly upregulated in the OE chondrogenic

cells at day 7 and 21 (A) , but not during mineralisation (B). Opg is an
inhibitor of osteoclastogenesis during skeletal development. Expression levels

were normalised to 18s. 2-way ANOVA was carried out between WT and OE
and across each timepoint , between WT and OE (Black *) and within the

genotype between each time point (Grey *), (n=3) and denoted by
*=p<0.05, **=p<0.01, ***=p<0.001. Error bars represent standard error
of the mean.
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3.7 Overexpression of Asporin  eff ect on mineralisation of U20S

cells.

To assess the effect of overexpression of Asporin  on osteogenic
differentiation and mineralisation, U20S osteogenic cells were transfected
with Asporin overexpression vector. WT and ASPN OE cells were seeded,
grown to full confluency, cells were then cultured for 21 days in osteogenic
medium to drive mineralisation of the cell monolayer. The osteogenic media
contained BGP as previously discussed, which p rovides the phosphate
necessary for the formation of hydroxyapatite the mineral component of the
calciicati on of bone. I n contrast to previous
was not used in order not to affect the endogenous levels of  Asporin in the
cultured cells 7. No sign ificant difference s were observed be tween WT and

OE at the same time points in an y of t he gene s assessed (Figure 42) .
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Figure 42 . Osteo genic markers were assessed in U20S cells
over expressi ng Asporin . Osteogenic markers were assessed by rt -qPCR.
Expression levels were normalised to 18s. 2-way ANOVA was carried out
between WT and OE and across each timepoint , between WT and OE (Black
*) and within the genotype between each time point (Grey *), (n=3) and
denoted by *=p<0.05, **=p<0.01, ***=p<0.001. Error bars represent
standard deviation.
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3.8 Discussion

Overexpression of  Asporin resulted in the increased mineralisation of
the ECM. Runx2 expression was altered in all cells overexpressing Asporin ,
highlighting the role for Asporin in modulating  Runx2 in mouse cells
Upregulation of Runx2 is a hallmark of OA animal models and also in OA
human cartilage samples . T he current hypothesis for the role of Runx2 in
OA is in the regulation of matrix degradation enzymes in the articular
cartilage 17%. Runx2 isinvolved in late stage chondrogenic differentiation and
has been shown to regulate Col10al, Sppl and Mmpl3 inchondrocytes and
Ihh a regulator of chondrogenic differentiation is a reported downstream
target of Runx2. The total ablation of Ru nx2 is embryonically lethal
However , in the study by Chen et. al., through using a mouse model with
mutated Runx2, deleting exon 8, resulted in disrupted chondrocyte
development and failed endochondral ossification 170 In the mutated
Runx2 9 B8/ ¢ Bfouse model expression of Ihh expression was significantly
reduced . TGF-a has been r eporRum2 expressionn RUNX2is
the master regulator of osteoblast differentiation . 1t is expressed by
terminal chondrocytes, however it is not necessary for the vascular
invasion, instead it is essential in the transdifferentiation of chondrocyte to

osteoblasts.

Qin et. al. generated a mouse model of Coll0al cre targeted ablation
of Runx2 to delete Run x2 specifically in hypertrophic chondrocytes L
Interestingly, the transdifferentiation of terminal chondrocytes to
osteoblasts was significantly reduced and furthermore the apoptosis of
hypertrophic chondrocytes was increased. In the embryonic and neonatal
stages, the reduction of transdifferentiatio n affected trabecular bone
formation 77, Despite this, there was no difference to the trabecular bone
formation at 6 and 20 weeks of age. Qin et. al. confirmed through cell
lineage tracing the osteoblasts originating from the
perichondrium/periosteum were responsible for the formation of normal
trabecular bone post -birth 177, In Runx2 -/~ null mice there was a total

absence of perichondral osteoblasts, however in the conditional mice there
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were perichondral osteoblasts and Vegfa expression in the perichondral

osteoblasts was sufficient to vascularise the cartilage growth plate 18,177

In the Coll0al cre targeted ablation of a-catenin in hypertrophic
chondrocytes, transdifferentiation of chondrocytes to osteoblasts was
reduced, reducing trabecular bone formation in embryonic development and
furthermore the mice presented with increased bone resorption with an

increase in the ratio of RA  NKL to OPG, driving osteoclastogenesis 178

The increase in  Runx2 , essential for transdifferentiation and Collal,
early transdifferentiating marker, the increase in  expressionatday 14 from
day 1 in hAPSN overexpressing ATDC5 (OE ) cells thatis not observed in the
WT cells from day 1 to day 14, could be indicative of accelerated
transdifferentiation in the h APSN overexpressing ATDCS5 (OE) cells following
the supplementation of mineralising media 177 Moreover, the increased
mineralisation in the OE ATDCS5 cells could also indicate Asporin has a role
in the mineralisation of cartilage. This could be due to the accelerated
transdifferentiation and the ATDC5 adopting osteogenic properties,
however it is also interesting to consider, as Kalamajski et. al. confirmed,

Asporin is capable of mineralising type | collagen, the increase in
mineralisation in the OE ATDC5 could be a combined result of the
upregulation of type | collagen mRNA, with more type | colla gen expected
to be present and the abundance of Asporin , the mineralisation of the
number of mineralised fibrils are increased and therefore increased Alizarin

Red stain in the OE cell monolayers.

Most interestingly for these results is the increase in Mmpl3
expression in the mineralising cartilage. In the presence of BGP, the
mineralising ECM cells significantly upregulated the expression of Mmpl3 .
MMP13 is t he main matrix metalloproteinase, important for the turnover of
the cartilage matrix ~ for maintenance and for the infiltration of blood vessels
along with osteoblasts and osteoclasts during the mineralisation of the

matrix 23.
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Mmp1l3 has been identified in OA cartilage for a pathogenic effect,
increase Mmp13 drives the degeneration of the articular cartilage through
the breakdown of type Il collagen and aggrecan. The overexpression of
Asporin upregulated Mmp13 may highlight a role of Asporin in the pathology

of OA, through the dysregulation of the homeostasis of cartilage turnover.

Sppl expression is upregulated in the mineralising OE cells at day 14 in
comparisonto day 1 WT cells, whereas this upregulation was not observed

in the day 14 WT cells from day 1 WT cells . Sppl is an early marker of

osteogenic differentiation and a driver of the mineralisation of the cartilage
matrix. This is another likely contributing factor to the increased
mineralisation of the cartilage observed in the mineralising OE cells.

The U20S mineralisation experiments provide interesting preliminary
data for the role of  Asporin in osteogenic differentiation in bone cells, from
day1to7 TGF-a lexpression increases inthe WT cells that is not observed
in the OE U20S cells, however there is no significant difference in the
expression of TGF-a 1 between OE and WT U20S at any time point.
However, interestingly RUNX2 and SP7 expression are trending toward
being reduced at day 7 in the OE cell s (p=0. 0521 and p=0.0853)
Osteoblast differentiation is regulated by RUNX2 expressed by
endochondral bone and the perichondrium, RUNX2 induces SP7 expression,
therefore the reduction of SP7 expression may be a result of lack of
induction due to reduced RUNX2 expression 7. However, this reduction in
RUNX2 expression is interesting as this is the opposite of what is observed
inthe OE ATDC5 both  mineralising and non  -mineralising chondrogenic cells.
RUNX2 drives osteogenesis  however there is no overt difference in the OE
cells in comparison to the WT cells. There are limitations to the use of U20S
cells. They have similar transcriptional patterns to osteoblasts through
differentiation 162, However, they lack the capacity to mineralise, unlike
other osteoblast cell lines such as S a0S2 cells . T his difference is important
as a very interesting feature of Asporin is the ability to mineralise type |

collagen 23, Future work, employing a different cell line such as S a0S2
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would be interesting to assess whether Asporin modulates mineralisation of
bone cells and whether the changes observed in the mineralisation of
ATDCS5 OE cells where calcium deposition was increased is upheld in bone

cell mineralisation.

The chondrogenic cartilage experiments using the ATDC5 cells
focused on the effect of Asporin overexpression on the stability and
homeostasis of the ECM. The initial culturing of the cells for 6 days in the
chondrogenic media initiates chondrogenesis and formation of the ECM. The
following 21 -day culture supplemented with ascorbic acid promotes
cartilage ECM deposition and type Il collagen production 164 This experiment

tested chondrogenesis without a mineralising stimulus (BGP).

Runx2 expression is also increased at day 7 and 14 in the h ASPN OE
cells in comparison to the WT cells, the increase in Runx2 without the
presence of BGP to drive mineralisation demonstrates this change to the

Runx2 is a consistent effect of the overexpression of Runx2. As discussed

Runx2 can drive the chondrogenesis of ATDC5 179 Additionally, as
Kalamajski et. al. demonstrated that Asporin and decorin compete for the
binding of type | collagen, interestingly these data show the overexpression

of h ASPN supresses decorin expression, this lack of decorin coupled with

the abundance of  Asporin would suggest there would be low competition to

the Asporin -type | collagen interaction 123,

The significant reduction of sulphated proteoglycan in the
chondrogenic cartilage experiments is surprising as there was no difference
in the expression levels of the main cartilage proteoglycan aggrecan in the
Asporin OE cells. In a study by Lee et. al. overexpressing Asporin in mice
increased GAG production in the nuclear pulposus, the central portion of the
IVD 8 Type Il collagen and aggrecan expression was increased by the
overexpression and an increase in the phosphorylation of Smad2/3, this is

indicative of increased Tgf -a si gnal |l i ng.
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Interestingly, the overexpression of Asporin by vector rather than
supplementation of recombinant Asporin supressed expression of decorin
across all 21 days of culture, in the work by Kalamajski et. al. addition of
recombinant hASPN did not inhibit decorin expression, however
supplemental Asporin was a potent inhibitor of decorin -collagen binding 123,
This was very interesting to find as both Asporin and decorin compete for
type | collagen binding, however Asporin is a more potent inhibitor of
decorin -collagen interactions than decorin as an inhibitor of Asporin -
collagen interactions 1?2. Considering the increased Asporin and decreased
decorin that is demonstrated in these experiments it can be hypothesised
that Asporin will bind the majority of the type | collagen fibrils with
extremely low levels of competition. Decorin is described as a physical linker
in the ECM, with a key role in increasing the molecular adhesion of
aggrecan -aggrecan and aggrecan -collagen Il fibril s forming the aggrecan
network of the ECM 81, Decorin for this reason is important for the integrity
of the aggrecan network of cartilage ECM. This process has been shown to
modulate the ECM integrity with no direct effect on chondrocyte

differentiation or the synthesis of aggrecan 181

The significant reduction in decorin expression , can be predicted to
reduce the integrity of the ECM and the formation of an aggrecan network.
Alcian blue stains sulphated proteoglycan and aggrecan is the main
constituent of cartilage ECM. The loss of Alcian blue staining may be aresult
of the loss of the network of aggrecan and not in fact as a result of modified
chondrogenesis. Moreover, decorin is successfully stained by Alcian blue,
the loss of Alcian blue may also be a result of the loss of decorin in the cells

overexpre ssing Asporin .

Asporin -collagen interactions have been shown to be inhibited by
decorin, without the presence of decorin, Asporin is able to bind collagen
fibrils without competition. Asporin overexpressing cells had significantly
increased Alizarin Red Staining, a semiquantitative method for assessing

mineralisation. The binding of Asporin and its ability to mineralise collagen
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fibrils, suggests that in the presence of BGP, the phosphate needed for
formation of hydroxyapatite for mineralisation of cartilage Asporin  will
mineralise type | collagen, and compete with decorin to bind type |
collagen 22, With the suppression of decorin and overexpression of Asporin ,
the increase of mineralisation of the monolayer is a result of lack of
competition in collagen fibril binding and in the presence of BGP the binding

results in the mineralisation of the fibrils.

To further investigate this balance between Asporin and decorin it
would be interesting to look at protein to protein interactions as it has been
previously shown they compete for type | collagen binding 123/ Decorin could
also be overexpressed in these cells to determine if there is a reciprocal
effect of decorin overexpression supressing Asporin expression. It would be
an opportunity to look in OA cartilage, to determine if there is a suppression
of decorin in vivo and investigate if there is an impact of this suppression
on OA progression and cartilage integrity. This could be carried out using
IHC on OA -induced animal models sections and compare decorin

expression.

Sppl expression was low in the WT cells with expression peaking at
day 21. Whereas Sppl expression is significantly increased in the
chondrogenic OE ATDCS cells at day 14. SPP1 has been found to be highly
expressed in osteoarthritic cartilage and subchondral bone of OA
patients 82, This is an interesting result as the overexpression of h ASPN
upregulated the expression of Sppl, as both Asporin and SPP1 have been
shown separately to be highly expressed in OA cartilage it would be
interesting to look at a connection between the two and whether there is a

driving force or connected pathway between the two in the pathology of OA.

In chondrogenesis, hypertrophic chondrocytes begin to express
drivers of osteogenic differentiation SP7, SOST, and BGLAP. Interestingly,
in the OE cells Sp7 and Bglap expression levels were all downregulated at
day 21 . T his would indicate  they are not reaching the hypertrophic stage 183,

Most interesting  will be to foc us on the effect on S ost in future work,
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downregulation of  Sost expression in the chondrogenic ATDCS cells . SOST
is expressed by osteocytes and in low levels by hypertrophic chondrocytes

Although by A NOVA analys is of th e data there is no significant difference
observe d, in Studentt -test of WT vs OE at each time point this pre liminary
data indicate s in the OE cells , Sost expression is significantly decreased at

day 21 compared to the WT cells, whereas the WT cells peak in Sost
expression at day 21. SOST is a negative regulator of bone formation,
expressed primarily by osteocytes in the regulation of bone resorption,

i ncreased SOST has been shown b-ycatedin and
increase the RANKL/OPG ratio, promoting osteoclastogenesis 184 SOST
suppression was also shown to increase bone density and bone volume and

OPG expression was increased, inhibiting bone resorption 184 Suppression
of Sost expression was observed in the chondrogenic OE cells and the
decrease in Sost expression at from day 1 to day 7 of the mineralising OE

ATDCS cells.

This finding is very interesting when considered with the increase in
mineralisation  of the monolayer . T o explore this further, OPG/RANKL ratio
was assessed. There was a significant increase in the expression of Opg in
the chondrogenic OE cells at day 14 in comparison to the WT cells
Furthermore, Opg expression is increased in the mineralising OE cells from
day1to 14 andfromday7tol 4. This has highlighted an interesting effect
of the overexpression of Asporin modulating the SOST and OPG pathway.
With increased OPG expression, OPG acts as a decoy to the RANKL receptor,
this blocks the receptor and inhibits osteoclastogenesis and consequently

bone resorption .

Endogenous mouse Asporin was low in the ATDC5 cells with no
difference in the expression between WT and OE cells, this could be
indicative that there is no positive feedback signalling from the human
Asporin overexpression on mouse Asporin in these cells. There was no
significant difference between the mouse Asporin levels and the human

Asporin expression in the WT cells . This is due to the very low expression
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levels of both human and mouse Asporin in WT ATDCS5 cells , as the human

primers target a region present in only the human Asporin sequence.

U20S cells were studied frequently in osteogenic differentiation
experiments as an early osteogenic cell line with fibroblast morphology, this
was used to look mimic initial differentiation of osteoblasts from MSCs.
However, work has been carried out to show that U20S is not necessarily
the best cell line to model mineralisation and osteogenic differentiation. If
repeated, using SaOS2 cell line would be preferred as this has been shown
to have a more similar differentiation pathway and gene expression panel

to that of classic osteogenic differentiation in development 163

ATDCS5 cells are a robust cell line frequently used in cartilage

modelling due to their capacity to be driven through chondrogenic

differentiation ad their potential to be mineralised 162, 164 However, in
assessing gene changes through qPCR of the WT cells they do not follow
the expected trend of cells undergoing chondrogenesis . It would be

expected for there  to be minimal expression of type X collagen atthe start
of chondro genesis which would then increase significantly after 14 days of
culture and increase further by day 21 164 However, in chondrogenic ATDC5
cells ( Figure 39) there was no significant di  fference in type X collagen
expression acrossthe time points . Furthermore, ther e was alot of variability
between the samples in the gPCR data particularly in the Sox9 expression
data atday 14 (Figure 39). Sox9 isthe master regulator of chondrogenesis,
cells undergoing chondrogenesis would have an early and significant
express ion of Sox9 at day 1 and day 7, this was not observed across the
time points , the variability in the data points poses concern for whether  the
cells are in fact undergoing chondrogenesis. Another, repeat o f the
chondrogenesis in WT ATDC5 would be beneficial to make sure the cells are
capable of chondrogenesis , these were a late passage and therefore the

possibility they have lost differentiation capability
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Chapter 4. Asporin  knockout in cartilage
4.1 Introduction

Upregulation of  Asporin has been implicated in the pathobiology of
osteoarthritis. In order to understand the role of Asporin in ageing and
degenerative disease, it is first essential to look at its role in cartilage
development. As previously discussed in Chapter 3, the overexpression of
Asporin was shown to modulate mineralisation in bone and cartilage cells.

In the context of development, the epiphyseal growth plate is the main

regulator of the skeletal growth. This chapter describes the study of the

growth plate and the longitudinal bone growth in Asporin  wild type
(C57BL/6 colony ) and Asporin null (C57BL/6 ASPN /- colony) mice in order
to obtain an overall picture of the role of Asporin in cartilage development.
The development of the articular cartilage was also studied to investigate

potential developmental changes that might shed light on the role of Asporin

in Osteoarthritis.

Chapter aims:

1 To confirm the global knockout of Asporin and the conditional knockout
of Asporin under the type Il collagen promoter in cartilage specific
knockout mice (generated by Dr Francesca Brito and described in the
Methods chapter) using protein was extracted from skin, tail tips and the
xiphoid cartilage.

1 To assess the effect of the global and cartilage -specific deletion of  Asporin
on hyaline cartilage (articular and growth plate) morphology, expression
of key molecules, cartilage proliferation and apoptosis, and endochondral

ossification.
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4.2 Western blotting confirmed global knockout of Asporin

For the confirmation of global knockout of Asporin skin tissue and tail
tip were collected, and protein extracted , 30 ng of protein was
electrophoretically resolved . SDS-PAGE gel electrophoresis followed by

Western blotting for ~ Asporin  and GAPDH loading control confirmed knockout

of Asporin in all tissues of the global knockout (Figure 43).

The conditional knockout of Asporin 0 was devel oped

expressing Cre recombinase under the type Il collagen, with the aim of

creating a mouse line with a cartilage specific knockout of Asporin . The
conditional allele contains loxP sites that flank exon 4 of Asporin deletion of
which would lead to a frame shift and production of non -functional protein.

Asporin was detected in the ear notch samples of Col2Cre KO mice, likely
because there was skin present in the sample. It was also detected in the

tail tip sample and in the skin samples from the Col2Cre KO mice. However,

in the cleaned xiphoid, which is exclusively made up of cartilage and
perichondrium,  Asporin was not detected in the samples collected from
Col2cre knockout mice. Genotyping was used to confirm the Cre floxed

Asporin null mice using primers detailed in 2.6.2.
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Figure 43 . Western blotting confirms successful global
knockout of Asporin . Asporin is not present in any tissue of the
global knockout mouse (KO). Asporin is present in all tissues of the
conditional knockout mouse (cKO) except for the xiphoid made of
exclusively cartilage. ASPN ( Asporin ) 42 kDa, and GAPDH 37 kDa
was also probed to confirm equal loading of proteins. T (tall tip), S

(skin). Tissues were collected at 3 -weeks of age. N = 3 per

genotype.
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4.3 Endogenous expression of Asporin  and confirmation of global

knockout of  Asporin

To determine the localisation of the wild type Asporin and to further
confirm the of global deletion of Asporin , immunohistochemical staining of

three -week old tibial growth plates was performed.

wild type Asporin was detected in the bone of the secondary
ossification centre and in the perichondrium and was confirmed to be absent
in the global knockout (KO) tibia (Figure 44). Moreover, it was not present
in the articular cartilage at 3 weeks of age, further confirming the low levels
of Asporin expression in the developing and healthy articular cartilage that

was reported in the human samples.
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