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Abstract

Osteoarthritis (OA) is a debilitating joint disorder affecting millions globally. No disease-
modifying osteoarthritis drugs exist to date, highlighting the need for in-depth research into the
molecular underpinnings of OA. The aetiology of OA is multifactorial, with genetics playing a crucial
role in its development. Genome-wide association studies (GWAS) have to date linked over 125
genetic variants to OA. Functional follow-up studies on these variants are needed in order to gain
profound insights into the biology of this complex trait and diseases and create therapeutic

opportunities.

In this thesis | investigated two independent OA GWAS signals, rs11583641 and rs1046934,
associated with a collagen galactosyltransferase gene COLGALTZ2. Cartilage and synovium tissues
from arthroplasty patients were used to detect quantitative trait loci (QTLs) and link the genetic
variants with gene expression and DNA methylation (DNAm) levels at enhancer regions. These
effects were also investigated in developmental cartilage samples in order to gain insight into the
developmental origins of OA. CRISPR/Cas9 tools were used to identify causal relationships between
DNAm at the enhancers and gene expression in vitro cell models of cartilage and synovium. The
role of the COLGALT2 enzyme in chondrocyte biology was studied using a proteomic analysis of

mesenchymal stem cells differentiated into chondrocytes

The OA associated variants were found to act as both expression and methylation -QTLs in
arthroplasty and in developmental cartilage samples. The risk alleles of these two independent
variants were found to correlate with DNAm levels at enhancer regions and with the expression of
COLGALT2. Targeted epigenetic modulation of the enhancers revealed causal links between DNA
methylation and COLGALT2 expression. The rs11583641 locus was active in synovial tissue but the
mechanism driving the effect was distinct from that observed in cartilage. Depletion of the
COLGALT2 enzyme revealed it to be crucial for the development of chondrocytes and for the

secretion of healthy cartilage ECM.

The work presented in this thesis highlights the complex genetic landscape of OA,
underscoring the importance of genetic and epigenetic factors in its pathogenesis. The
identification of novel genetic targets opens avenues for the development of DMOADs, offering

hope for improved management and treatment of OA.
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Chapter 1. Introduction

1.1. The musculoskeletal system and musculoskeletal health

The musculoskeletal system represents a complex and essential network within the
human body, encompassing various interconnected components, including bones,
muscles, tendons, ligaments, and articulating synovial joints. This intricate system fulfils a
range of vital functions, including providing structural support, facilitating movement,

protecting internal organs, and contributing to metabolic processes.

Bones serve as the foundational framework of the body, offering robust support and
defining its overall shape. Additionally, bones play a pivotal role in metabolic functions,
primarily by regulating calcium and phosphorus levels through storage and release. The
bone marrow, situated within select bones, assumes the critical responsibility of producing

blood cells, including red blood cells, white blood cells, and platelets’.

Muscles, intimately linked to bones through tendons, act as the dynamic engines of
the musculoskeletal system, orchestrating a wide array of movements crucial for everyday
activities and mobility. The contraction and relaxation of muscle fibres generate forces
transmitted to bones, resulting in joint motion. This intricate interplay enables a broad
spectrum of movements, ranging from fine motor skills to powerful actions like running or
lifting".

Ligaments, which are sturdy connective tissue bands, play a pivotal role in
preserving the structural stability of joints. These fibrous structures connect bones to one
another, defining the range of motion for each joint. By restraining excessive movement
and guiding the articulation of bones, ligaments help prevent injuries and ensure the
proper functioning of joints?. Tendons are robust, flexible connective tissues crucial for
movement. They link muscles to bones, enabling the transfer of muscular force to skeletal
structures. This connection allows for the execution of all physical actions. Composed
primarily of collagen, tendons are both strong and slightly elastic, adept at handling forces
from muscle contractions while providing resilience against impacts. They are essential for

maintaining proper joint mechanics and movement efficiency. However, tendons can be



prone to injuries, often due to overuse or intense stress, affecting movement and requiring

careful management?.

Articulating synovial joints, serving as the meeting points between bones, are
integral components of the musculoskeletal system. They facilitate a diverse repertoire of
movements. These specialized structures allow for flexibility and mobility while

maintaining the critical aspects of stability and balance.

The musculoskeletal system's role extends beyond mere structural support and
movement. It is integral to overall health and well-being. The system influences other body
systems: it protects internal organs, stores minerals, and houses the marrow for blood cell
production. Its health impacts the body’s ability to engage in physical activity, which is
essential for overall health, including cardiovascular and mental health, directly affecting

the quality of life®.

Regarding the current state of musculoskeletal health, in 2020, musculoskeletal
disorders were ranked as the second-highest cause of non-fatal disability, affecting over
1.63 billion people globally*. These disorders encompass a broad range of conditions
affecting the locomotor and connective tissue systems, including bones, joints, ligaments,
tendons, and muscles. Specifically, the study includes conditions such as rheumatoid
arthritis (RA), osteoarthritis (OA), low back pain, neck pain, and gout, along with other

musculoskeletal disorders comprising various acute and chronic conditions®.

The global burden of these disorders is substantial and growing. Between 1990 and
2020 the number of cases of musculoskeletal disorders had increased by 59.86%. This
increase is projected to continue, with cases expected to rise by 115% from 2020 to 2050,
reaching an estimated 1060 million prevalent cases*. The age-standardized prevalence of
these disorders was notably higher in females than in males and increased with age,
peaking at 65-69 years. The high prevalence of musculoskeletal disorders comes with a

substantial impact on health and quality of life*.

The increasing prevalence and impact of musculoskeletal disorders highlight the
need for focused public health efforts. These should include prevention strategies targeting
modifiable risk factors, early detection and management of conditions, and research to

better understand the underlying mechanisms and effective treatments. The growing



burden also underscores the need for healthcare systems to adapt to the increasing
demand for musculoskeletal care, including rehabilitation services and long-term

management strategies.

1.1.1. Musculoskeletal and Joint development

The processes of skeletogenesis, synovial joint determination and formation, and
endochondral ossification are intricate and highly coordinated events in embryonic

development.

Skeletogenesis

Skeletogenesis, the developmental process of skeletal formation during embryonic
development, represents a complex orchestration of cellular differentiation and tissue
patterning. This process encompasses the transformation of mesenchymal stem cells
(MSCs) into the two primary cell types of the skeletal system: chondroprogenitor and

osteoprogenitor cells®.

The journey of skeletogenesis begins with the condensation of MSCs in specific
embryonic limb buds. Chondrogenesis and osteogenesis, the formation of cartilage and
bone respectively, ensue following this initial condensation. Chondrocytes begin to form
the cartilaginous templates of future bones. Simultaneously, osteoblasts embark on the
creation of bone tissue. This bone formation occurs through two distinct pathways: directly
via intramembranous ossification or indirectly through endochondral ossification, where

the cartilage template is gradually replaced by bone®®,

Regulating skeletogenesis involves a sophisticated network of signalling pathways,
transcription factors, and epigenetic mechanisms. Central to these regulatory pathways are
Bone Morphogenic Proteins (BMPs), a subgroup of the Transforming Growth Factor beta
(TGF-B) superfamily, which are potent inducers of osteoblast differentiation and play an
instrumental role in the early stages of chondrogenesis’. Fibroblast Growth Factors (FGF)
are also involved in the regulation of these processes, working in tandem with BMPs®, The

Whnt/B-catenin signalling pathway also plays a crucial role, promoting osteoblast



differentiation while simultaneously inhibiting chondrocyte maturation®. The Hedgehog
signalling pathway, particularly the Indian Hedgehog (lhh), is essential for both chondrocyte
proliferation and maturation, as well as osteoblast differentiation®®. Feedback mechanisms
involving these pathways are critical for the regulation of skeletogenesis. For instance, lhh
produced by chondrocytes stimulates the production of parathyroid hormone-related

protein (PTHrP), which in turn modulates chondrocyte differentiation™.

Synovial joint determination and formation

The determination of synovial joints begins with the formation of the interzone at
sites where two cartilaginous elements meet. Cells within the interzone undergo apoptosis,
leading to the creation of the joint cavity. Surrounding mesenchymal cells differentiate into
the articular cartilage and the synovial membrane. The joint cavity formed following
apoptosis in the interzone is filled with synovial fluid, produced by the synovial membrane,

and serves as a lubricant for the joint.

Central to the development of synovial joints is the role of Growth Differentiation
Factor 5 (GDF5), a member of the TGF-B family. GDF5 is expressed in the interzone of
developing joints, playing a crucial role in establishing joint sites™"3. Its importance is
underscored by the skeletal abnormalities associated with GDF5 mutations''8, Wnt/B-
Catenin signalling, another crucial pathway in joint formation, regulates cell fate within the
interzone. Activation of this pathway stabilizes B-catenin, which enters the nucleus to
activate genes involved in joint formation'2'. Wnt signalling interacts with BMP signalling

and lhh signalling to orchestrate joint development?®22,

The transcription factors SOX9 and RUNX2 are paramount in the regulation of
chondrogenesis and endochondral ossification. SOX9 is essential for chondrogenesis,
driving the expression of cartilage-specific genes?*?4, while RUNX2 is a master regulator of
osteoblast differentiation?, activating genes necessary for bone formation. The two factors

work in synergy to regulate the formation of cartilage and bone?.



Endochondral ossification

Endochondral ossification, a key mechanism in forming long bones, transforms
cartilage into bone. Initially, chondrocytes create a cartilage template mirroring the future
bone's shape. These cells mature, proliferate, and become hypertrophic chondrocytes,
which secrete factors to calcify the cartilage matrix, preparing for bone formation. Vascular
invasion brings blood vessels and osteoblasts into the calcified cartilage, beginning bone
development while osteoclasts resorb the cartilage. This process forms the primary

ossification centre in long bones.

Growth plate activity is crucial for bone elongation, with chondrocytes producing
new cartilage replaced by bone. Endochondral ossification is regulated by systemic
hormones and local factors like Ihh, PTHrP, and BMPs, influencing chondrocyte and
osteoblast functions. Transcription factors including SOX9, RUNX2, and Osterix govern
chondrogenesis and osteoblast differentiation?’-2°. This process is vital for growth, height,

and limb length, with disruptions leading to disorders like achondroplasia.

1.1.2. Synovial joints

Synovial joints are the main functional joints in the human body characterized by
opposing articulating bone ends that are each covered by a thin layer of cartilage and
enclosed within a synovial cavity (Figure 1.1). These joints are surrounded by a fibrous joint
capsule and contain synovial fluid, a lubricating fluid that reduces friction and provides
essential nutrients to the articular cartilage. Synovial joints allow for a wide range of
movements, making them crucial for mobility in various parts of the body, such as the

knees, hips, hands, elbows, and shoulders.

Articular cartilage

Articular cartilage is a highly specialized connective tissue that covers the ends of
bones in joints, facilitating smooth movement by reducing friction. Cartilage consists of
chondrocytes, which make up about 1% to 5% of its volume, embedded in a well-organized

extracellular matrix (ECM)®. The ECM is composed of collagens, proteoglycans (PGs), and



glycoproteins, constituting approximately 65%, 10-20%, and 5-10% of the organic
component of cartilage, respectively®®. Cartilage acts as a cushion, absorbing shock by

efficiently transmitting forces through the joint, thereby protecting the underlying bone®'.

Chondrocytes are only cellular component of articular cartilage. These specialized
cells are responsible for the synthesis and maintenance of the ECM, which is pivotal for the
tissue's overall function. Chondrocytes are not uniform throughout the tissue but exhibit
distinct shapes and densities within different zones of cartilage (Figure 1.1), reflecting their
roles in matrix production and maintenance®. These cells are well adapted to their
avascular environment, with nutrient and waste exchange facilitated by diffusion through

the ECM*,

The cartilage ECM is a complex and highly specialized network that plays a crucial
role in the structure and function of cartilage. Its composition and organization are tailored
to meet the specific mechanical and biological needs of cartilage tissue. It is composed of
several critical components. Collagens are the major components of the dry weight of the
ECM, providing tensile strength and structural support®*-®. This collagen network gives
cartilage its white, glossy appearance and contributes significantly to its ability to withstand

mechanical stresses®'.

Type Il collagen is the most abundant collagen in articular cartilage3®**3. In
conjunction with other proteins and proteoglycans, this collagen constructs intricate
extracellular frameworks which are crucial for enduring mechanical stresses, preserving
physiological balance, and providing secure attachment points for chondrocytes, ECM

molecules, and growth factors.

Up to 90-95% of the collagens in cartilage ECM can be type Il collagen®®*. Type IX
and type Xl collagens constitute up to 5% and up to 3%, respectively, of the collagens found
in cartilage®®. Type Il and Xl collagen, in combination with type IX collagen, interlink to
create a mixed fibrillar framework?®®*’. This structure is fundamental to imparting tensile
strength to cartilage, ensuring its resilience and structural integrity. Collagen IX is co-
expressed in human tissues with collagen 1%, While collagen Xl is a quantitatively minor
collagen in cartilage, it is essential for the regulation of collagen fibril diameter*-*'. This
collagen is expressed early during chondrogenesis, highlighting its crucial role in collagen

fibrillogenesis®®42,



Other minor collagens in cartilage ECM include types llI, IV, V, VI, X, XII, XIV, XVI,
XXII, and XXVII %¢. Collagen lll can be found in healthy cartilage®* but is upregulated in
diseased tissue*?, suggesting it might interact with type Il collagen in cartilage in an attempt
of tissue repair** similar to the way it interacts with collagen type | in other tissues to initiate
would healing®. Type IV collagen is a key component of basement membranes®?, which
separate cartilage from surrounding tissues. It provides structural support and helps
maintain the cartilage's boundaries. Type V collagen, a minor fibrillar collagen, has been
found to assemble as type V/XI collagen in cartilage“®. It is essential in forming a fibrillar
collagen mesh and regulates fibrogenesis and fibre size*’. It also aids cellular adhesion and
matrix repair®’. Type VI collagen plays a role in cartilage ECM. It forms microfibrils that
associate with Type Il collagen fibrils*® as well as proteoglycans and glycoproteins present
in the ECM*%4°, As the main collagen in the pericellular matrix, collagen VI helps mediate
chondrocyte-matrix interactions®®. Type X collagen is associated with hypertrophic
chondrocytes and the calcified zone in cartilage endochondral ossification®'. This type of

collagen is increased in diseased cartilage®?.

Types Xl and XIV collagens are commonly present in regions subjected to intense
mechanical stress®*°4. They play a significant role in fibrillogenesis and are essential for
maintaining the structural integrity and mechanical properties of tissues®® Type XVI
collagen is found in the chondrocytes' territorial matrix and is associated with thin collagen
fibrils containing type Il and Xl collagen ®°. Type XXII collagen, on the other hand, is located
at the interface between synovial fluid and the surface of articular cartilage, playing a role
in the cartilage's extrafibrillar matrix®’. Type XXVII collagen, which forms fibrils,
predominantly occurs where cartilage transitions to bone and around proliferative
chondrocytes in the epiphyseal growth plate. It is thought to be crucial for the structural
integrity of the extracellular matrix in the growth plate, particularly in organizing the

proliferative zone®®.

Proteoglycans are the second most abundant organic component of the cartilage
ECM?®°, Aggrecan is the major proteoglycan in the ECM and plays a vital role in its ability to
withstand compressive forces®*®'. Aggrecan molecules are decorated with
glycosaminoglycan (GAG) chains, including chondroitin sulphate and keratan sulphate.

These GAG chains exhibit high hydrophilicity, attracting water molecules. This property



gives cartilage its gel-like consistency and empowers it to resist compression effectively.
Furthermore, the interaction between the negatively charged GAG chains and positively
charged ions contributes to the tissue's osmotic properties, allowing it to absorb and
release water in response to mechanical loading®®%%%2, Other important proteoglycans in
cartilage ECM biology are decorin, biglycan, versican, and perlecan - small proteoglycans
that bind to collagen fibrils or other proteoglycans, attract growth factors or interact with
the pericellular matrix. They influence matrix organization and fibrillogenesis and play a

role in cell adhesion and proliferation -,

Glycoproteins are the third most abundant component of cartilage ECM®*. These
molecules often serve as adhesive proteins, facilitating cell-matrix interactions and helping
anchor the cartilage matrix. Important glycoproteins for the proper function of the ECM
are fibronectin, cartilage oligomeric matrix protein (COMP), matrillins, and hyaluronan and
lubricin. Fibronectin interacts with collagen and proteoglycans, contributing to matrix
assembly®’-%°, COMP participates in the assembly of the ECM, influencing collagen
fibrillogenesis’®’". Matrillins serve as adaptors in the ECM, linking different matrix
components and contributing to mechanical stability’?. Hyaluronan and lubricin ensure the

lubrication of the cartilage surface® 7375,

Water is not merely a passive filler but an active participant in cartilage function.
Water constitutes 65-80% of the wet weight of cartilage. It interacts with the hydrophilic
GAG chains of proteoglycans, creating an osmotic pressure that resists compression. This
hydration-dehydration mechanism enables cartilage to adapt to varying mechanical loads,

maintaining its shock-absorbing properties and preventing tissue damage3'-’6.

The organization of the ECM in articular cartilage exhibits a zonal structure (Figure
1.1). This zonal organization ensures that the cartilage ECM can effectively withstand and
distribute the various mechanical stresses it encounters, such as compression, tension, and
shear forces’®’°. The superficial zone, located at the joint surface, contains high
concentration of type Il collagen fibres oriented parallel to the surface’®’”:#, This
orientation provides resistance to shear forces, which can be generated during joint
movement. This zone constitutes about 10% of the volume of articular cartilage and has
lower proteoglycan content but a higher concentration of hyaluronan and lubricin’®,

contributing to surface lubrication’®’4. The middle zone, beneath the superficial zone,
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represents between 40 and 60% of the cartilage volume’® and features randomly oriented
collagen fibres’””® which allows it to resist compressive forces effectively. The
concentration of proteoglycans in this zone is higher than that in the superficial zone’®. The
deep zone, 30% of the volume of cartilage, closest to the subchondral bone, contains
collagen fibres oriented perpendicularly to the joint surface, providing resistance to both
compression and shear forces, and has the highest proteoglycan content in the tissue’578,
The calcified cartilage, adjacent to the subchondral bone, acts as the interface between

non-calcified cartilage and the underlying bone?®'.

Figure 1.1. Structure of the synovial joint (left) and articular cartilage (right). The image was
created using BioRender and adapted in Affinity Designer 2.1.

The ECM can also be divided into pericellular matrix (PCM), territorial matrix and
interterritorial matrix. The PCM surrounds the chondrocytes directly. It is rich in
proteoglycans, hyaluronic acid, and type VI collagen and functions as a protective cushion
for chondrocytes, mediating their interaction with the surrounding ECM®-8%, A chondrocyte
with its PCM is called a chondron. The territorial matrix immediately surrounds the
chondron. This region contains higher concentrations of proteoglycans and a dense

network of collagen fibrils which are randomly organized and may serve to provide



structural support to the chondrocyte and the PCM’%8%8¢_ The interterritorial matrix is the
largest region of the cartilage ECM, filling the space between the territorial matrices of
adjacent chondrons. It is characterized by a lower concentration of cells and a less dense
distribution of collagen fibrils and proteoglycans compared to the territorial matrix. This
matrix contains primarily type Il collagen and large aggregating proteoglycans like aggrecan
and is responsible for the bulk of the mechanical properties of cartilage, such as its

resistance to compression and tensile strength’¢:%°,

The functions of articular cartilage are fundamental for joint health and optimal
function. Cartilage efficiently distributes mechanical loads across the joint surface, reducing
stress on underlying bone structures and preventing damage. This even load distribution
contributes to the long-term health and longevity of joints’®. Additionally, cartilage serves
as an exceptional shock absorber, primarily due to the water-retaining properties of its
proteoglycans. This capacity to absorb and dissipate impact forces protects the joint and
prevents injury3'496%61  The smooth, friction-reducing surface of articular cartilage,
lubricated by synovial fluid, allows for seamless, painless joint movement®’47587 Cartilage
adapts to joint congruity, conforming to the shapes of articulating bones. This feature
ensures that joint surfaces fit together precisely, providing stability and uniform load
distribution during movement. Moreover, it acts as a protective layer for the subchondral
bone beneath, absorbing impacts that could otherwise damage the bone and maintaining

its integrity®'.

Cartilage is an avascular, aneural, and alymphatic tissue which leads to very limited
intrinsic repair capacity®®. Despite the great importance of its many functions, the tissue
relies exclusively on the ability of chondrocytes, the only resident cell type in cartilage, to
maintain the ECM production and homeostasis. Chondrocytes play a pivotal role in the
dynamic equilibrium of cartilage through their matrix synthesis and degradation activities.
These processes are finely tuned to maintain the structural integrity of cartilage tissue. On
the one hand, chondrocytes are engaged in anabolic activities, synthesising key ECM
components. Growth factors like Insulin-like Growth Factor 1 (IGF-1) and TGF-® are
instrumental in promoting ECM synthesis, ensuring the cartilage matrix's strength and
resilience®*®*. Conversely, catabolic processes are equally important for cartilage

homeostasis. The matrix metalloproteinases (MMPs) MMP3 and MMP13, and the
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Disintegrin and Metalloproteinase with Thrombospondin motifs (ADAMTS) enzymes
ADAMTS4 and ADAMTSS, are responsible for the targeted degradation of collagens and
proteoglycans, respectively®®®<’. These catabolic enzymes are regulated by NF-kB
signalling and cytokines including interlukin-1 (IL-1), interlukin-6 (IL-6) and Tumor Necrosis
Factor alpha (TNF-a )%'%°, To prevent excessive matrix breakdown, these enzymatic
activities are tightly regulated by tissue inhibitors of metalloproteinases (TIMPs),
maintaining the delicate balance between synthesis and degradation within the cartilage

matrix'®.

Chondrocytes are remarkably sensitive to mechanical loading, and their metabolic
activities are influenced by mechanical stimuli. Mechanical stress under physiological
conditions can induce changes in chondrocyte gene expression, promote ECM synthesis,
and modulate cell proliferation’?. Abnormal mechanical loads, however, are detrimental

to cartilage homeostasis shifting the balance towards catabolic processes.9%-1%

Autophagy, a cellular process responsible for recycling damaged organelles and
proteins, plays a critical role in chondrocyte maintenance. In chondrocytes, autophagy
contributes to cell viability and function™’. Dysregulation of autophagy has been linked to

cartilage degeneration and conditions like OA™%8:1%9,

Chondrocytes operate in a unique microenvironment characterized by low oxygen
levels, or hypoxia. In response to this hypoxic environment, chondrocytes adapt by relying
on anaerobic glycolysis for energy production. Hypoxia-inducible factors (HIFs), particularly
HIF-1( and HIF-2{, and their ratio within the cartilage tissue, play a pivotal role in
orchestrating these metabolic adaptations'®'"", Additionally, due to cartilage's avascular
nature, direct blood supply is limited. Consequently, chondrocytes rely on diffusion through
the ECM for nutrient and waste exchange''>''3, Efficient nutrient uptake and waste
removal are vital for chondrocyte survival and function, ensuring the maintenance of

cartilage homeostasis in this specialized tissue.*°

Articular cartilage, with its intricate structure, multifaceted functions, and the finely
tuned processes governing its development and maintenance, is a crucial component of
the musculoskeletal system. Its unique composition and mechanical properties enable
seamless joint movement, protect underlying bone, and maintain joint health. A deeper

understanding of cartilage biology holds great promise for the development of
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interventions and therapies to enhance joint function and alleviate the burden of joint

diseases.

Synovial capsule

The synovial capsule, a complex, layered structure critical for the proper functioning
of synovial joints, displays a highly organized composition essential for maintaining joint
health and facilitating extensive mobility. Its outermost layer, known as the fibrous layer
or membrane, is mainly composed of a dense connective tissue matrix, rich in collagen
fibres, fibroblasts, and elastic fibres™4. This arrangement endows the capsule with
necessary tensile strength. The fibrous layer's role extends beyond providing structural
integrity to the joint by limiting its movements within a physiological range and offering
protection against external influences'™. The fibrous layer of the synovial capsule is
embedded with blood vessels and nerves. These blood vessels are crucial for delivering
nutrients and oxygen, supporting the metabolic needs of both the capsule and synovium.
The sensory nerve fibres within this layer transmit important information about joint
positioning and pain, enabling the body to respond to changes in joint status or potential

harm4.

Below this fibrous layer resides the synovial membrane, an intricate and crucial
interface situated between the fibrous layer and the joint cavity. Characterized by a two-
tiered structure, it comprises an outer layer of loosely arranged connective tissue, rich in
blood vessels and lymphatics, and an inner layer of specialized cells called synoviocytes''.
These synoviocytes, categorized into Type A (macrophage-like) and Type B (fibroblast-like),
are responsible for producing the synovial fluid, a critical component for joint
functionality''>'"®. Macrophage-like synoviocytes, derived from monocytes, engage in
phagocytosis and contribute to immune responses, producing inflammatory cytokines and
enzymes in pathological conditions. Fibroblast-like synoviocytes resemble fibroblasts and
are crucial for producing hyaluronic acid and lubricin, components of the synovial fluid This
viscoelastic fluid, rich in hyaluronic acid, lubricin, and proteins like albumin, chondroitin
sulphate and globulins, encapsulates joint surfaces, reducing friction and facilitating
smooth movement. It simultaneously nourishes the articular cartilage, which lacks its own
blood supply, and aids in waste removal®’.
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Synovial homeostasis, a balance between the constructive and destructive activities
of synoviocytes, is influenced by cytokines and growth factors. Disruptions in this
equilibrium can lead to synovitis, commonly seen in inflammatory joint diseases'’. The
synovium develops from mesenchymal stem cells during embryogenesis, with TGF- and
FGF pathways playing pivotal roles in this process. It is vital in maintaining a healthy joint
environment, regulating fluid production and resorption to ensure normal joint function

and pressure'"’.

Inflammatory cytokines like IL-18 and TNF-a are crucial in modulating synovial
function, particularly in joint diseases, by stimulating synoviocytes to produce
inflammatory mediators and ECM-degrading enzymes''®""°, In contrast, anti-inflammatory

cytokines such as IL-10 and IL-4 aid in preserving synovial homeostasis'2°'%2,

The synovium is involved in both innate and adaptive immune responses within the
joint. Fibroblast-like synoviocytes can present antigens and activate T cells, playing a role

in autoimmune responses in conditions like RA %7125,

Subchondral bone

In the dynamic architecture of synovial joints, the subchondral bone underpins the
articular cartilage, serving as a critical structural component providing stability and it is
integral to the mechanics of movement within the synovial joint system'?. The subchondral
bone plate, a delicate cortical lamina situated beneath the calcified cartilage, exhibits
significant porosity rather than being a solid barrier. This structure is permeated by
channels that establish a direct connection between the articular cartilage and the
underlying subchondral trabecular bone. These conduits facilitate the penetration of
numerous arterial and venous vessels, along with nerves, into the calcified cartilage'®%’.
The formation and distribution of these channels are influenced by factors such as aging
and the magnitude of compressive forces experienced by the cartilage and subchondral
bone in joints'?. Additionally, the channels' morphology and size vary according to the
cortical plate's thickness, with different patterns observed in areas of different stress levels
and plate thicknesses. The subchondral trabecular bone, arising from this plate, is integral

for shock absorption and support in joints and, although not the main source of nutrients,
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it plays a role in the nutrient supply and metabolic processes of cartilage'":. The life cycle
and sustainability of this bone component are orchestrated by the concerted efforts of
osteoblasts, which lay down new bone, osteoclasts, which strategically resorb bone, and
osteocytes, the sentinels embedded within the bone matrix'?®. These osteocytes act as
mechanosensors, responding to the ebb and flow of mechanical demands and coordinating

the remodelling activities accordingly'°.

To maintain a state of homeostasis within the subchondral bone, a symphony of
signalling pathways—comprising RANK/RANKL/OPG, Wnt/B-catenin, and TGF-®—regulate
the balance between the bone-forming and bone-resorbing cells''32, This meticulous
control ensures that the bone remodelling aligns responsively with the needs imposed by

mechanical stress and any injury to the joint.

Other joint tissues

Infrapatellar fat pad

In the intricate biomechanical landscape of synovial joints, fat pads, such as the
infrapatellar fat pad (IFP) located in the knee, serve a multifaceted function. These
specialized structures are comprised of adipose tissue and are distinguished by their rich
innervation and vascularization, integral to their function and responsiveness to
physiological as well as pathological stimuli'*3, The anatomical positioning of fat pads within
the joint capsule and synovium contributes to patellar stabilization during physical activity
and shielding the knee from mechanical harm™4. IFP's pressure and volume dynamically
alter with knee joint movement, providing stability at the extremities of motion®,
Additionally, it serves as a buffer between the patellar tendon and anterior tibial plateau.
Removal of the IFP can lead to complications like patella baja, heightened patellofemoral

joint pressure, anterior impingement, and knee pain3¢,

Functioning like other adipose tissues, the IFP secretes various cytokines and
adipokines, playing a role in joint disease pathogenesis'®”'®, Its potential in tissue
engineering, particularly as a source of reparative cells, is significant. Adipose-derived MSCs

from IFP exhibit notable chondrogenic potential for inflammatory OA treatment™®%,
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Comparative studies of connective tissue progenitors from IFP, synovium, and periosteum

reveal IFP as a preferred tissue source for cartilage repair in many patients™".

Meniscus

The meniscus is a crucial fibrocartilaginous element. Shaped like a crescent, it sits
between the femur and tibia, made predominantly of collagen fibres intertwined with
proteoglycans, facilitating its attachment to the tibial plateau and connections to

surrounding ligaments'#2.

The meniscus plays several roles: distributing loads across the joint, acting as a shock
absorber, and enhancing joint stability’>'3, It contains fibrochondrocytes, cells
synthesizing its ECM™#*'%* which consists of collagens (predominantly type | and type 1),
proteoglycans and glycoproteins'®'¥’. Meniscal development involves mesenchymal cell
condensation and differentiation’®, its growth and repair being regulated by growth
factors like TGF-B and FGF™°. Meniscal integrity is crucial for joint health and

functionality'3.

Tendons and ligaments

Tendons serve as robust yet flexible conduits of force between muscle and bone.
Tendons display a hierarchical fibrillar structure, comprising collagen molecules, fibrils,
fibres, fascicles, and the tendon unit, all aligned along the tendon's longitudinal axis for
efficient tensile load transmission'°. Collagen, primarily type |, is crucial for tendon
strength, complemented by other collagen types (lllI, V, IX, X, XI, XII)"™" and proteins like
proteoglycans and glycoproteins™?>'%3, which function together to enhance mechanical
stability, facilitate tendon repair, and increase elasticity. The predominant cell type in
tendons are tenocytes, fibroblast-like cells interspersed between the collagen fibrils, which
maintain tendon homeostasis and repair’®*. Tendon stem cells (TSCs) within tendons are
key for self-renewal and differentiation, particularly under mechanical stress'%'%, Tendon
properties, including stiffness and viscoelasticity, vary with tendon type, age, and strain

rate, affecting their mechanical behaviour and energy absorption capacity'®.
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Ligaments serve as stabilizers in joints by connecting bones. Predominantly
composed of Type | collagen, known for its tensile strength, they also contain elastin fibres
and proteoglycans for elasticity and resilience. Ligaments’ structural hierarchy allows for
load distribution, joint stability, and force absorption '57%8, Ligaments guide joint
movements, provide stability, and contribute to proprioception™®. Fibroblasts within the
ligaments maintain and repair the extracellular matrix. Ligament homeostasis balances
matrix synthesis and degradation, influenced by mechanical stress and environmental

factors'®.

Due to their role in stabilising the joints, distributing load and absorbing mechanical
force, injuries or dysregulation of the homeostatic environment of tendons and ligaments

has a detrimental effect on the entire joint'®'-1%,

1.2. Osteoarthritis

Joint homeostasis is maintained across all joint tissues through a delicate balance
between anabolic and catabolic processes, regulated by a network of biochemical and

mechanical signals. Disruption in this balance can lead to joint pathologies such as OA.

OA is a chronic degenerative joint disorder. The hallmark of OA is the progressive
degeneration of articular cartilage. Although traditionally considered a non-inflammatory
arthritis, synovitis (inflammation of the synovial membrane) is commonly observed in OA
as well as remodelling and sclerosis of the subchondral bone and the formation of
osteophytes at the joint margins. There can be secondary changes in the surrounding soft
tissues, including thickening of the joint capsule, weakening or stiffening of ligaments, and

potential involvement of periarticular muscles and tendons™®* (Figure 1.2).
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Figure 1.2. Features of a healthy (left) versus an OA affected (right) knee joint. [Adapted
from: Wieland et al '®°]

1.2.1. The synovial joint and OA

Articular cartilage

The ECM of cartilage undergoes accelerated degradation in OA. While it is not yet
fully understood whether metabolic dysregulation of chondrocytes precedes the onset of
OA or is a response to this degradation, the cells’ behaviour during the early stages of OA
plays a crucial role in the disease's progression. At the initial stages of OA, chondrocytes
appear to be activated in an attempt to repair and restore the damaged cartilage. This
response involves an upregulation in the production of ECM macromolecules':%%1%¢ This
heightened activity is essentially a compensatory mechanism aimed at maintaining the
structural integrity of the cartilage. However, in advanced age, the chondrocytes become
less proliferative® 7170 and have reduced abilities to synthesize the appropriate types and

guantities of ECM macromolecules'"172,
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Furthermore, an increase in the accumulation of advanced glycation end products
(AGEs) in the cartilage matrix is observed in old age and in OA. AGEs can crosslink with
collagen fibres, making the matrix stiffer and more brittle, thus more susceptible to
mechanical damage. AGEs also interact with receptors on chondrocytes (RAGE), inducing

the production of pro-inflammatory cytokines such as IL-18 and TNF-a and MMPs'7375,

The aged chondrocytes, with a limited regenerative capacity, cannot counteract the
cartilage damage. As the disease progresses, the anabolic capabilities of chondrocytes are
gradually overtaken by catabolic processes. These catabolic processes involve the
activation of enzymes like MMPs and ADAMTSs, which break down the ECM
components'’®'78, The net result is a homeostatic imbalance within the cartilage tissue.
This imbalance tips the scales toward ECM degradation, leading to the weakening of the

cartilage and ultimately its loss, especially in load-bearing parts of the joint.

Synovium
Changes in the synovium during OA can often even precede cartilage degradation™®.

In early stages of OA, synovial lining hypertrophy and hyperplasia, increased
angiogenesis, a low level of inflammation and fibrosis are observed™°'83, High levels of
macrophage-like synoviocytes and synovitis can be found in over 50% of patients with OA,
especially those in later stages of the disease®'8°, Synovitis is closely associated with the
clinical symptoms of OA, particularly pain and joint swelling. The inflammatory mediators
not only contribute to tissue damage but also sensitize nerve endings in the joint, leading

to paintee-1es

The interplay between cartilage and synovium is a pivotal aspect of joint biology,
especially in the context of joint diseases such as OA. This dynamic interaction involves a
complex exchange of biochemical signals and mechanical feedback, significantly
influencing the progression of the disease. The cartilage and synovium communicate via
the synovial fluid, which facilitates the exchange of pro-inflammatory cytokines (e.g., IL-1B,
TNF-a ) and catabolic enzymes from the inflamed synovium to the cartilage'® and of
cartilage matrix degradation products (e.g., fibronectin fragments, aggrecan breakdown

products) into the synovium. These cartilage-derived degradation products can activate the
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macrophage-like synoviocytes, leading to an increased production of pro-inflammatory

cytokines, which further drive cartilage degradation, driving a regulatory loop'®°.

Subchondral bone

The pathophysiology of OA involves significant changes beyond the articular
cartilage and synovial membrane, notably in the subchondral bone. In OA, the subchondral
bone undergoes increased turnover and remodelling™’. This leads to alterations in bone
architecture, including sclerosis and the formation of subchondral bone cysts. An
imbalance between bone resorption and formation results in changes in the mechanical
properties of the subchondral bone, which can exacerbate cartilage degradation as
stiffening of the subchondral bone reduces its shock-absorbing capacity, increasing the
load on the articular cartilage™?>'%3. Additionally, increased vascular penetration from
subchondral bone into the calcified cartilage layer can occur™*'5, This can lead to the

invasion of osteoblasts and osteoclasts, further disrupting the cartilage homeostasis.

Osteophytes at the joint margins are another hallmark of OA. They form as a result
of the periosteal cell activation and endochondral ossification in response to mechanical
stress and instability in the joint’®. In addition to osteophytes microfractures in
subchondral bone can occur due to increased mechanical load and altered bone structure,

and lead to bone marrow lesions associated with pain™®’.

Other joint tissues

OA is a disease of the whole joint with all tissues being affected. The infrapatellar
fat pad (in the knee) and other periarticular adipose tissues can become inflamed in OA,
contributing to the inflammatory milieu of the joint. The adipose tissue can secrete
adipokines (e.g., leptin, adiponectin) and cytokines that promote inflammation and pain. It

may also impact the biomechanical environment of the joint'®.

Meniscal tears and degeneration are common in OA. The meniscus loses its elasticity
and becomes more prone to injury. Damaged menisci can exacerbate cartilage wear by

impairing the normal load distribution across the joint'992%,
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Tendons around an arthritic joint can become stressed or damaged due to altered
joint mechanics and inflammation. Tendon pathologies can affect joint stability and
alignment, further worsening OA symptoms by altering the normal biomechanical forces

across the joint?"',

Ligaments also experience heightened stress due to changes in joint mechanics
caused by OA-related cartilage degeneration. They might get overused as they compensate

for joint instability, making them more susceptible to injury or strain2°".202,

1.2.2. Risk factors

OA is a complex condition influenced by a multitude of risk factors. Age, sex, genetic
predisposition and various environmental factors such as lifestyle, occupation, and obesity
play significant roles in the development and progression of OA. Understanding these

factors is crucial for both prevention and management of the condition.

Age is the strongest predictor of OA. As individuals age, the prevalence and severity
of OA increase, attributed to age-related changes in joint tissues?®*2%, These include
reduced cellularity and synthetic activity of chondrocytes, increased stiffness of the
cartilage matrix, and a diminished capacity for repair®'®"-'71, Additionally, the cumulative
effect of mechanical stress on joints over time leads to wear and tear of cartilage,

exacerbated by a decline in the quality of joint tissue repair mechanisms3'-169-171.205,

Biological sex has also been associated with the risk of developing OA. Women,
particularly post-menopausal, are at a higher risk compared to men®. This disparity is
thought to be linked to hormonal changes associated with menopause, as oestrogen is
believed to play a protective role in cartilage health?°62%7, Differences in joint anatomy,
muscle strength, and biomechanics between men and women further contribute to this

risk variance208:208,

Environmental factors significantly impact the predisposition and progression of OA.
Certain occupations involving repetitive joint motions, heavy lifting, or prolonged standing
can put excessive stress on joints, accelerating cartilage wear?'®2'3, Lifestyle choices,
including physical activity and diet, also play a role in OA risk. While moderate exercise is

beneficial for joint health?'42'5, excessive high-impact activities can increase the risk of
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OA?'8, A sedentary lifestyle can weaken joint-supporting structures, leading to weight gain
and further stressing the joints?'/2'®, Poor nutrition may exacerbate inflammatory
processes within the joint?'®. Obesity is also a significant risk factor for OA, particularly in
weight-bearing joints?'%22°, The excess load from obesity can accelerate the breakdown of
cartilage, leading to early onset and rapid progression of OA22°22' Additionally, adipose
tissue is an active endocrine organ that produces pro-inflammatory cytokines, contributing
to a systemic inflammatory state that affects joint tissues??2. Obesity often coexists with
metabolic syndrome, including conditions like diabetes mellitus, dyslipidaemia, and
hypertension, which can influence systemic inflammation and have direct effects on joint

tissues??2-224,

The genetic contribution to the development of OA is also a significant factor,
accounting for a substantial portion of the disease's risk. Research has shown that genetics
plays a crucial role in the susceptibility to OA, with hereditary factors influencing up to 40-

65% of OA cases depending on the joint site®®.

1.2.3. Diagnosis and treatment

The diagnosis of OA begins with a clinical evaluation, including a patient's medical
history and a physical examination. Key symptoms assessed are joint pain, morning
stiffness, and functional impairment. The physical exam can reveal joint tenderness,
crepitus, limited mobility, and swelling. For imaging, X-rays are common but have
limitations such as not showing early cartilage loss. Magnetic Resonance Imaging (MRI) is
more detailed, useful for measuring early cartilage changes, and for observing changes to
other soft tissues. Blood tests, while not specific for OA, help exclude other inflammatory

conditions??8.

The treatment of OA is multifaceted, involving non-pharmacological interventions,
pharmacological treatment, and in some «cases, surgical interventions. Non-
pharmacological approaches include regular exercise and physical therapy to improve joint
mobility and muscle strength, weight management for overweight or obese patients to
reduce joint load and pain, and the use of assistive devices for load distribution and joint

stabilization??’. Pharmacological treatment primarily focuses on pain management with
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medications such as acetaminophen and Nonsteroidal Anti-Inflammatory Drugs (NSAIDs).
Topical NSAIDs can be used for localized pain. Intra-articular injections, including
corticosteroids and hyaluronic acid, are other options, though the efficacy of hyaluronic
acid injections remains debated. Research is ongoing to develop Disease-Modifying OA

Drugs (DMOADs) that can modify the disease process and prevent cartilage degradation??.

In advanced OA or when conservative management fails, surgical options such as
arthroscopy, osteotomy, and arthroplasty may be considered. Arthroscopy is used for joint
cleaning or addressing specific issues like meniscal tears, osteotomy involves cutting and
realigning bones to relieve joint pressure, and arthroplasty involves replacing a severely

damaged joint with an artificial one, common in knee and hip OA226:22%,

The approach to diagnosing and treating OA is comprehensive, integrating clinical
evaluation with a combination of non-pharmacological, pharmacological, and surgical
strategies, tailored to the individual needs of the patient. Emphasis on early diagnosis and
comprehensive management aims to alleviate symptoms, improve function, and enhance
quality of life. Ongoing research into OA's pathophysiology continues to inform and refine

therapeutic options, with an increasing focus on disease-modifying treatments.

1.2.4. OA prevalence

The Global Burden of Disease Study 2019 categorizes musculoskeletal conditions
into five specific categories: rheumatoid arthritis, OA, low back pain, neck pain, and gout,
with an additional residual category encompassing various acute and chronic conditions
affecting the locomotor system, including bones, joints, ligaments, tendons, and
muscles?°. OA, a significant constituent of these disorders, is a major cause of pain and
disability worldwide. The burden of OA, along with other musculoskeletal disorders, has
been on the rise globally. In 2020, there were an estimated 595 million people affected by
OA (14.8% of the global population older than 30 years), a substantial increase from 221
million in 1990%*'. The increasing prevalence of musculoskeletal disorders, including OA,
underscores a growing public health challenge. Factors such as aging populations, the rising

prevalence of obesity, and improved diagnostic capabilities contribute to this trend.
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The epidemiology of OA varies, influenced by age, sex, geographic location, and
specific joints affected. Knee OA is the most common form, followed by hip and hand OA.
Spinal OA, particularly in the lumbar and cervical regions, is also prevalent in the older

population®'.

The prevalence of OA is more pronounced in developed countries, attributed to
longer life expectancy and higher obesity rates?®'. In the UK, over 10 million people (one in
six adults over the age of 45) are affected by the condition?32. Its prevalence rises sharply

in individuals over 45, especially in populations aged 60 and older.

Significant geographical variations in OA prevalence exist, with knee OA more
common in North America and Europe compared to Asia and Africa. These variations may
be due to differences in genetic background, environmental exposures, lifestyle factors,
and occupational activities. Additionally, the prevalence of OA varies among different
ethnic groups, with African Americans having higher rates of knee OA but lower rates of

hip OA compared to Caucasians®'.

By 2050, global estimates predict an increase in case numbers for OA of different
joints of between 48.6% and 95.1%, with the increased rates varying between geographic

regions of between 40% and over 200%%".

The rising prevalence of OA, driven by demographic shifts and the obesity epidemic,
poses significant challenges for healthcare systems. This includes increased demands for
medical care, joint replacement surgeries, and long-term management of chronic pain and
disability. Consequently, there is a pressing need for comprehensive public health
strategies focusing on prevention, early intervention, and effective management to

mitigate the impact of this chronic and debilitating disease.

1.2.5. Socioeconomic burden of OA

The socioeconomic impact of OA is substantial, reflecting its high prevalence and
the chronic nature of the disease. The complexity of its socioeconomic burden is multi-
dimensional, encompassing direct healthcare costs, indirect costs due to lost productivity

and disability, and a considerable impact on quality of life.
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Direct healthcare costs associated with OA include medical treatments and
interventions such as pharmacological treatments for pain and inflammation, physical
therapy, and surgical interventions 233234, These treatments contribute to a significant
portion of healthcare expenditures, with joint replacement surgeries, in particular, being
costly procedures increasingly in demand. Hospitalisations and regular physician visits for

disease management also add to these costs?33-2%,

The indirect costs of OA are substantial, largely due to lost work productivity. OA is
a leading cause of work disability, and the limitations it imposes can reduce an individual’s
ability to work, leading to absenteeism, decreased productivity, and often early retirement.
The economic impact of lost work productivity often surpasses the direct medical costs
associated with OA. The cost of working days lost due to the two most prevalent forms of
arthritis (OA and RA) are predicted to reach £3.8 billion in the UK by 20302%%°. Moreover,
chronic pain and mobility limitations can lead to disability, necessitating assistance with
daily activities and often requiring informal caregiving or formal caregiving services, adding

further to the socioeconomic burden®3>%%,

The quality of life for individuals with OA is significantly impacted due to chronic
pain, reduced mobility, and functional limitations. These factors can lead to social isolation,
depression, and reduced participation in community and family activities. Up to 20% of
people suffering from OA report feelings of depression and anxiety?3”-2%, OA is also often
associated with comorbid conditions such as obesity, cardiovascular disease, and diabetes,

which adds complexity and cost to patient care**2%,

Managing OA requires long-term strategies, including ongoing medical care and
lifestyle modifications. The allocation of resources for OA treatment and management
competes with other healthcare needs, posing challenges for healthcare policy and
planning worldwide. The World Health Organisation (WHOQ) has designated 2021-2030 as a
decade dedicated to healthy ageing and management and prevention of musculoskeletal

conditions such as OA are crucial to achieving this goal 24°,
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1.2.6. Genetics of OA

As mentioned, OA has a large genetic component and studies into the molecular
genetics of OA have revealed that it is a complex polygenic disease with a multitude of

molecular mechanisms and cellular pathways being (dys)regulated by genetic variability.

Given the significant genetic influence on OA, extensive research has been
conducted to pinpoint the specific genetic variations responsible for the development of
OA pathology. Despite the examination of numerous single nucleotide polymorphisms
(SNPs) in candidate gene studies for their potential association with OA, only a single SNP
(rs143383), located within the GDF5 gene®*!, was eventually identified as significantly
associated to the disease at a genome-wide significance level (P<5x10%) in subsequent

investigations?*2,

GWAS-era

The advent of array-based Genome-Wide Association Studies (GWAS) marked a
significant advancement in identifying genetic loci associated with an increased risk of
many complex polygenic diseases, including OA. These studies were instrumental in
uncovering many disease-associated loci that were not previously known. However, these
studies often found variants with small effect sizes and explained only a small fraction of
the heritability of the traits. Improvements in genomic sequencing technologies and the
reduction in costs have allowed for more comprehensive studies, including whole-genome
sequencing®?. The development of more sophisticated statistical methods has improved

the power to detect associations and interpret the results®*.

In the context of OA, GWAS have successfully identified both common and rare
genetic variants that contribute to OA risk. Over 120 distinct genetic loci have been linked
to OA through GWAS to date?#"242245-266  encompassing a wide range of biological
pathways, including those involved in joint health and homeostasis maintenance: COL11A1
(rs4338381)%%5, COL27A1 (rs1078301)%%2, TGFB (rs75621460)%5, LTBP1 (rs2061026)%5,
LTBP3  (rs10896015)%5, GDF5 (rs143383)22, BMP5 (rs80287694)%%5, SMAD3
(rs12901071)%%2, RUNX2 (rs2396502)%%, SOX9 (rs8067763)*°, FGFR18 (rs3884606)*°, TGFA
(rs3771501)2%5, TGFB1 (rs75621460)2%5, IL11 (rs4252548)25, HLA (rs7775228)%%, HLA-DPA1

25



(rs9277552)%%% . This multitude of genetic signals highlights the polygenic nature of OA,
where multiple genetic variations each contribute a small effect to the overall risk of
developing the disease?®. The interaction of these genetic factors with environmental
influences, like obesity, joint injury, and physical activity, further complicates the genetic

landscape of OA.

Post GWAS-era

In what is now termed the “post-GWAS era”, the focus has shifted from identifying

genetic associations to understanding their functional impact and clinical significance?®°.

While a significant number of genetic signals associated with OA have been
identified, they account for less than half of the disease's heritability?®®. This reflects a
common challenge in the post-GWAS era for many diseases?®®. The difficulties underlying
this persistent issue include very small effect sizes, small minor allele frequencies which
require large sample sizes to be investigated, the SNPs being part of large LD blocks making
determining the causal variant difficult?®%2%°, and the fact that most of these signals reside
within the non-coding genome with unknown gene targets®®®. The current prevalent
hypothesis is that these non-coding SNPs mediate their effect by preferentially binding TFs
and resulting in gene expression changes at their target gene(s). Such variants are known
as expression Quantitative Trait Loci (eQTLs)?’°. Such eQTLs often overlap with functional
regulatory elements like promoters and enhancers, open-chromatin regions and TF binding

sites, and are cis-acting, affecting the expression of nearby genes?53:271:272,

The identification of eQTLs by correlating SNP genotypes with gene expression levels
has been a widely used method of functional investigation into GWAS signals for many
common diseases, including OA. Another approach, allelic expression imbalance (AEl),
involves analysing transcript SNPs to assess if the risk allele correlates with altered gene
expression?’°. Several OA-risk loci have been found to act as eQTLs using the AEl approach,
including:  rs10948172 (RUNX2)?’3, rs143383 (GDF5)?’%, rs12915901 (ALDH1A2)?7s,
rs4764133 (MGP)?’®, rs75621460 (TGFB1)?7, rs11780978 (PLEC)?®, and rs6516886
(RWDD2B)?>"°.
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While a lot of these genes have a known OA-biology relevant function, many OA-
associated SNPs are near genes with unknown disease-specific functions, suggesting the
need for more in-depth studies of cell regulatory networks. It's also noted that there is
considerable variation in eQTLs between tissues, cell types, and specific OA joint or sex
associations?®®, Some signals may not directly influence OA in old age but instead
predispose individuals early in life®21-283 potentially through processes like antagonistic
pleiotropy, where a genotype beneficial in development may have adverse effects with

aging?®,

Steps towards the understanding of the interplay between genetic susceptibility (as
identified by GWAS) and environmental/lifestyle factors are being made. This includes

studying genome-epigenome interactions.

Epigenetics of OA

The development of our understanding of OA has been profoundly shaped by the
increasing recognition of epigenetic mechanisms as pivotal elements in its pathology. These
occur at the interface of genetics and the environment and represent heritable changes in
gene expression without alterations to the underlying DNA sequence?®. There are three
major types of epigenetic mechanism: post-translational modifications (PTMs) of histones,
non-coding regulatory RNAs, and chemical modifications to DNA, such as DNA methylation
(DNAm). All three are crucial for the regulation of chondrocyte function, the maintenance
of cartilage homeostasis, and the modulation of inflammatory responses, all of which are

central to OA development and progression.

Histone modifications

Among the most studied types of histone PTMs are methylation and acetylation,

with each having been extensively investigated in the context of OA.

Histone methylation-demotion is carried out by histone methyltransferases (HMTs)
and histone demethylases (HDMTs). The impact of histone methylation depends on the

specific lysine (K) or arginine (R) residue that is modified in the histone tail, as well as the
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number of methyl groups added. This modification can either activate or silence gene
transcription?®. While the precise histone PTMs implicated in OA have not yet been fully
characterized, there are indications that they may serve as epigenetic regulators in the

development of the disease?’.

In the context of OA, elevated levels of trimethylation of H3K9 (H3K9me3) and
H3K27 (H3K27me3) have been observed in the promoter region of the SOX9 gene. The
increased H3K9me3 and H3K27me3 levels contribute to the reduced expression of SOX9
seen in OAZ8, Inhibition of a H3K9-specific methyltransferase in a chondrocyte cell line
resulted in increased apoptosis, upregulation of ECM-degrading enzymes, and
downregulation of anabolic factors, disrupting chondrocyte homeostasis®°. Additionally,
mechanical stimulation of chondrocytes was found to impact histone methylation,
affecting chromatin structure and chondrocyte differentiation®°. DOTIL, an H3K79
methyltransferase, has shown chondroprotective effects in both humans and mice by

regulating the Wnt pathway?*'-2%3,

HDMTs also contribute to OA pathogenesis. KDM6A (encoding an H3K27
demethylase) is involved in chondrogenic differentiation, and its depletion leads to
transcriptional silencing and reduced chondrogenesis®®*. In contrast, KDM6B (also known
as JMJD3) is highly expressed in OA and promotes inflammation and cartilage degradation.

Inhibition of KDMG6B can reverse its deleterious effects and promote cartilage synthesis®®.

Histone acetylation modifies lysine residues located within the N-terminal tails of
histones, leading to a reduction in their positive charge. This alteration weakens
interactions between histones and between histones and DNA, ultimately resulting in the
unwinding of the nucleosomal structure?®. Histone acetylation is catalysed by histone
acetyltransferases (HATs), while its reversal is catalysed by histone deacetylases (HDACs).
Typically, HAT activity is associated with the activation of gene transcription, while HDACs

are considered repressive marks?s®,

Although the role of HATs in OA remains relatively underexplored, there are
promising examples that could serve as potential therapeutic targets. For instance,
p300/CBP-associated factor (PCAF), a HAT, is upregulated in OA cartilage and in
chondrocytes stimulated by TNF-a 2°6. PCAF is implicated in the NF-kB pathway, suggesting
its importance in regulating the inflammatory response in cartilage. Inhibition of PCAF
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protein activity using salidroside, a natural compound found in Rhodiola rosea, has shown
promise in suppressing inflammation and endoplasmic reticulum (ER) stress, both

characteristic features of OA2%,

Sirtuins, which are HDACs, have emerged as potential therapeutic targets. Notably,
SIRT1 undergoes cleavage by cathepsin B when stimulated by TNF-a in human OA
chondrocytes. This cleavage results in the generation of N-terminal and C-terminal
fragments, leading to the loss of its deacetylase activity?®’. In the context of OA, researchers
observed an elevated NT/CT SIRT1 ratio in early OA in human samples?®. Silencing of SIRT1
resulted in the downregulation of chondrogenic markers, while activation of SIRT1
promoted autophagy in human chondrocytes?®. SIRT6 has been associated with protection
against aging-related pathologies and has demonstrated a role in OA by regulating
chondrocyte redox balance3®. SIRT7 appears to aggravate OA. Studies have shown that

SIRT7 knockout mice are resistant to OA induced by aging or mechanical loading*".

Non-coding RNAs

Non-coding RNAs such as microRNAs (miRNAs), circular RNAs (circRNAs), and long

non-coding RNAs (IncRNAs) have also been investigated in the context of OA.

One of the noteworthy miRNAs in OA is miR-140, which is specifically expressed in
cartilage and plays a critical role in chondrogenesis®®?3%, |t is located within an intronic
region of the WWP2 gene and generates two strands: miR-140-5p and miR-140-3p. Both of
these are downregulated in OA chondrocytes®®. MiR-140's regulatory sequence contains
binding sites for transcription factors like SMAD3, and hypermethylation of CpG sites in
that sequence in OA chondrocytes influences its expression and impacts the regulation of

target genes such as MMP13 and ADAMTS5304:3%,

Another important miRNA, miR-146a, is highly expressed in early OA cartilage3?,
while mir-146b is upregulated in OA cartilage®®. In OA, the hypermethylation of its
promoter in synoviocytes reduces miR-146a expression, resulting in increased expression
of inflammatory factors®®°. MiR-146a expression can also be induced by IL-1B stimulation

in normal articular chondrocytes®”’. Interestingly, the modulation of miR-146a, along with
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other miRNAs, has been shown to influence chondrocyte responses to mechanical

loading®'°.

Circular RNAs (circRNAs) represent a distinct class of non-coding RNAs known for
their ubiquity, stability, and conservation across mammalian species®'". Certain circRNAs
function as competing endogenous RNAs that can naturally sequester miRNAs, effectively

inhibiting their activity3'2.

In OA cartilage, 16 circRNAs were found to be upregulated, while 55 were
downregulated®'®. Notably, circRNA-100876 displayed increased expression following
stimulation with IL-1 and TNF-a, paralleled by elevated MMP13 expression®'®. Further
investigation revealed that circRNA-100876 contains binding sites for miR-636, miR-665,
miR-217, miR-646, and miR-136. Intriguingly, miR-136 also targets the 3' untranslated
region (UTR) of MMP13, indicating that circRNA-100876 is targeted by miRNAs that also
target MMP133'3,

Circ-0136474 was found to be overexpressed in knee OA cartilage, leading to the
downregulation of miR-127-5p. This miRNA, in turn, was also found to directly target the 3'
UTR region of MMP13. Silencing miR-127-5p positively regulates MMP13 expression at
both the mRNA and protein levels, while miR-127-5p overexpression reduces MMP13

levels®™3.

Long non-coding RNAs (IncRNAs) have also been implicated in OA pathology. In an
investigation of human hip cartilage, 198 IncRNAs exhibiting differential expression

between OA and healthy individuals were discovered®'“.

tRNA-derived fragments (tRFs) have also been reported to play a role in OA. In
particular, tRF-50009A was reported to promote autophagy and protect against cartilage
degradation in human knee samples from OA patients by inhibiting the mTOR pathway?3'®
Another tRF, tRF-3003a was induced in chondrocytes under inflammatory conditions and
the data suggests that it prevents the pro-inflammatory signaling of the JAK/STAT

pathway31®.

Small nucleolar RNAs (snoRNAs) are essential for ribosome functionality and play
significant roles in cartilage homeostasis, ageing, and OA. A number of snoRNAs have

showed changes in expression in cartilage ageing and OA, with SNORD26 elevated in OA3"/
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and SNORD44 and SNORD78 reduced in ageing3!’. These changes were reported to

influence chondrocyte differentiation, ECM production, and ribosome specialization.

Non-canonical snoRNAs, like SNORD33, SNORD35A, and SNORD116, are linked to
oxidative stress3'®319 contributing to OA progression. These snoRNAs show differential
expression patterns in minimally versus advanced OA cartilage degradation, suggesting

snoRNAs are critical regulators of chondrocyte biology3'’.

These findings on non-coding RNAs in the context of OA suggest a diverse and
potentially therapeutically targetable role of these molecules in the progression of the

disease.
DNA methylation (DNAm)

DNAm is extensively studied in the context of OA. It primarily involves the addition
of a methyl group (-CHs) to cytosine (C) nucleotides located 5’ to guanine (G), resulting in
the formation of 5-methylcytosine (5-mC). Key enzymes responsible for DNAm include DNA
methyltransferases 1, 3A, and 3B (DNMT1, DNMT3A, DNMT3B). DNMT3A and DNMT3B
establish de novo methylation patterns, while DNMT1 maintains methylation patterns®%°,
In contrast, the process of DNA demethylation is carried out by ten-eleven translocation
enzymes 1, 2, and 3 (TET1, TET2, TET3), converting 5-mC into 5-hydroxymethylcytosine (5-
hmC). This epigenetic modification occurs in CpG dinucleotide sequences, particularly in

CpG islands which are commonly found in gene promoter regions.

The interplay between DNAm and transcription factors (TFs) is a critical aspect of
gene regulation and cellular function. This interaction involves both direct and indirect
mechanisms. DNAm directly influences TF binding in several ways. Some TFs are sensitive
to the methylation status of their binding sites, and when DNA is methylated at these sites,
it can prevent the binding of these TFs, inhibiting gene transcription®'3?2, For example, the
CTCF transcription factor, crucial for organizing chromatin structure, has binding sites often
inhibited by methylation®?33?4, On the other hand, certain TFs preferentially bind to
methylated DNA. These TFs, such as the MBD (methyl-CpG-binding domain) family,
recognize and bind to methylated CpG sites. They can either repress transcription by
recruiting co-repressors and HDACs or activate transcription in specific contexts32>32¢,

Indirect effects of DNAm on TF activity also play a significant role. DNAm can lead to a more

31



condensed chromatin state, especially when coupled with histone modifications like
deacetylation. This chromatin compaction can limit TFs' access to their binding sites on
DNA, contributing to gene silencing and the maintenance of cellular identity®?”. DNAm can
also directly impact the shape of the DNA molecule and affect the chromatin

landscape?®?8:32°,

In the context of OA pathogenesis, DNAm plays a crucial role. For instance, the
COL9A1 gene exhibits hypermethylation at six CpG sites in the hips of OA patients. This
hypermethylation leads to downregulated COL9A1 expression, contributing to the loss of
cartilage integrity®**. DNMT1 and DNMT3A were found to hypermethylate the PPARG
promoter, resulting in the suppression of PPARy expression in both human and murine
knee OA, thus exacerbating the disease. However, the use of the pharmacological DNA
demethylating agent 5-Aza-2’-deoxycytidine restored PPARy expression in the mice knee,
providing chondroprotection by reducing oxidative stress and inflammation®®".
Furthermore, inhibiting DNMT1 and DNMT3A in a murine model protected articular
cartilage against OA progression, indicating their therapeutic potential®®*'. Knockdown of
DNMT3B partially triggered early OA onset and progression in the knee joint, affecting the
tricarboxylic acid cycle and mitochondrial respiration®2. Conversely, DNMT3B
overexpression in knee chondrocytes enhanced chondroprotection by increasing COL2A1

expression and reducing that of RUNX2 and MMP133%,

TET enzymes, particularly TET1, significantly contribute to OA pathogenesis. TET1
deficiency protects joints in a murine OA model, preventing knee cartilage surface damage
and osteophyte formation3%. Elevated 5-hmC levels were observed in MMP3 and MMP13
gene promoters in response to TET1 inhibition in knee chondrocytes from OA patients,

resulting in cartilage-degrading MMP overexpression32,

Hypomethylation is another essential process in the altered synthesis of OA-related
molecules. Hypomethylation of CpG sites in genes encoding MMPs and ADAMTS led to
increased enzyme expression in OA cartilage®*2%¢, Furthermore, hypomethylation of a
NOS2 enhancer region in mice resulted in iINOS (inducible Nitric Oxide Synthase)
overexpression in OA, promoting inflammation in the knee joints®*’. Demethylation of an
IL-8 promoter region increased proinflammatory chemokine expression in OA

chondrocytes and in synovial tissue, which was associated with ECM proteoglycan loss,
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MMP production, chondrocyte hypertrophy, apoptosis, immune cell infiltration into
synovial tissue, and other detrimental effects®*3°, Similarly, hypomethylation of the IL-6
promoter in OA was linked to IL-6 overexpression in synovial fibroblasts and synovial fluid,
exacerbating the disease®%. In rats with knee OA, hypomethylation occurred in CpG sites
of genes related to cell differentiation, proliferation, and apoptosis, leading to increased
expression of these genes**'. Hypomethylation also led to increased gene expression levels

of RUNX2, promoting enhanced transcription of MMP13342,

Epigenome-wide studies in OA-relevant tissues have revealed that DNAm is dynamic
and highly tissue-, joint site-, age- and sex-specific®**°', The interplay between genetic
variation and DNAm has been extensively studied. Correlations between SNPs and DNAm
levels at one or more CpGs have revealed multiple methylation QTLs (mQTLs) which can
act as intermediates in the regulation of gene expression by SNPs, with correlations

between gene expression and DNAm marking methylation-expression QTLs (meQTLs).

Over 20 OA GWAS signals have been shown to act as mQTLs in OA relevant
tissues?63:264.273.277.351-355 including SNPs associated with genes with a known role in joint
biology and homeostasis such as GDF5 (rs143383)%°%, RUNX2/SUPT3H (rs10948155,
rs1997995)?”* , and TGFB1 (rs2820443)%"".

1.2.7. OA susceptibility locus marked by the polymorphism
rs1158364

In a GWAS using data from the UK Biobank, a significant association was discovered
between the SNP rs11583641 (C>T) located on chromosome 1g25.3 and hip OA (P =5.6 x
10-10)%%. Subsequently, an analysis of the cartilage methylome revealed that rs11583641
functions as a mQTL. It was observed that the presence of the major C allele of rs11583641,
associated with the development of OA, correlated with a reduction in DNAm at a CpG site,
cg18131582%, Both the SNP and the CpG site are located within the gene body of
COLGALT2. Additionally, it was found that the expression of COLGALT2 was significantly
increased in hip cartilage affected by OA when compared to non-OA cartilage. These
findings have led to the prioritization of further investigation into the COLGALT2 gene and

its potential regulatory element®’.
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COLGALT2 (also known as GLT25D2) encodes an enzyme called COLGALT2, which is
one of the two galactosyltransferases known (the other being encoded by COLGALT1 (also
known as GLT25D1)) to initiate collagen glycosylation, a collagen PTM?3*¢. Given that
collagen constitutes a significant portion of articular cartilage's dry weight, any
abnormalities in its folding and stability could lead to a loss of tissue integrity and the
breakdown of cartilage. This underscores the significance of COLGALT2 and the rs11583641

locus as promising targets for further investigation into the genetics of OA predisposition.

1.3. Collagens

1.3.1. Biosynthesis, structure, and function

The biosynthesis of collagens is a multifaceted process that begins with the
transcription of collagen genes into mRNA, followed by the translation into procollagen
polypeptides®®3*’. These polypeptides undergo critical PTMs3®8. The triple helix, a hallmark
of collagen, is then formed and stabilized by hydrogen bonds. The helix is left-handed and
stabilized by the repetition of the amino acid sequence Gly-X-Y, predominantly with proline
and hydroxyproline in the X and Y position®7:3*°, This procollagen is transported to the Golgi
apparatus, secreted into the extracellular space, and then transformed into tropocollagen
through the cleavage of non-helical terminal regions. The cleaved collagens are then

assembled into fibrils®7:**° (Figure 1.3.).
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Figure 1.3. Collagen synthesis and PTMs. [Taken from
https://stepl.medbullets.com/biochemistry/102078/collagen , accessed on 25.09.2023]

The synthesis process is delicately regulated by cellular and environmental factors,
ensuring synchronization with the body's needs*®. The regulation of collagen biosynthesis
at various levels — genetic, enzymatic, and environmental — is central to the process, as any
disruptions can lead to a range of disorders®'3%2, This regulation underscores the

importance of collagen synthesis in maintaining tissue integrity and function.

The molecular diversity of collagen types, each with distinct structural attributes and
tissue-specific distribution, speaks to the adaptability of this protein family. This variety,
resulting in different physical and functional properties, allows collagens to perform
specialized roles across a spectrum of tissues including skin, bone, cartilage, and blood

Vesse|s357,363,364

The collagen family encompasses 28 currently known types, each with unique
structural features, functions, and tissue distributions (Table 1.1)%%’. The unique properties
of these collagen types stem from variations in their amino acid sequences and post-
translational modifications, which influence their assembly into fibrils and networks. These
structural variations are encoded by a diverse set of genes, reflecting the genetic
complexity underlying the collagen family (Table 1.1). The crucial role of this protein family

in maintaining the structural integrity and functionality of various organs and tissues is
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highlighted by the range of diseases associated with malformations and dysfunction of

these collagens and their modifications61:365-379,

Collagens can be subdivided into different categories based on their main functions
and structure®7:*%, Fibril-forming collagens include types |, II, Ill, V, and XI collagens. They
form the long, thin fibrils seen in connective tissues like skin, tendons, and bone. The
network-forming collagen group includes type IV collagen. Fibril-Associated Collagens with
Interrupted Triple Helices (FACIT) collagens include types IX, XllI, XIV, and others. They are
typically associated with fibril-forming collagens and are found in tissues that require more
flexibility, like cartilage. Collagen types XIllI, XVII, XXIll, and XXV are transmembrane
collagens and are part of the cell membrane, playing roles in cell adhesion and
communication. Each type of collagen is adapted to its specific role in the body, whether

it's providing structural support, elasticity, or facilitating cell interactions.

The diversity of this protein family allows collagens to fulfil a multitude of distinct
functions within the body?3°7:3%9:361.380_Collagens provide structural support, essential tensile
strength and resistance to intermittent pressures. Their functions in soft tissues contribute
to elasticity and the tissue’s ability to repair and remodel. Collagens are also actively

involved in cell adhesion, cell-to-cell contact and signalling.

Table 1.1. The collagen superfamily [Based on Myllyharju, 2001*" and Ricard-Blum,
2011%7)
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1.3.2. Collagen PTMs

Collagen PTMs are crucial biochemical processes that occur after the synthesis of the
collagen polypeptide chain. These modifications are essential for the proper functioning,
stability, and assembly of collagen fibrils. There are several types of PTMs, each mediated by
specific enzymes and regulated by various factors: hydroxylation, glycosylation, cross-linking
and telopeptide cleavage. These modifications are precisely regulated and are fundamental
to the structural integrity of various tissues where collagen is a major component359:404.405,
Understanding these processes is vital not only for comprehending normal tissue physiology

but also for recognizing the pathogenesis of a range of collagen-related disorders.

Collagen PTMs play an important role in the formation of collagen fibrils and their
stability. Prior to secretion into the ECM, procollagen is subjected to modifications in the ER
and Golgi apparatus. Proline and lysine hydroxylation are essential for stabilizing the triple
helix structure of collagen®®54%, Glycosylation of hydroxylysine residues influences the
assembly and diameter of collagen fibrils*®*"", Following secretion into the ECM, the
tropocollagen undergoes C- and N-terminus cleavage, followed by enzymatic cross-linking.

These processes provide mechanical strength and resistance to tensile forces380:412-414,

Collagen PTMs exhibit tissue specificity. Different types of collagens exhibit varying
degrees and patterns of PTMs, contributing to the diversity of collagen structures and
functions in various tissues. Additionally, the same types of collagens can have different PTMs
in different tissues, allowing them to perform slightly different roles. The extent and type of
PTMs can dictate the biomechanical properties of the collagen fibres. PTMs can also affect
collagen’s interaction with other ECM components, such as proteoglycans and glycoproteins.
This interaction is crucial for the structural organization and function of the ECM. Modified
collagen serves as a binding site for cell receptors, such as integrins. This interaction is pivotal
for cell adhesion, migration, and signalling, influencing processes like wound healing and

tissue remodelling.
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1.3.3. Types of collagen PTMs

Hydroxylation

Hydroxylation involves addition of hydroxyl groups to specific proline or lysine residues

within the collagen molecule.

Proline hydroxylation is catalysed by prolyl hydroxylase enzymes: P4AHA1, P4HA2,
P4HA3 and P4HB. Hydroxyproline is critical for the stability of the collagen triple helix and for
collagen interactions with other proteins®®®4°7415 |t increases the melting temperature of
collagen, ensuring proper folding and stability at body temperature“®®. Vitamin C (ascorbic
acid) is a necessary cofactor for this reaction. Its deficiency leads to impaired collagen

synthesis, as seen in scurvy*'6417,

In the human genome, biallelic mutations in the P4HA1 gene have been linked to a
congenital connective tissue disorder. This disorder is characterized by joint hypermobility,
contractures, mild skeletal dysplasia, and pronounced myopia®”®. Studies in genetically
modified mice have demonstrated that complete homozygous inactivation of PAHA1 results
in embryonic lethality at day E10.5%'%, On the other hand, heterozygous mutations in the
P4HA2 gene are associated with the development of myopia*’®. Mice with a P4ha2-/-
phenotype show no significant phenotypic abnormalities. However, mice with a compound
genotype of P4hal+/- and P4ha2-/- display moderate chondrodysplasia®’. Furthermore,
heterozygous mutations in the P4HB gene have been identified as the underlying genetic

cause of Cole-Carpenter syndrome, a condition characterized by bone fragility®®.

Lysine hydroxylation is performed by lysyl hydroxylase enzymes: PLOD1, PLOD2,
PLOD3. Hydroxylysine is involved in the formation of bonds between collagen molecules.

Hydroxylysine residues are also sites for glycosylation.

Lysine hydroxylation and its subsequent modifications are critically important.
Genetic mutations in the PLOD1 gene are linked to Ehlers—Danlos syndrome type VIA and
Nevo syndrome3®’®42°, These syndromes are marked by symptoms such as hypermobility of
joints, skin hyperextensibility, and kyphoscoliosis. Additionally, mutations in the PLOD2 gene
are associated with Bruck syndrome type 2378421, This rare autosomal-recessive disorder is

characterized by bone fragility and congenital joint contractures. Moreover, recent findings
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suggest that mutations in the PLOD3 gene, along with reduced PLOD3 protein levels, are
implicated in various congenital connective tissue malformations and epidermolysis bullosa

simplex®74422,

In osteoblastic cell cultures, alterations in levels of LH2b, a splice variant of PLOD2,
have been observed to result in defective collagen cross-linking patterns, impaired collagen
fibrillogenesis, and matrix mineralization*?®. Furthermore, in OA synovial fluid TGF-® induced
increases in LH2b levels are observed®’3. The increase in LH2b levels is further associated with
increased formation of pyridinoline cross-links by profibrotic cytokines and contributes to
osteoarthritic synovial fibrosis*?*. Overexpression of the gene is linked with fibrosis in other

tissues*?’, as well as with a number of solid tumours®’2.

Glycosylation

Collagen glycosylation involves the addition of carbohydrate moieties to hydroxylysine
residues. Glycosylation occurs in two steps: first, galactosylation, where galactose is added by
galactosyltransferases such as COLGALT1 and COLGALT23%¢, and then glucosylation. PLOD3,
one of the lysine hydroxylases, has been shown to have glycosyltransferase properties and
works in synergy with the COLGALT1 enzymes to produce a a-1,2-glucosylgalactosyl-O-
hydroxylysine*?*,

Glycosylation enhances collagen's thermal stability, influences fibre formation, and
facilitates cell-collagen interactions and interactions between collagens and other
components of the ECM, impacting tissue integrity and function*®®*11426, The type and degree
of glycosylation in collagen exhibit variability across different collagen types364427-429, Despite
the differences, a certain level of this PTM is essential to life, as demonstrated by COLGALT1
knock-out (KO) resulting in lethality in mice at E11.5%%°, Further, mutations in the COLGALT1
gene are associated with cerebral small vessel disease in both mice and humans. These
mutations lead to decreased galactosyltransferase activity and abnormal intracellular
accumulation of type IV collagen®®. COLGALT1 mutations are also linked to musculoskeletal

defects in mice3.

COLGALT1 and COLGALT2, despite displaying 55% sequence identity, are differentially

expressed in human tissues, with COLGALT1 found ubiquitously and COLGALT2 primarily in
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the brain and skeletal muscle®®. Neither enzyme is active on isolated hydroxylysil (Hyl)
residues and requires collagenous peptides as substrates. They do not show specificity for
certain collagen sequences in vitro®*®. Additionally, the COLGALT1 enzyme also has activity on
the collagenous domain of mannan-binding lectin and high molecular weight adiponectin,
with glycosylation of these proteins facilitating their secretion“®'. The COLGALT2 enzyme has
also been associated with intercellular accumulation of high molecular weight adiponectin in
the context of non-alcoholic fatty liver disease in mice®”°. The PLOD3 multi-functional enzyme
also possesses collagen galactosyltransferase activity in vitro*>4%%, but studies have
demonstrated that in vivo it is not sufficient for physiologically relevant collagen glycosylation
levels, as evident by the loss of function studies on COLGALT14%. Conversely, complete loss
of PLOD3 function in mice resulted in embryonic death around E9.5 due to loss of secretion
of collagen IV and its accumulation in the ER. The accumulation was shown to be a result of

lack of PLOD3’s glucosyltransferase activity, not its hydroxylase activity3’1:422434,

Changes in collagen glycosylation levels have been observed in several bone and
skeletal disorders. These include conditions like osteogenesis imperfecta®3®4%,

osteosarcoma*®’, and OA%5,

Glycosylation of procollagen peptides is an enzymatically controlled process that only
contributes to pathological conditions if dysregulated. Non-enzymatic glycation of proteins,
including collagens, on the other hand can lead to accumulation of AGEs which, as discussed

earlier, can be detrimental to tissue health'73-175:438.438

Telopeptide cleavage

Once released into the ECM, procollagen molecules undergo enzymatic cleavage by
BMP1/tolloid-like proteinases and ADAMTS2, 3, and 14. These enzymes respectively remove
the C- and N-terminal propeptides, resulting in the formation of a central triple helical
structure with short non-collagenous sequences known as telopeptides at each end®°3¢’, This
allows the collagen molecules to assemble correctly into fibrils. Mutations in the enzymes
responsible for this cleavage can lead to various connective tissue disorders. For instance,
recessive mutations in ADAMTS?2 are linked to dermatosparaxis Ehlers-Danlos syndrome type

7, characterized by severe skin fragility, short limbs, distinctive craniofacial features, and
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osteopenia®-*®, On the other hand, recessive mutations in ADAMTS3 cause Hennekam
lymphangiectasia—lymphedema syndrome 3, marked by primary lymphedema primarily in the
lower extremities®+*¢, Similarly, mutations in BMP1 can lead to a form of autosomal recessive
osteogenesis imperfecta, stemming from defects in the extracellular processing of type |
procollagen, particularly in the removal of the C-propeptide and possibly affecting
subsequent collagen cross-linking®544°, Additionally, BMP1 is also crucial for the processing
of lysyl oxidase (LOX), a key enzyme in ECM collagen cross-linking, underscoring its vital role

in maintaining collagen integrity**'.

The removal of the C-propeptides is essential for fibril formation as it impacts collagen
solubility*’ and facilitates the assembly of collagen fibrils by allowing tropocollagen
molecules to pack tightly together. The removal of the N-propeptide aids in the correct
alignment of collagen molecules, a prerequisite for the formation of strong and functional

collagen fibrils#'3,

Cross-linking

The formation of covalent cross-links in collagen fibrils, catalysed by LOX, is critical for
the functional integrity of collagen in tissues. These cross-links, formed between aldehydes
and lysine or hydroxylysine residues, are diverse and tissue- and collagen type-specific. They
significantly enhance collagen's mechanical strength, influencing tissue rigidity and
resilience3®4'4, This cross-linking process is not only crucial for the structural integrity of
tissues but also has implications in aging, where increased cross-linking can lead to decreased
tissue elasticity, as seen in fibrosis**?. Inactivation of the mouse Lox gene leads to perinatal
death due to aortic aneurysms and cardiovascular defects**3, demonstrating that the PTM is

crucial for health and development.

1.3.4. Regulation of PTMs

The enzymes involved in the PTMs of collagen are under strict regulatory controls to
ensure precise and functional collagen synthesis®%4%, Factors influencing these enzymatic
activities are diverse and multifaceted. The availability of substrates like proline and lysine is

crucial for hydroxylation, a key step in collagen synthesis. Limited availability can restrict
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enzyme activity, affecting collagen structure and function*®*#4, Furthermore, essential
cofactors like vitamin C are required for the hydroxylation of proline and lysine residues.
Deficiency in cofactors can lead to impaired collagen synthesis, as seen in conditions like

scurvy416417,

Environmental factors, such as oxygen levels significantly influence hydroxylation
processes. Collagen synthesis can be affected under hypoxic conditions, which may alter the
structure and function of the collagen produced®°. Additionally, factors like pH and
temperature can also impact the enzymatic activities involved in collagen PTMs**, as well as

mechanochemical stimuli**®,

Age-related changes in enzyme activity can also affect collagen cross-linking, leading

to stiffer and less resilient tissues*?”:439,

The expression of genes encoding the enzymes responsible for collagen modification
is tightly regulated by signalling pathways responsive to both intracellular and extracellular
cues. Genetic variation has been shown to play a role in the regulation of the expression of
these enzymes and is a promising therapeutic target for diseases associated with loss of ECM

integrity and structure, such as OA.

1.4. Hypotheses in this thesis

In this thesis, | conducted a molecular genetic analysis to study the risk of OA
associated with specific genetic variations known as SNPs located within or near the
COLGALT2 gene locus. These SNPs are also linked to mQTLs at CpGs within the same locus.
My main hypothesis was that COLGALT2 is the gene of interest responsible for the OA
association signals, and DNAm plays a functional role in mediating the relationship between

these association signals and changes in COLGALT2 gene expression.

1.5. Aims

The experiments conducted during my PhD research were focused on testing the
hypothesis outlined above, utilizing primary human chondrocytes and synovial fibroblasts
obtained from hip and knee arthroplasty patients, as well as foetal joint samples. These

experiments were designed to address questions about the molecular mechanisms
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underlying genetic susceptibility to OA, marked by two distinct GWAS signals and the
epigenetically marked enhancer regions associated with them. My research explored these
mechanisms across two joint tissues (cartilage and synovium) using a range of in silico and
molecular techniques, including the CRISPR/Cas9 system to modify the epigenome. This
approach aimed to establish directionality and causality between genetic and epigenetic
marks in the context of disease and to enhance understanding of how the genome and
epigenome collectively influence OA susceptibility in different joint tissues and during joint

development by regulating the expression of target genes.
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Chapter 2. Methods and Materials

2.1. Tissue Samples

2.1.1. Arthroplasty samples for molecular analyses

The cartilage samples used in my studies were obtained from 145 patients undergoing
joint arthroplasty at the Newcastle upon Tyne NHS Foundation Trust hospitals for primary hip
OA (n =50), primary knee OA (n = 61), or for a neck-of-femur (NOF) fracture (n = 29). Patient

details are available in Table 2.1.

Table 2.1. Patient details of the arthroplasty cartilage samples used for molecular analyses

Sample Sex | Jaint | Age I Disease | Sample Sex I Joint | Age | Disease | Sample Sex | Joint | Age | Disease
TOOS Male Hip (o= NOF 117 Male Hip =r] QA 5163 Male Enee 55 QA
TOOT Female Hip 71 NCF 126 Fernale Hip 66 Oh 5164 Iale Knee 55 [oL.8
TO23 Fermale Hip 68 NCF 5137 Fernale Hip 52 Oh 5178 Fernale Knee 83 [oL.8
T117 Wale Hip 2+ NCF 5726 Fermnale Hip 82 (o). 5188 Female Knee [ oA
T150 Female Hip 80 NCF 5764 Male Hip &4 [u]-§ 5214 Male Knee 57 [«
T151 Male Hip 62 NGF 6156 Female Hip &7 OA 5999 Fernale Knee 79 QA
T152 Female Hip =1 NCF 6218 Fernale Hip 72 Oh 6135 Male Knee i [o1.%
T154 Wale Hip 75 NCF 7007 Male Hip 77 [u]-§ 6184 Female Knee 55 [«
T158 Wale Hip 73 NCF 7003 Fermnale Hip il 0A 6224 Female Knee 62 QA
T167 Female Hip 62 NOF 7015 Female Hip 64 oA 6342 Female Knee 62 QA
T168 Fermale Hip &l NCF 7025 Fernale Hip 76 OA 6359 Fernale Knee 0 CA
T172 Fernale Hip 77 NOF 7023 Female Hip &7 oA 6363 Female Knee 638 Of
T174 Male Hip 26 NOF 7030 Male Hip 63 oA 6373 Male Knee 54 (a7}
T177 Fermale Hip 7z NCF 7033 Fernale Hip &l OA 6506 Fernale Knee 53 CA
T178 Female Hip 6z NCF 7034 Fernale Hip 53] Oh 6770 Fermnale Knee 20 [oL.8
T179 Female Hip 11 NCF 7036 Fernale Hip a3 Oh 6772 Male Knee i [o1.%
T184 Female Hip 62 NCF 7037 Fermnale Hip 80 [u]-§ 6778 Male Knee 63 [«
T151 Female Hip a7 NQF 7033 Female Hip 68 OA G783 Fermnale Knee 55 QA
T192 Female Hip 71 NCF 7040 Male Hip 7 Oh 6784 Fernale Knee 46 [o1.%
T193 Female Hip 86 NCF 7046 Fermnale Hip 56 (o). 6786 Male Knee 82 oA
T1%5 Female Hip 20 NCF 7047 Fermnale Hip 73 0A 6737 Male Knee 64 QA
T196 Fermale Hip 23 NOF 63 Male Hip 81 oA 6733 Male Knee 66 (a7}
T157 Fermale Hip 3z NCF 39 Fernale Knee 72 OA 6803 Fernale Knee =] CA
T153 Fernale Hip 73 NOF 41 Male Knee 51 OA 6818 Female Knee 62 (a3
T204 Fermale Hip 76 NOF 45 Male Knee =3 oA 6852 Female Knee 83 (a7}
T244 Female Hip 57 NOF 57 Male Knee 63 oA 6867 Male Knee 26 QA
T245 Female Hip 1 NCF =] Fernale Knee 53] Oh 7115 Fermnale Knee 23 [oL.8
T246 Fermale Hip 83 NCF 61 Male Knee &7 Oh 7116 Male Knee 51 [oL.8
T5026 | Female Hip 66 NCF 72 Male Knee 76 (o). 7118 Female Knee 47 oA
13 ale Hip 66 OA 76 Fernale Knee [e] OA 7120 Fernale Knee 61 CA
22 Male Hip a5 Oh 77 Fernale Knee 71 Oh 7124 Male Knee 2] [oL.8
40 Female Hip 22 Oh 78 IMale Knee 58 Oh 6353 Female Knee 63 [«1.3
42 Female Hip 7l [u]-§ 79 Male Knee 5] [u]-§ 6378 Male Knee 54 [«
43 Male Hip 63 oA 82 Female Knee &7 oA 6506 Female Knee 59 (a7}
51 Female Hip 74 oA 86 Female Knee 56 oA 6770 Female Knee 20 QA
52 Female Hip 74 [u]-§ 89 Fermnale Knee a7 [u]-§ 6772 Male Knee 71 [«
53 Female Hip 55 0A 103 Fermnale Knee 70 0A 6773 Male Knee 63 QA
54 Male Hip 52 oA 104 Female Knee 70 oA 6733 Female Knee 55 QA
62 ale Hip 31 OA 106 ale Knee 73 OA 6734 Fernale Knee 46 CA
66 Fermale Hip 56 Oh 107 Fernale Knee 41 Oh 6786 Male Knee 82 [oL.8
(] Male Hip 57 oA 108 Male Knee 72 oA 6737 Male Knee 64 (a7}
70 ale Hip 73 OA 103 Fernale Knee [e] OA 6738 IWale Knee 66 CA
73 Female Hip a6 Oh 114 Fernale Knee 57 Oh 6803 Fermnale Knee =] [oL.8
87 Female Hip 51 Oh 115 Male Knee &2 Oh 6818 Fernale Knee 62 [o1.%
20 Female Hip [5a) (o). 127 Male Knee &l (o). 6852 Female Knee 83 oA
32 Female Hip 55 0A 128 Male Knee &4 0A 6857 Male Knee 26 QA
£ Fermale Hip 61 oA 4809 Male Knee 73 oA 7115 Female Knee 83 (a7}
37 ale Hip [¢] OA 4883 Fernale knee 68 OA 7116 IWale Knee 51 CA
98 Male Hip 49 [a].3 4971 IWale Knee &4 [a].3 7llg Female Knee 47 OA
100 Female Hip 74 [al.8 50939 Female Knee 57 [al.8 7120 Female Knee 61 oA
112 Male Hip 51 Oh 5103 Fernale Knee 58 Oh 7124 Male Knee =] OA
116 IVale Hip 23 Oa 5104 Female Knee &7 Oa
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The synovium samples used in my studies were obtained from 88 patients undergoing

joint arthroplasty for primary knee OA. Patient details are available in Table 2.2.

Table 2.2. Patient details of the arthroplasty synovium samples used for molecular analyses

Sample Sex | Age Sample Sex | Age
3085 Female 55 5670 Female 73
3334 Female 73 5677 Male 54
3348 Male 57 5680 Female 70
3390 Female 79 5681 Female 51
3502 Male 67 5692 Female 66
3975 Male 60 5694 Female 81
4288 Male 85 5712 Female 67
4338 Female 79 5713 Female 65
4552 Female 82 5720 Male 68
4851 Male 58 5723 Male 79
4983 Male 75 5725 Male 81
4984 Male 62 5729 Female 58
5014 Male 55 5731 Female 58
5019 Male 50 5740 Female 87
5023 Male 75 5747 Female 88
5240 Female 62 5748 Male 67
5254 Female 62 5763 Female 54
5271 Female 68 5770 Female 52
5281 Female 59 5776 Female 85
5299 Female 75 5798 Female 52
5300 Male 87 5809 Male 79
5377 Male &0 5824 Male 71
5378 Male 65 5857 Male 75
5380 Male 72 6056 Female 68
5400 Female 62 6068 Female 59
5422 Female 62 6094 Female 54
5536 Female 53 6535 Male 65
5551 Male 49 6547 Male 72
5552 Female 54 6548 Female 72
5558 Female 75 6549 Male 63
5561 Female 71 6550 Female 51
5563 Male 64 6593 Female 50
5564 Female 73 6597 Female 78
5569 Female 63 6599 Male 72
5572 Female 72 6603 Female 67
5575 Male 61 6624 Female 66
5597 Male 71 6636 Male 53
5614 Male 60 6638 Female 84
5622 Female 61 6655 Female 70
5643 Male 76 6810 Female 69
5644 Male 76 6877 Female 63
5648 Female 66 6878 Male 58
5654 Male 85 6890 Female 60
5665 Male 61 6892 Female 66

Ethical approval was granted by the NHS Health Research Authority with each donor
providing written consent (REC reference number 19/L0/0389, awarded to Professor

Loughlin).
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2.1.2. Developmental samples for molecular analyses

Human developmental tissues were obtained from the Human Developmental Biology
Resource (HDBR) at Newcastle University (http://www.hdbr.org, project number 200363),
with appropriate maternal written consent and approval from the Newcastle and North
Tyneside NHS Health Authority Joint Ethics Committee. Details for the developmental

samples used for my projects are listed in Table 2.3.

2.1.3. Arthroplasty and developmental samples for ATAC-seq

For the ATAC-seq experiment, ten hip and ten knee samples from OA patients
undergoing arthroplasty were collected from Newcastle upon Tyne NHS Foundation Trust
hospitals. Additionally, the cartilage from the proximal end (hip) and the distal end (knee) of

six foetal (12pcw) femora was provided by the HDBR. The details are listed in Table 2.4.
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Table 2.3. Details of the developmental cartilage samples used for molecular analyses. pcw,
post conception weeks.

Sanpla Sy | Tissua | Stage [peawl | Sampla S | Tissua I Skaga |peal
a3 Female  lim b bod in i Male  Cardloge 14
M4 Female  limbbod 1z 4392 Wale  Cardloge q
toed] Wade limbbad 523 14393 Male  Cartiloge 14
iz female  limblod 30 402 | remade  Cartloge 14
955 Femae  limbhbud 10 4472 Male  Carlege 12
WE=S | remade limbhbud 9 4492 Femde  Cartlage 12
11993 Wae limbbad (513 4510 | femde Cartilage 14
11956 | remade limbhbud 522 4511 | remde  Cardlege 11
2023 Female  lim b bod in 512 Male  Cardloge in
331 | emae Limbbod 5y 14516 Male  Cartiloge 15
e Wae Llimbbod v | ELYN Wale  Cortiloge 1z
25in Wae Llmbhbud 11 4522 Femde  Cartlage 15
17630 | remae limbhbud 523 4523 Femde  Cartlage 15
2637 Wae limbbad 9 4524 Female  Cardlage 15
irag 2 Wae Llimbbod g Iyl 4525 Wale  Cortiloge in
14040 emade limbbad 522 14532 Femae Cartiloge 11
4091 Wae Llimbbod 519 4541 | femade  Cortloge 11
4104 Wae limbbad 513 4507 | femde  Cartilage 11
4339 | emae Limbbod 519 4597 Wale  Cortiloge 11
4375 Wale Cardlage 1z 14601 Wale Cardlage in
14395 female  Cardlage in 14603 Female  Cardlage 11
4397 female  Cardlage 15 4619 Wale Cardlage ik
14423 Wale Cardlage iz L [ Female Cardlage i7
44219 female  Cardlage 14 14651 Female  Cardlage 11
451 Wale Cardlage 9 A6 Wale Cardlage 11
14453 Femae Cardlage iz 14659 Wale Cardlage in
14460 Femae Cardlage 9 703 Female Cardlage 12
14464 Wale Cardlage 16 713 Female  Cardlage ik
14466 Wale Cardlage iz 715 Wale Cardlage 12
4467 Wale Cardlage 10 14716 Wale Cardlage in
447 5 Wale Cardlage 16 ILENT Female Cardlage 14
501 Wale Cardlage 16 4730 Female Cardlage 15
4513 Femae Cardlage iz i Female Cardlage in
14563 Wale Cardlage 14 L P Wale Cardlage i7
M50 Femde  Carnlage 13 AL Wale Carilege 12
14604 Femae Cardlage 14 L P Wale Cardlage ik
A1 | emae  Cortloge q 479 Mak  Cortloge i
LR Wae Cartilage 9 /038 Wale Carilege 15
M0z Femde  Carnlage 9 14140 Femde  Carnlage ik
14550 Wale Cardlage 9 M4 Femade  Cardlage in
46010 Wae  Cardlage 3 14749 Wale Cardlage 13
Mitn Wae Cartilage 3 140 Wale Carilege in
4544 Wae Cartilage 13 M7 Wale Carilege 12
4624 emade Cartilage id iLELH] Femde  Cartilage 9
LI Femde  Carnlage 9 AL Femde  Carnlage 12
a1t female Cardlage 13 453 Male Cardlage in
iLET Wae Cartilage 14 jLEad Femde  Carnlage in

CS - Carnegie Stage
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Table 2.4. Details of the developmental and OA cartilage samples used for ATAC-seq. Red OA
samples were digested with Type | collagenase overnight and the black OA samples were
digested for 12h.

Sample Sample type Joint Age
15192 Foetal Proximal femur (hip) 12pcw
15192 Foetal Distal femur {knee) 12pcw
15209 Foetal Proximal femur (hip) 12pcw
15209 Foetal Distal femur (knee) 12pcw
15210 Foetal Proximal femur (hip) 12pcw
15210 Foetal Distal femur (knee) 12pcw
15271 Foetal Proximal femur (hip) 12pcw
15271 Foetal Distal femur (knee) 12pcw
15285 Foetal Proximal femur (hip) 12pcw
15285 Foetal Distal femur {knee) 12pcw
15335 Foetal Proximal femur (hip) 12pcw
15335 Foetal Distal femur (knee) 12pcw

138 OA Hip 63
158 OA Hip 67
165 OA Hip 64
167 OA Hip 71
168 OA Hip 62
150 OA Knee 75
154 OA Knee 57
157 OA Knee 58
164 OA Knee 73
166 OA Knee 62
263 OA Knee 70
274 OA Knee 65
275 OA Knee 71
296 OA Knee 69
297 OA Knee 82
293 OA Hip 68
295 OA Hip 68
310 OA Hip 69
312 OA Hip 73
316 OA Hip 57

Pcw - post conception weeks.
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2.2. Extraction of Nucleic Acids from Human Samples

Following arthroplasty surgery, patient samples were stored at 4° Cin Hank’s Balanced
Salt Solution (HBSS) (Gibco, Life Technologies) supplemented with Penicillin-Streptomycin
(10000U/ml) (Gibco, Life Technologies) and Nystatin (10000U/ml) (Sigma Aldrich). The tissues
(synovium and cartilage) were isolated from the samples and frozen at -80°C. Prior to nucleic
acid extraction, the tissues were ground in liquid nitrogen using a Retsch MM400 tissue
Grinder.

DNA and RNA from the synovium samples were extracted from 250mg of ground tissue
using the Omega E.Z.N.A. DNA/RNA Isolation Kit (Omega Bio-Tek).

DNA from the arthroplasty cartilage was extracted from 1g of ground cartilage tissue
using the Omega E.Z.N.A. DNA/RNA Isolation Kit, according to manufacturer protocol.

RNA from the cartilage tissue was extracted using TRIzol Reagent (Invitrogen) and
RNeasy kit (Qiagen) according to the manufacturer’s instructions.

The nucleic acids from the synovium and the cartilage tissues were quantified by UV-
Vis spectrophotometry. DNA was stored at -20° C and the RNA at -80° C.

Nucleic acids from the developmental pooled limb tissues and cartilage were extracted
by the HDBR using a QIAGEN QlAcube Automated DNA, RNA isolation machine and AllPrep
DNA/RNA/miRNA Universal Kit (Qiagen), according to the manufacturer’s instructions. The
samples were quantified on a 2100 Bioanalyzer (Agilent). The DNA was stored at -20° C and
the RNA at -80° C.

2.3. DNA Bisulfite Conversion

Prior to measuring DNAm levels at CpGs of interest, genomic DNA from human
samples or from cultured cells was bisulphite converted using the EZ DNA methylation kit
(Zymo Research) according to manufacturer’s protocol. Briefly, DNA (200-500ng) was
incubated overnight (16h) at 37° C in the presence of sodium bisulphite which converted

unmethylated cytosine bases to uracil but left the methylated ones unchanged.
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2.4. Complementary DNA (cDNA) Synthesis

For studies of gene expression or allelic imbalance, RNA (500ng-1ug) was reverse-
transcribed. For the experiments described in Chapters 3 and 5, RNA was reverse transcribed
using SuperScript Il Reverse Transcriptase (Invitrogen). DNA was removed by incubating the
RNA in the presence of 0.5ul of Turbo DNase at 1h at 37° C (Thermo Fisher Scientific). The
Reverse Transcription PCR parameters were as follows: 10min at 25°C, 50min at 42°C and
10min at 70° C. Removal of RNA hybridised to the DNA was achieved through incubation of
the samples with RNAse H (New England Biolabs) for 20min at 37° C.

For the experiments described in all other Chapters, RNA was reverse transcribed using
SuperScript IV Reverse Transcriptase (Invitrogen). The RNA was incubated with DNase |
(supplied with SuperScript IV Reverse Transcriptase, Invitrogen) for 15min at room
temperature. The PCR parameters used following the addition of SuperScript IV Reverse
Transcriptase were: 10min at 23° C, 50min at 55° C and 10min at 80° C. Samples were
treated with RNase H as described above.

To determine if the reverse-transcription was successful and if the resulting cDNA still
contains traces of contaminating genomic DNA, the cDNA was amplified using Pyromark PCR
kit (Qiagen) and forward and reverse primers targeting the HBP1 gene (Appendix A) ordered
from Integrated DNA Technologies (IDT). Briefly, 1ul of cDNA was amplified in a 25ul reaction
consisting of 12.5ul Pyromark Master Mix (HotStart Tag polymerase, dNTPs, and 1.5mM
MgCl3), 2.5ul CoralLoad dye, 0.5ul of each of the forward and reverse primers (10mM) and
DEPC-treated Ambion™ Nuclease-Free water (Invitrogen). The following PCR cycling
conditions were used: 15min at 95° C, followed by 45 cycles of 30sec at 94° C, 30sec at 60° C,
30sec at 72° C, and final extension at 72° C for 10min. The primers were designed to bind in
exon four and exon five, respectively, of HBP1. Following amplification, the samples were run
on 2% agarose-tris-borate-ETDA (TBE) (Agarose — Fisher Scientific; TBE — Invitrogen) and the
results were visualised using GelDoc-It Imaging System (UVP). If there was still genomic DNA
present in the samples following the reverse-transcription, amplicon sizes of 152bp (cDNA)
and of 750bp (DNA) were expected.

The switch from SuperScript Il Reverse Transcriptase to SuperScript IV Reverse
Transcriptase was necessary as the new protocol proved to work better for RNA of low

integrity (such as that extracted from cartilage).
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2.5. Genotyping

Samples were genotyped at rs11583641, rs12083450, rs7522001, rs10752924 and
rs1046934 using PyroMark Q24 Sequencer (Qiagen). The genotyping assays were designed
using PyroMark Software 2.4 (Qiagen) and the primers were ordered from IDT as
oligonucleotides. The primer sequences are listed in Appendix A.

DNA was PCR amplified using Pyromark PCR kits (Qiagen) as described in Section 2.4.
The amplicons were run on agarose-TBE gels, and the successful amplification of the target
region was visualised.

The amplified product (10ul) was mixed with 70ul of Binding mix (consisting of 40ul
PyroMark binding buffer (Qiagen), 1.5ul streptavidin-coated Sepharose beads (Sigma Aldrich)
and 28.5ul DEPC-treated Ambion™ Nuclease-Free water) in the wells of a 0.2ml 24-well PCR
plate (StarLab). The mixture was agitated gently for 10min on a 96-well plate shaker at room
temperature.

Using a PyroMark Q24 Vacuum Workstation (Qiagen), the Sepharose beads and DNA
bound to them were captured on the filter probes (Qiagen). The beads were washed in 70%
ethanol for 5sec, 0.20M sodium hydroxide for 5sec and washed with 1X PyroMark Wash
buffer (Qiagen) for 10sec. The beads were then released into a PyroMark Q24 24-well plate
(Qiagen) containing 25ul Sequencing mix (consisting of 24.75ul PyroMark annealing buffer
(Qiagen) and 0.75ul sequencing primer(10mM)). The samples were then annealed to the
primer by incubation for 5min at 80° C. A PyroMark Q24 Cartridge (Qiagen) was loaded with
reagents from PyroMark Q24 Advanced kit (Qiagen), including reaction substrate, reaction
enzyme and dNTPs. The pyrosequencing was performed in a PyroMark Q24 Sequencer. The
allele quantification was performed by PyroMark Q24 Software and visualised as pyrograms.

Genotyping at rs734657 was performed using Restriction Fragment Length
Polymorphism (RFLP)-PCR analysis and agarose gel electrophoresis. Forward and reverse
primers for the amplification of the region surrounding the SNP were generated using Primer3
Input online software (Appendix A) and ordered as oligonucleotides from IDT.

The DNA samples (10-50ng) were amplified using AmpliTag Gold Polymerase I
(Thermo Fisher Scientific) in a 20ul reaction consisting of 2ul 10X Buffer 1, 0.8ul MgCl,
(25mM), 0.5ul of forward and reverse primers (10mM), 2.5ul dNTPs (100uM), 0.5U of

AmpliTag Gold Polymerase, made up to a total volume of 20ul with DEPC-treated Ambion™
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Nuclease-Free water. The following parameters of the PCR program were used: 14min at 94°
C, followed by 40 cycles of 30sec at 95° C, 30sec at 63° C, 30sec at 72° C, and final extension
step at 72° C for 10min. The NEBcutter online tool was used to identify a restriction enzyme
that recognises one of the alleles of the SNP. The chosen enzyme, MIuCl, which recognises
the sequence 5'...VAATT...3’, was ordered from NEB (UK).

The PCR product was then digested with MIuCl according to manufacturer’s
instructions. The amplified region contained two recognition sequences, one acting as a
control for the digestion reaction, and a second one that is created or destroyed by genotype
at rs734657. Following amplification of the region containing rs734657 and digestion with
MluCl, the three genotypes at rs734657 would produce bands of the following sizes: CC -
390bp and 65bp; CA - 390bp, 237bp, 153bp and 65bp; and AA - 237bp, 153bp and 65bp
(Figure 2.1).

Figure 2.1. A representative image of the RFLP-PCR used to genotype rs734657. Left hand lane
is a 1kb Plus DNA ladder (NEB). The size of each fragment is indicated in bp. For each sample
the genotype is indicated.

2.6. Measuring DNAm Levels at CpG Sites

DNAm levels at the investigated CpG sites were measured using pyrosequencing.
Assays capturing the CpGs of interest were designed using Pyromark Assay Design Software

2.0 and ordered from IDT. Primer sequences are listed in Appendix A.
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Bisulphite converted DNA (bsDNA) was amplified using Pyromark PCR kit as described
is Section 2.4. The PCR cycling conditions were the same as those used for genotyping except
for a lower annealing temperature, 56° C, used for the bsDNA amplification. For the assay
capturing CpG 3 and the assay capturing CpGs 4-6 the final concentration of MgCl, was
optimised to 2mM to obtain a stronger PCR product.

Each sample was amplified and sequenced in duplicate. For quality control purposes,
only replicate values within 5% of each other were used for downstream analyses. For the
mQTL analyses, average DNAm levels of duplicate samples were taken and plotted against

genotype at the SNP of interest.

2.7. Allelic Expression Imbalance (AEl) analysis

2.7.1. AEl at the rs11583641 locus

Since rs11583641 falls within a transcribed region of COLGALT2, the same assay as the
one used for genotyping was used for the AEl analysis. Prior to the analysis, however, the
assay had to be validated to ensure it provided accurate measurement of both alleles relative
to each other. This was achieved by mixing DNA from patients homozygous at the SNP (CC
and TT) to create samples with known ratios of the major and minor allele of the SNP. These
samples were then amplified at the SNP and the alleles of the SNP were quantified by
pyrosequencing (as described in Section 2.5). The expected values for each sample were
compared to the actual measured values. The assay proved to be accurate in detecting the
ratios between the two alleles and was, therefore, used for the AEl analysis.

For the AEl analysis, samples heterozygous at OA risk SNP rs11583641 were used. For
each patient, cDNA and its corresponding genomic DNA were amplified using PyroMark PCR
Kits as described in Section 2.4 and the primers listed Appendix A. Each PCR reaction was
repeated in triplicate for both the genomic DNA and the cDNA. The mean cDNA ratio for each
individual patient was normalized to that measured in the genomic DNA of the same patient.
The results were plotted as the ratio of the risk allele to the non-risk allele for each patient. A

ratio different to 1:1 indicated differential expression of the risk-allele.
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2.7.2. AEl at the rs1046934 locus

The transcript SNPs used for the analysis at this locus were rs114661926 for COLGALT2
and rs2274432 for TSEN15. Assays for allele quantification at these SNPs were designed using
Pyromark Assay Design Software 2.0 and ordered from IDT. The details of the assays are listed
in Appendix A. The accuracy of the assays in detecting the ratios of the major and the minor
allele was assessed using samples of mixed homozygous DNA at known ratios (as described
in Section 2.7.1.). Both assays were successful at detecting differences in the ratios of the
major and the minor allele.

For the AEl analyses at both COLGALT2 and TSEN15, patients who were compound
heterozygote at rs1046934 and the respective transcript SNP were used. The PCR reactions
for both SNPs were optimised to obtain stronger PCR products by the addition of 5ul of Q-
solution (supplied with PyroMark PCR kits). DNA and cDNA from these patients were
amplified in triplicate using the optimised PCR reaction. The allelic ratios were measured,

normalised and plotted as described in Section 2.7.1.

2.8. Gene Expression Quantification

Total gene expression levels were measured using reverse-transcription quantitative
PCR (RT-qPCR). RNA was reverse transcribed as described in Section 2.4. cDNA was diluted
1:20 using DEPC-treated Ambion™ Nuclease-Free water. The diluted cDNA (2.5ul) was then
used in 10ul total volume reactions with TagMan® Fast Universal PCR Master Mix (Applied
Biosystems) and PrimeTime gPCR Assays purchased from IDT (Table 2.5). The gPCR reaction
was set up in MicroAmp® Fast Optical 96-well Reaction Plates (Applied Biosystems) and
carried out using Quant Studio 3 (Applied Biosystems) with the following cycling conditions:
20sec at 95° C, followed by 40 cycles of 1sec at 95° C and 20sec at 60°C.

Gene expression was normalised to the house-keeping genes 18S, HPRT1 and GAPDH
using the 22t method, 2-ACt(Gene of interest) = 9-[Ct(Gene of interest) - Ct(mean of housekeeping genes)] \yhere Ct is
the intersection point of the sample’s reaction curve and the fluorescence threshold line.

Each sample was analysed in triplicate.
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Table 2.5. Details of the pre-designed RT-qPCR assays used to quantify gene expression

2.9.1. TC28a2 Human Chondrocyte Cell line

TC28a2 cells (ATCC) were cultured in Dulbecco’s modified eagle’s medium (DMEM):
F12 Nutrient Mix (Ham) (1:1) (GIBCO, Life Technologies), containing 10% (v/v) heat-
inactivated Foetal Bovine Serum (FBS) (Sigma-Aldrich), 1% (v/v) Penicillin/Streptomycin
(10000U/ml). The cells were cultured at 37° C, 20% O3, 5% CO; in a HERAcell 150i incubator

(Thermo Scientific).

2.9.2. TC28a2-Cas9, TC28a2-dCas9/VP64, Tc28a2-dCas9/KRAB and TC28a2-
dCas9/TET1 cell lines

TC28a2 cell lines stably expressing Cas9 protein, dCas9-VP64 transcriptional activation
domain fusion protein, dCas9-KRAB transcriptional repression domain fusion protein, and
dCas9-TET1 demethylating fusion protein had been engineered by Professor Loughlin’s group
prior to the start of my project. These cells were cultured under the same conditions as the

TC28a2 cells with the addition of Puromycin (1pg/ml) to the culture medium.

2.9.3. SW982 Human Synovial Sarcoma Cell Line

SW982 cells (ATCC) were cultured under the same conditions as TC28a2 cells.

2.9.4. ASC52teloSox9 cells

Immortalised adipose derived MSC cells overexpressing SOX9, ASC52teloSox9%, were
grown in Mesenchymal Stem Cell Basal Medium (ATCC) supplemented with MSC supplement
(2% FBS, 5ng/ml rh FGF basic, 5ng/ml rh FGF acidic, 5ng/ml rh EGF), L-Alanyl-L-Glutamine
(2.4mM) and G41 disulphate salt solution (Sigma Aldrich) (0.2mg/ml) at 37°C, 20% O3, 5% CO,.
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2.10. Lucia Reporter Gene Analysis

2.10.1. Cloning of the putative enhancer regions into the CpG-free-promoter-Lucia

reporter gene plasmid

The region encompassing CpGs 3-10 (rs11583641 locus) contains two SNPs: rs943409
(G>A) and rs734657 (C>A), with three naturally occurring haplotypes in European
populations: G/C, G/A and A/C. All three haplotypes were amplified from patient genomic
DNA using primer sequences which were designed to include the required restriction enzyme
sequences for downstream cloning (Table 2.9). The samples were amplified using AmpliTaq
Gold Polymerase as described in Section 2.5. The PCR parameters used for the amplification
are: 14min at 94° C, followed by 40 cycles of 30sec at 95° C, 30sec at 65° C, 30sec at 72° C, and
final extension step at 72° C for 10min.

The regions containing cg15204595 and cg21606956 were amplified from patient
genomic DNA using the Pyromark PCR kit as described in Section 2.4. The primer sequences,
which included restriction enzyme sequences for downstream cloning, are listed in Appendix
A.

The amplified regions were then cloned into a TOPO vector using a TOPO PCR cloning
kit (Thermo Fisher Scientific) and transformed into One Shot™ TOP10 chemically competent
E. coli cells (Invitrogen) using the heat-shock method. The bacteria were then plated onto LB-
Ampicillin (100ug/ml) (Sigma Aldrich) agar (Sigma Aldrich) and X-Gal (Invitrogen) plates and
grown overnight. White colonies (five from each plate) were picked and grown overnight in
LB-Ampicillin (100ug/ml) broth. DNA was extracted using PurelLink Quick Plasmid Miniprep
kits (Invitrogen) and Sanger sequenced (Source BioScience, Cambridge). Plasmids were
selected in which the regions of interest were successfully cloned (the region containing CpGs
3-10 with all three haplotypes for rs943409 and rs734657; the region containing cg15204595;
the region containing cg21606956).

Following confirmation that the regions of interest were successfully cloned into the
TOPO vector, the constructs (1ug) and the pCpG-free-promoter-Lucia vector (Invivogen) (1ug)
were digested with appropriate restriction enzymes. For the constructs containing CpG 3-10
(with the three haplotypes of rs943409 and rs734657) and for the construct containing
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€g21606956, Avrll and Spel (NEB) enzymes were used; for the construct containing
€g15204595 BamHI and Spel (NEB) were used. The restriction digests were performed at 37°
Cfor 3h. The products were resolved using gel electrophoresis on a 0.8% agarose-TBE gels to
confirm successful linearization. The DNA of interest (the enhancer inserts from the TOPO
plasmids and the CpG-free backbone of the pCpG-free-promoter-Lucia vector) were extracted
using QlAquick Gel Extraction kit (Qiagen). The enhancers were then ligated into the CpG-
free-promoter-Lucia vector using T4 DNA Ligase for 1h at room temperature (NEB).

S5ul of the ligation reaction was transformed into chemically competent GT115 cells
(Invivogen) and grown at 37° C overnight on LB-Zeocin (1000ug/ml) agar plates (Zeocin —
InvivoGen). Colonies were isolated and cultured overnight in LB-Zeocin (1000ug/ml). DNA was
extracted using Purelink Quick Plasmid Miniprep kits and Sanger sequenced (Source
Bioscience, Cambridge) to confirm the integration of the putative enhancer regions into the

CpG-free Lucia plasmids.

2.10.2. Methylation and mock-methylation of the CpG-free-promoter-Lucia plasmids

containing the regions of interest

The plasmids containing the inserts of interest (4ug) were methylated in vitro using
CpG Methyltransferase (M.Sss/, NEB) by incubation at 37° C for 4h with M.Sss/ (4U/ul) in the
presence of S-adenosylmethionine (SAM) (1600uM). The mock-methylated control plasmids
were treated the same way but in the absence of M. Sssl. The plasmid DNA was then purified
by ethanol precipitation. To confirm successful methylation, both the methylated and the
mock-methylated plasmids were digested with methylation-sensitive enzyme Hgal (NEB) (for
the constructs containing CpGs 3-10 and all three haplotypes of rs943409 and rs734657), or
Mspl (NEB) (for the constructs containing cg21606956) and resolved by agarose gel
electrophoresis. A methylation-sensitive restriction enzyme recognizing the sequence
surrounding ¢g15204595 was not identified. The successful in vitro methylation of the
reporter gene constructs containing the region surrounding cg15204595 was therefore

confirmed by pyrosequencing.
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2.10.3. Transfection of CpG-free-promoter-Lucia plasmids containing the regions of

interest in TC28a2 cells and SW982 cells

The regulatory function of the region containing CpGs 3-10 (rs11583641 locus) was
tested in TC28a2 cells and SW982 cells. The regulatory function of the regions containing
€g15204595 and cg21606956 were only tested in TC28a2 cells.

The cells (TC28a2 or SW982) were seeded in 96-well plates at a density of 5000
cells/well 24h prior to the transfection. Each well was transfected with 100ng of the relevant
CpG-free-promoter-Lucia construct, along with 10ng of the pGL3-promoter (Firefly luciferase
reporter) using 2ul Lipofectamine 2000 (Invitrogen) per well according to manufacturer’s

protocol. Empty CpG-free-promoter-Lucia vectors were used as controls.

2.10.4. Lucia luminescence readings

24h post-transfection, the cells were lysed in 1X Lysis Buffer (Promega), and the levels
of Lucia and Firefly Luciferase were measured using a GloMax multi-detection luminometer
(Promega) with a Dual Luciferase Assay System (Promega). The Lucia readings for each
methylated/mock-methylated condition were normalised to the corresponding Firefly
readings to correct for differences in transfection efficiency between wells. The readings from
the constructs containing the methylated or the mock-methylated DNA inserts of interest
were then normalised to the readings obtained from the cells transfected with the empty

CpG-free-promoter-Lucia plasmids (methylated and mock-methylated, respectively).

2.11. Activation and Repression of the Enhancer Containing CpGs 3-10 (rs11583641

locus)

2.11.1. Design of gRNAs targeting the region of interest

Six guide RNAs (gRNAs) targeting the region of the putative enhancer containing CpGs
3-10 (rs11583641 locus) were designed using IDT’s CRISPR-Cas9 guide RNA design tool and

ordered from the company. The sequences are listed in Appendix B.
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2.11.2. Testing the targeting efficacy of the gRNAs

The efficiency of the gRNAs in targeting the enhancer was assessed in TC28a2 cells
expressing Cas9. The cells were cultured as described in Section 2.9.2 and seeded in 6-well
plates at a density of 100000 cells/well. The six gRNAs and trans-activating CRISPR RNA
(tracrRNA, IDT) were diluted to 100uM with Duplex Buffer (IDT). Each gRNA was mixed with
tracrRNA (1:1) in a 4pl reaction. The gRNA and the tracrRNA were annealed at 95° C for 5min
and cooled to room temperature to form gRNA:tracrRNA duplexes. The duplexes (4ul) were
transfected into TC28a2/Cas9 cells using 4ul DharmaFECT 1 transfection reagent (Horizon
Discovery) per well. Once the cells reached 80% confluence, they were treated with 0.05%
Trypsin-EDTA solution (GIBCO, Life Technologies) and incubated at 37° C for 5min. The cells
were then collected and pelleted by centrifugation at 500xg for 5min and snap-frozen in dry
ice.

DNA was extracted from the pellets using NucleoSpin TriPrep kit (Macherey-Nagel)
following manufacturer instructions. The region targeted by the gRNAs was PCR amplified
using AmpliTaqg Gold Polymerase Il in a 20l reaction consisting of 2ul 10x Bufferll, 1.6ul MgCl,
(25mM), 0.1l AmpliTaq Gold Polymerase Il (0.5U), 0.5ul dNTPs (250uM) and 1ul of forward
and reverse primers (10mM) (Appendix A) and DEPC-treated Ambion™ Nuclease-Free water.
To estimate the editing efficiency, a T7 endonuclease | (T7El) assay was used (Alt-R Genome
editing Detection kit, IDT). The PCR amplicons were denatured and re-annealed forming
heteroduplexes of wild-type DNA and CRISPR-mutated DNA. The samples were treated with
T7El which recognised and cleaved the mismatched heteroduplexes. The results were

visualised by agarose gel electrophoresis.

2.11.3. Transfecting targeting gRNAs in TC28a2-dCAs9/VP64 and TC28a2-
dCas9/KRAB cells

Once the targeting efficiency of the gRNAs was confirmed, TC28a2-dCas9/VP64 and
TC28a2-dCAs9/KRAB were cultured as described in Section 2.9.2.

The gRNA:tracrRNA duplexes were formed and transfected into the TC28a2/dCas9-
VP64 and TC28a2/dCas9-KRAB cells using DharmaFECT 1 as described in Section 2.11.2. The
gRNAs were transfected alone or in combination (gRNAs 1, 3 and 5, and all gRNAs). Non-

targeting gRNA was used as control (IDT).
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72 hours post transfection, the cells were dissociated with Trypsin-EDTA and pelleted
as described in Section 2.11.2 and RNA was extracted using NucleoSpin TriPrep kit following
manufacturer’s instructions. 1ug of RNA was reverse-transcribed using SuperScript Il as
described in Section 2.4 and the expression of RGL1, COLGALT2 and TSEN15 was measured
by RT-qPCR as described in Section 2.5.

2.12. Deletion of the Enhancer Region Containing CpGs 3-10 (rs11583641 locus)

2.12.1. Design of gRNAs and cloning of the gRNAs into a PX462 plasmid containing

the Cas9 gene

Two gRNAs (gRNA7 and gRNAS8) located up- and downstream of the DMR containing
cg18131582 were designed using IDT’s CRISPR-Cas9 guide RNA design tool. The gRNAs were
ordered from IDT as single-stranded complementary DNA oligonucleotides with overhangs
for downstream cloning (Appendix B).

The PX462 plasmid containing the Cas9 gene (Addgene, 62987) was digested with Bbsl
(NEB) for 2h at 37° C followed by 20min at 65° C. The digested plasmid was then run on a 0.8%
agarose-TBE gel. The linearized product was excised from the gel and extracted using
QlAquick Gel Extraction kit.

The forward and reverse oligonucleotides of the two gRNAs were ligated to form a
double-stranded product using T4 DNA Ligase by incubating for 30min at 37° C, followed by
5min at 95° C and gradually cooled to 25° C at a rate of -6° C /min.

The annealed gRNAs were then ligated overnight at 16° C into the linear PX462 plasmid
using T4 DNA Ligase.

The plasmids were transformed into One Shot™ TOP10 Chemically Competent E. coli
by heat shock. The bacteria were grown on LB-Ampicillin agar plates (100ug/ml). Colonies
were picked and grown overnight in LB-Ampicillin (100ug/ml). The plasmid DNA was extracted
and purified using PureLink Quick Plasmid Miniprep kits. Plasmids containing the correct

gRNA sequences were selected after Sanger sequencing (Source Bioscience, Cambridge).
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2.12.2. Transfection of PX462 plasmids containing the gRNA sequences into TC28a2

cells

TC28a2 cells were cultured as described in Section 2.9.1.

Once the cells were 80% confluent, they were dissociated with 0.05% Trypsin-EDTA
and counted. One million cells were resuspended in 100ul SF nucleofection solution (Lonza)
and 2.5ug of plasmid containing each of the guide sequences (5ug in total) were added to the
cells. Empty PX462 plasmid was used as control. The reaction was transferred to 1ml cuvettes
(Lonza). The plasmids were then transfected into the cells via electroporation using the 4D-
NucleofectorX and the pulse code EH-100 (Lonza). The electroporated cells were incubated
at room temperature for 5min. Warm 1X RPMI medium (GIBCO, Life Technologies) was added
to the cuvettes, and they were incubated at 37° C for 15min. Following the incubation, the
transfected cells were transferred to the wells of 6-well plates containing 2ml warm media.
Cells were selected with puromycin (1ug/ml) 24h post transfection and expanded in

puromycin-containing media until the wells of the plate reached 80% confluency (72h).

2.12.3. Confirmation of deletion

48h post transfection the cells were dissociated using Trypsin-EDTA and pelleted. DNA
and RNA were extracted using the PureLink Genomic DNA Mini kit (Thermo Fisher Scientific)
and NucleoSpin TriPrep kit, respectively. To confirm the successful deletion, the targeted
region of the enhancer was PCR amplified from DNA from the control and the edited cells
using AmpliTaq Gold Polymerase Il in a 20l reaction consisting of 2ul 10x Buffer 2.0, 1.6ul
MgClz (2mM), 0.1ul AmpliTaq Gold Polymerase 1l (0.5U), 0.5ul dNTPs (250uM) and 1l of
forward and reverse primers (10mM) (Appendix A). The PCR parameters used were: 14min at
94° C, followed by 40 cycles of 30sec at 95° C, 30sec at 65° C, 30sec at 72° C, and final extension
step at 72° C for 10min.The results were visualised by agarose gel electrophoresis.

Once the deletion was confirmed, 1ug of RNA was reverse transcribed using
SuperScript Il (Thermo Fisher Scientific) as described in section 2.4. The gene expression of
RGL1, COLGALT2 and TSEN15 was measured and normalised to the house-keeping genes as
described in Section 2.8. The gene expression levels in the edited cells were then normalised

to those measured in the control cells.
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To confirm that the deletion had not affected COLGALT2 splicing, the intron containing
the enhancer (intron 10) was amplified using PyroMark PCR kit as described in Section 2.4 in
cDNA from the control and the edited cells using primers binding in exon 11 and exon 10 of
COLGALT2 (main transcript COLGALT2-201, ENST00000361927.9). The primer sequences are

listed in Appendix A. The results were visualised by gel electrophoresis.

2.13. Methylation and Demethylation of Regions of Interest in TC28a2 Cells

2.13.1. Demethylation of the enhancer containing CpGs 3-10 (rs11583461 locus)
using TC28a2-dCas9/TET1 cells

The six gRNAs (gRNA1-6) used to target the region containing CpGs 3-10 were used to
demethylate the CpG sites.

TC28a2-dCas9/TET1 cells were cultured as described in section 2.9.2. The cells were
seeded in 6-well plates at a density of 100000 cells/well. 24h later, doxycycline (1ug/ml) was
added to the cell culture media to induce the expression of the dCas9/TET1 protein complex.

gRNA:tracrRNA duplexes were formed as described in Section 2.11.2 and transfected
into the TC28a2-dCas9/TET1 cells using DharmaFECT 1 as described in section 2.11.2. Similarly
to the TC28a2-dCas9/VP64 and TC28a2-dCas9/KRAB experiments, gRNAs were transfected
alone or in combination (gRNAs 1, 3 and 5, and all gRNAs) and non-targeting gRNA was used
as control.

72h post transfection, the cells were trypsinised and pelleted. DNA was extracted
using the PureLink Genomic DNA Mini kit and RNA was isolated using the NucleoSpin TriPrep
kit.

DNA (200ng) was bisulphite converted as described in Section 2.3. DNA methylation at
CpG 3-10 was measured by pyrosequencing as described in Section 2.6. RNA (500ng) was
reverse-transcribed as described in Section 2.4. The expression of RGL1, COLGALT2 and
TSEN15 was measured using RT-gPCR and normalised to the house-keeping genes as
described in Section 2.8. The gene expression levels in the modulated cells were then

normalised to that measured in the control cells.
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2.13.2. Methylation of the enhancer containing CpGs 3-10 (rs11583461 locus)

The same six gRNAs used for the demethylation of the enhancer and the non-targeting
gRNA were ordered as single-stranded complementary DNA oligonucleotides with overhangs
for subsequent cloning from IDT (Appendix B). The gRNA oligonucleotides were annealed to
form double-stranded DNA fragments using T4 DNA Ligase as described in Section 2.12.1.

A pdCas9-DNMT3a-EGFP plasmid (Addgene, 71666) (1ug) was digested with Bbs/
enzyme for 1h at 37° C followed by 20min at 65° C. The linearized plasmid was run on 0.8%
agarose-TBE gel and extracted using QlAquick Gel Extraction kit. The double-stranded gRNAs
were ligated into the linearized pdCas9-DNMT3a-EGFP plasmid using the T4 DNA Ligase by
overnight incubation at 16° C. The plasmids were transformed by heat shock into chemically
competent OneShot™ TOP10 E. coli which were then cultured overnight in LB-Ampicillin
(100pg/ml). Plasmid DNA from the bacteria was isolated and Sanger sequenced.

Once the successful integration of the six gRNA sequences and the non-targeting gRNA
sequence into the pdCas9-DNMT3a-EGFP was confirmed, the gRNAs (alone or in combination,
5ugin total) were nucleofected into TC28a2 cells as described in section 2.12.2. The successful
transfection of the plasmids into the cells was confirmed after 24h by GFP visualisation (Zeiss
AxioVision).

Once the 6-well plates were confluent (72h post transfection) the cells were
trypsinised and pelleted and DNA and RNA were extracted as described in section 2.12.3. DNA
(300ng) was bisulphite converted (Section 2.3). DNAm levels at CpGs 3-10 was measured by
pyrosequencing (Section 2.6). cDNA was synthesised from RNA (500ng) (Section 2.4). The
expression of RGL1, COLGALT2 and TSEN15 was measured using RT-qPCR and normalised to
the house-keeping genes as described in Section 2.8. The gene expression levels in the

modulated cells were then normalised to those measured in the control cells.

2.13.4. Modulation of the enhancers containing cg15204595 and cg21606956
(rs1046934 locus) using dCas9/TET1 and dCas9/dTET1, and dCas9/DNMT3a and
dCas9/dDNMT3a

TC28a2 cells were transfected with a plasmid containing dCas9 coupled with active

TET1 or active DNMT3a (dCas9/TET1 or dCas9/DNMT3a) protein and a targeting gRNA or a
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control plasmid containing dCas9 coupled with deactivated TET1 or deactivated DNMT3a
(dCas9/dTET1 or dCas9/dDNMT3a) protein and the same targeting gRNA.

For the methylation of the two CpGs, the gRNA oligonucleotides (non-targeting,
targeting cg15204595 or cg21606956) were annealed and ligated into the pdCas9-DNMT3a-
EGFP plasmid (dCas9/DNMT3a) and the catalytically inactivated control plasmid pdCas9-
dDNMT3a-EGFP (ANV) (dCas9/dDNMT3a) (Addgene, 71685) as described in section 2.13.2.

For demethylation, the pdCas9-DNMT3a-EGFP plasmids containing the two gRNAs
targeting cg15204595 and cg21606956 and the non-targeting gRNA were digested with Pvul/
and Xbal (NEB) for 1h at 37° C followed by 20min at 65° C. This digestion separated the gRNA
scaffold region of the plasmids, along with the U6 promoter, and part of the Ampicillin
resistance gene from the backbone of the plasmid. The pSpdCas9-huTET1CD-T2A-mCherry
plasmid (dCas9/TET1) (Addgene, 129027) and the catalytically inactivated control plasmid
pSpdCas9-hudTET1CD-T2A-mCherry (dCas9/dTET1) (Addgene, 129028) were also digested
using the same restriction enzymes. The products of the digestion reactions were run on a
0.8% agarose-TBE gel. The backbones of the dCas9/TET1 and the dCas9/dTET1 plasmids, and
the gRNA scaffolds of the pdCas9-DNMT3a-EGFP (containing either the gRNAs targeting
€g15204595, cg21606956 or the non-targeting gRNA) were excised from the gel and the DNA
was extracted using QlAquick Gel Extraction kit.

The scaffold regions containing the gRNAs targeting cg15204595 and cg21606956, and
the non-targeting gRNA were ligated into the backbones of the dCas9/TET1 and the
dCas9/dTET1 plasmids using T4 DNA Ligase by overnight incubation at 16° C. The plasmids
were transformed into chemically competent OneShot™ TOP10 E. coli via heat shock. The
bacteria were grown on LB-Ampicillin agar plates (100ug/ml), colonies were picked and grown
overnight in LB-Ampicillin (100pg/ml). The plasmid DNA was extracted and purified using
PureLink Quick Plasmid Miniprep kits and Sanger sequenced. Plasmids that successfully
integrated the right gRNA sequences were used.

TC28a2 cells were cultured as described is Section 2.9.1. 5ug of dCas9/DNMT3a,
dCas9/dDNMT3a, dCas9/TET1 or dCas9/dTET1 containing a non-targeting gRNA sequence or
a sequence targeting either c¢15204595 or cg21606956 were nucleofected into 1000000
TC28a2 cells. The efficiency of the transfection was determined after 24h by GFP (for
dCas9/DNMT3a and dCas9/dDNMT3a plasmids) or mCherry (for dCas9/TET1 or dCas9/dTET1

plasmids) visualisation using a Zeiss AxioVision fluorescent microscope.
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72h post transfection the cells were dissociated, pelleted and snap frozen. Nucleic
acids were extracted as described in previous sections and the effects of the epigenetic
modulation on DNAm levels and gene expression levels were measured as described in

Sections 2.13.3 and 2.13.4.

2.13.5. Methylation and demethylation of the enhancer containing CpGs 3-10
(rs11583641 locus) in SW982 cells

The six gRNAs (gRNA1-6) used to target the enhancer containing CpG 3-10 were cloned
into the pdCas9-DNMT3a-EGFP, pdCas9-dDNMT3a-EGFP (ANV), pSpdCas9-huTET1CD-T2A-
mCherry and pSpdCas9-hudTET1CD-T2A-mCherry plasmids as described in section 2.13.5.
Plasmids confirmed to contain the correct gRNA sequences were used for the experiment.

To determine the optimal nucleofection conditions for the SW982 cell line, the cells
were dissociated and counted. 1500000 cells were resuspended into 300ul of SF
nucleofection solution or SE nucleofection solution (Lonza). 15ug of pmaxGFP™ Vector
(1pg/ul in 10mM Tris pH 8.0) (Lonza) were added to the resuspended cells. 20ul of the cells
(either in SE or SF solution) were pipetted into the wells of a 16-well Nucleocuvette™ Strip
(Lonza). The Nucleocuvette™ Strip was placed in a 4D-NucleofectorX machine and the
following pulse codes were applied to the wells containing the cells: CA-137, DS-150, CM-138,
DS-120, CM-137, EH-100, CM-150, EO-100, DN-100, EN-138, DS-138, EN-150, DS-137, EW-
113, DS-130. The optimal conditions were chosen following GFP visualisation 24h after the
nucleofection. For the SW982 cells Lonza’s SE nucleofection solution and the pulse code DN-
100 resulted in an optimal balance between efficiency and cell viability.

Once the nucleofection conditions were optimised, 5ug of the gRNA containing
plasmids (alone or in combination) were nucleofected in SW982 cells. The same protocol
described in section 2.12.2 was followed with the optimised nucleofection parameters
described above. The successful transfection of the plasmids into the cells was confirmed by
fluorescent microscopy 24h after the nucleofection (Zeis AxioVert).

Once the cells reached 80% confluency (72h post nucleofection), they were pelleted
and DNA and RNA were extracted using PurelLink Genomic DNA Mini kit and NucleoSpin

TriPrep kit, respectively. The effects of the epigenetic modulation on DNAm levels and gene
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expression levels in the SW982 cell line were measured as described in Sections 2.13.3 and

2.13.4.

2.14. Assay for Transposase-Accessible Chromatin with Sequencing (ATAC-seq)

2.14.1. Digestion of developmental cartilage samples

The details of the developmental samples used for the ATAC-seq experiment are listed
in Table 2.4. The cartilage was digested in 1% type | Collagenase solution (Sigma Aldrich) for
3h at 37° C on a rotating platform. The collagenase solution was removed, cells were washed

with 1X PBS (GIBCO), re-suspended in 5% FBS-DMEM and counted.

2.14.2. Digestion of arthroplasty cartilage

For five of the OA knees and five of the OA hips used for the ATAC-seq experiment
(Table 2.4, red OA samples) the cartilage was removed from the joint using a scalpel and 1g
of it was digested in 4ml of Hyaluronidase (1mg/ml) (Sigma Aldrich) for 15min at 37° C,
followed by a second digestion with 4ml of Trypsin (2.5mg/ml) (Sigma Aldrich) for 30min at
37° C. The samples were left to digest overnight in 3ml of 0.2% type | Collagenase at 35° C.
The collagenase solution was then removed, cells were washed with 1X PBS, re-suspended in
10% FBS-DMEM and counted.

The other five OA knee and five OA hip samples (Table 2.4, black OA samples) were
digested using 1% type | Collagenase solution (Sigma Aldrich) for 12h at 37° C. Following the
digestion, the cells were washed with 1X PBS, re-suspended in 5% FBS-DMEM and counted.

2.14.3. Cell Lysis

Following isolation of the chondrocytes from either developmental or OA cartilage, the
cell nuclei from 50 000 cells were isolated by 3min incubation on ice in lysis buffer consisting
of 5M NaCl (Sigma Aldrich), 1M MgCl; (Sigma Aldrich), 1M Tris-HCI (pH 7.5), 10% (w/v) NP-40
(Roche), 10% (w/v) Tween 20 (Roche) and 1% (w/v) Digitonin (Promega). The successful
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isolation of the nuclei was confirmed visually by observing the nuclei under a microscope at

20X magnification.

2.14.4. Tagmentation and DNA purification

The isolated nuclei were re-suspended in a transposase mix (25ul 2xTD Buffer, 2.5ul
TDE1 enzyme (NexteraTn5 transposase, lllumina), 0.5ul 1% (w/v) Digitonin, 0.5ul 10% (w/v)
Tween 20, 16.5pul 1x PBS and 5ul DEPC-treated Ambion™ Nuclease-Free water) and incubated
on a thermomixer for 30min at 37° C at 1000rpm. DNA was purified using MinElute PCR
Purification kit (Qiagen) according to manufacturer’s instructions and eluted in 10l of Elution

Buffer.

2.14.5. Library amplification

The purified transposed DNA was partially PCR amplified in a 50ul reaction using 25ul
NEB Next High-Fidelity PCR Master Mix (NEB) and 2.5ul of primer Adl_noMX (25uM)
(AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGTG) in combination with
2.5ul of one of 22 barcoded primers (25uM) (Table 2.6). The following PCR cycling conditions
were used: 5min at 72° C, 30sec at 98° C, followed by five cycles of 10sec at 98° C, 30sec at
63° C and 60sec at 72° C.

An aliquot of the reaction was amplified by qPCR. The PCR reaction consisted of 5ul of
partially amplified tagmented DNA, 0.5ul Ad1_noMX (25uM), 0.5ul of one of 22 barcoded
primers (25uM) (Table 2.10), 25ul NEB Next High-Fidelity PCR Master Mix, 0.15ul SYBR Green

| (100X) and DEPC-treated Ambion™ Nuclease-Free water to adjust to a final volume of 15pl.

Table 2.6. Details of indexing primers used for ATAC-seq. Red OA samples were digested with
Type | collagenase overnight and the black OA samples were digested for 12h.
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Patient ID Sample origin Indexing Primer
15192 Foetal Ad2.1_TAAGGCGA CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAGATGT
15192 Foetal Ad2.2_CGTACTAG CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGGAGATGET
15209 Foetal Ad2.3_AGGCAGAA CAAGCAGAAGACGGCATACGAGATTITCTGCCTGTCTCGTGGGCTCGGAGATST
15209 Foetal Ad2.4_TCCTGAGC CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGAGATGT
15210 Foetal Ad2.5_GGACTCCT CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGGAGATGT
15210 Foetal Ad2.6_TAGGCATG CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGGAGATGET
15271 Foetal Ad2.7_CTCTCTAC CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGGAGATST
15271 Foetal Ad2 .8_CAGAGAGG CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGGAGATGT
15285 Foetal Ad2.9_GCTACGCT CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGGAGATGT
15285 Foetal Ad2.10_CGAGGCTS CAAGCAGAAGACGGCATACGAGATCAGCCTCGGETCTCGTGGGCTCGGAGATGT
15335 Foetal Ad2.11_AAGAGGCA CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGCTCGGAGATGT
15335 Foetal Ad2.12_GTAGAGGA CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGGCTCGGAGATGT
138 and 264 OA Ad2.13_GTCGTGAT CAAGCAGAAGACGGCATACGAGATATCACGACGTCTCGTGGGCTCGGAGATGT
150and 274 OA Ad2.14_ACCACTGT CAAGCAGAAGACGGCATACGAGATACAGTGGTGTCTCGTGGGCTCGGAGATGT
154and 275 OA Ad2.15_TGGATCTG CAAGCAGAAGACGGCATACGAGATCAGATCCAGTCTCGTGGGCTCGGAGATGT
157 and 296 OA Ad2.16_CCGTTTGT CAAGCAGAAGACGGCATACGAGATACAMACGGGTCTCGTGGGCTCGGAGATGT
158 and 297 OA Ad2.17_TGCTGGGT CAAGCAGAAGACGGCATACGAGATACCCAGCAGTCTCGTGGGCTCGGAGATGT
164 and 293 OA Ad2.18_GAGGGGTT CAAGCAGAAGACGGCATACGAGATAACCCCTCGTCTCGTGGGCTCGGAGATGT
165and 295 OA Ad2.19_AGGTTGGG CAAGCAGAAGACGGCATACGAGATCCCAACCTGTCTCGTGGGCTCGGAGATGT
166 and 310 OA Ad2.20_GTGTGGTG CAAGCAGAAGACGGCATACGAGATCACCACACGTCTCGTGGGCTCGGAGATGT
167 and 312 OA Ad2.21_TGGGTTTC CAAGCAGAAGACGGCATACGAGATGAAACCCAGTCTCGTGGGCTCGGAGATGT
168 and 316 OA Ad2.22_TGGTCACA CAAGCAGAAGACGGCATACGAGATTGTGACCAGTCTCGTGGGCTCGGAGATGT

The gPCR reaction was set up in MicroAmp® Fast Optical 96-well Reaction Plates and
carried out using Quant Studio 3 with the following cycling conditions: 30sec at 98° C, followed
by 20 cycles of 10sec at 98° C, 30sec at 63° C and 60sec at 72° C.

The number of additional PCR cycles needed for each sample was then calculated by
determining the number of cycles needed to reach 1/3 of the maximum Rn, which is defined
as the fluorescence emission intensity of the reporter dye normalised to the fluorescence
emission intensity of the passive reference dye. For each sample, the Rn was determined
based on the amplification plots generated by the qPCR analysis tool of ThermoCloud
(Thermo Fisher Scientific).

The remaining 45ul of the partially amplified DNA libraries were amplified by PCR for
an additional number of cycles, as calculated for each individual sample based on the qPCR

readings, to avoid amplification to saturation.

2.14.6. Library purification

The amplified DNA libraries were purified using AMPure XP magnetic beads (Beckman
Coulter). For each sample, the amplified PCR product (45ul) was mixed with 22.5ul (0.5X) of
AMPure XP magnetic beads. The samples were incubated for 10min at room temperature and

the beads were separated on magnetic racks for 5min. The supernatant was transferred to
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clean 1.5ml microcentrifuge tubes and mixed thoroughly with 58.5ul (0.85X) of AMPure XP
magnetic beads. Samples were incubated for 10min at room temperature and the beads were
separated with a magnet for 5min. The supernatant was discarded, and the beads were
washed twice with 200ul freshly prepared 80% ethanol. The ethanol was discarded, and the
beads were left to air dry for 10min. The beads were resuspended in 20ul DEPC-treated
Ambion™ Nuclease-Free water and incubated at room temperature for 5min. The beads
were separated on magnetic racks for 5min and the supernatant containing the purified DNA

was transferred to clean 1.5ml microcentrifuge tubes and stored at -20° C.

2.14.7. Sequencing and data analysis

The DNA libraries were sequenced by Newcastle University’s Genomics Core Facility
on a NextSeq S1 generating paired-end 100 bp reads.
The analysis of the data was performed by Mr John Casement (Experimental Scientific

Officer) from Newcastle University’s Bioinformatics Support Unit.

2.15. Differentiated ASC52teloSOX9 Cells as a New Chondrocyte Cell Model

2.15.1. Chondrogenesis protocol
ASC52teloSox9 cells were cultures as described in section 2.9.4.

For the chondrogenic differentiation, the cells were dissociated and counted. Cells
were resuspended in differentiation medium consisting of DMEM-HG (4.5g/L Glucose)
(GIBCO, Life Technologies) supplemented with TGFB3 (10ng/ml) (Sigma Aldrich),
Dexamethasone (100nM) (Sigma Aldrich), Ascorbic acid-2-phosphaste (50ug/ml) (Sigma
Aldrich), Proline (40ug/ml) (Sigma Aldrich), 1X ITS+L premix (Sigma Aldrich) and 1% Penicillin/
Streptomycin and seeded in the wells of a 96-well round bottom plate at a density of 400000
cell/well. The plate was spun for 5min at 500xg to pellet the cells. The pellets were left at 37°
C, 20% 03, 5% CO,. The remaining cells were pelleted (400000 cells/pellet) in 1.5-ml tubes and

stored at -80° C to serve as ‘Day 0’ base line control.
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The differentiation media on the pellets in the 96-well plate was changed every 3-4
days. Pellets were collected at Day 3, 7, 14 and 21 (five pellets/time point) and stored at -80°
C.

Nucleic acids were extracted from the pellets using RNA/DNA Purification Micro Kit
(Norgen Biotek Corp.) following manufacturer’s instructions. RNA (500ng) was reverse
transcribed using SuperScript IV Reverse Transcriptase as described in section 2.4. Expression
levels of genes relevant to cartilage biology (ACAN, COL2A1, COL1A1, COL10A1, SOX9, RUNX2)

were measured by RT-gPCR as described in Section 2.8.

The chondrogenic differentiation experiment was repeated by Mr Jack Roberts (PhD
student with Professor Loughlin) who tested if different number of cells per pellet (600000,
800000 and 1000000 cells/pellet) had an impact on the differentiation of the cells. By
comparing expression level of the above genes, he determined that an increased number of
cells per pellet did not have an impact on the chondrogenic potential of the cells. For future

experiments | used 1000000 cells/pellet.

2.15.2. Optimisation of nucleofection conditions for the ASC52teloSox9

To determine the optimal transfection conditions for the ASC52teloSox9 cells, the cells
were grown in monolayer as described in section 2.9.4. The cells were dissociated and
counted. 1500000 cells were resuspended into 300ul of P1 4D-Nucleofector™ X Solution
(Supplied with P1 4D-Nucleofector™ X kit, Lonza). 15ug of pmaxGFP™ Vector (1ug/ul in 10
mM Tris pH 8.0) (Supplied with P1 4D-Nucleofector™ X kit, Lonza) were added to the
resuspended cells. 20ul of the cell solution were pipetted into the wells of a 16-well
Nucleocuvette™ Strip (Supplied with P1 4D-Nucleofector™ X kit, Lonza). The Nucleocuvette™
Strip was placed in a 4D-NucleofectorX machine and the following pulse codes were applied
to the wells containing the cells: CA-137, DS-150, CM-138, DS-120, CM-137, EH-100, CM-150,
EO-100, DN-100, EN-138, DS-138, EN-150, DS-137, EW-113, DS-130.

24h post nucleofection the GFP was visualised using a Zeis AxioVert fluorescent
microscope. The pulse CM-138 was chosen as the cells nucleofected using that code showed

an optimal balance between transfection efficiency and cell viability.
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2.16. Knockout (KO) of COLGALT1 and COLGALT2 to Deplete their Respective Proteins

2.16.1. gRNAs for CRISPR/Cas9 KO of COLGALT1 and COLGALT2

A gRNA sequence targeting exon two of COLGALT1 (gRNA-T1) and a gRNA targeting
exon three of COLGALT2 (gRNA-T2) were designed using IDT’s gRNA design software. The
gRNA sequences were ordered as complementary single-stranded oligonucleotide with

restriction enzyme sequences added for downstream cloning (Appendix B).

The oligonucleotides were annealed and cloned into PX462 plasmid containing the
Cas9 gene as described in Section 2.12.1. Following confirmation of the successful integration
of the gRNA sequences into the plasmids, the plasmids were nucleofected into
ASC52teloSOX9 cells as described previously (Section 2.15.2.). A non-targeting gRNA was used
as a control. 24h after the nucleofection the cell media was changed to cell media containing
puromycin (Img/ml). Once the cells were confluent (96h post-nucleofection), they were
dissociated with 0.05% Trypsin-EDTA. Half of the cells were frozen in liquid nitrogen for future
use and the other half was pelleted. DNA, RNA and protein were extracted from the cell
pellets using NucleoSpin TriPrep kit following manufacturer instructions. The region targeted
by the gRNAs was PCR amplified using Pyromark PCR kits. The primers used are listed in
Appendix A.

To estimate the editing efficiency, a T7 endonuclease | (T7El) assay was used as
described in section 2.11.2. Both gRNA-T1 and gRNA-T2 were confirmed to cut at their target

regions.
2.16.2. Confirmation of the depletion of the COLGALT1 and COLGALT2 proteins

The protein extracted from the ASC52teloSOX9 cells was quantified in a microplate
using the Protein Quantification Assay (Machery-Nagel), according to the manufacturer’s
protocol. Absorbances were read at 595nm using Varioscan LUX Plate reader (ThermoFisher).
Protein concentrations were determined based on a calibration curve created via serial
dilution of BSA stock protein (supplied with the Protein Quantification Assay, Macherey-

Nagel).

10ug of the protein samples from the ASC52teloSOX9 cells were diluted to 30ul with
Protein Solving Buffer - Tris - (2-carboxyethyl) phosphine hydrochloride reducing agent (PSB-
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TCEP) (Supplied with NucleoSpin TriPrep kit, Macherey-Nagel). The samples were reduced for
5min at 95°C.

The protein samples from the control cells, the COLGALT1 KO cells and the COLGALT2
KO cells were resolved on a NUPAGE 10-12% Bis-Tris gel (Thermo Fisher Scientific). The
resolved proteins were then transferred to a Immobilon-P polyvinylidene fluoride (PVDF)
membrane (Merck Millipore) by electroblotting for 150min at 80mA using a V20-SDB semi-
dry blotter (Scie-Plas). The PVDF membrane was cut in half (one half containing proteins from
the control cells and the COLGALT1 KO cells and the other half containing the proteins from
the control cells and COLGALT2 KO cells) and the two membranes were blocked for non-
specific protein binding by incubation at room temperature for 1h in 1X TBS containing 5%
(v/v) powdered skimmed milk (Tesco) and 0.02% (v/v) Tween-20 (Sigma Aldrich). The
membrane was washed on a rocking platform (Stuart Scientific) for 15 min (three washes of

5min) with 1X TBS containing 0.02% (v/v) Tween-20.

The PVDF membrane containing proteins from the control cells and the COLGALT1 KO
cells was incubated overnight at 4°C with GLT25D1 (alternate name for the protein encoded
by COLGALT1) rabbit polyclonal antibody (Proteintech, 16768-1-AP) diluted 1:1000 in 1X TBS
containing 5% (w/v) powdered milk and 0.02% (v/v) Tween-20. The PVDF membrane
containing proteins from the control cells and the COLGALT2 KO cells was incubated overnight
at 4° Cwith GLT25D2 (alternate name for the protein encoded by COLGALT2) rabbit polyclonal
antibody (Proteintech, 25993-1-AP) diluted 1:500 in 1X TBS containing 5% (w/v) powdered
milk and 0.02% (v/v) Tween-20.

The membranes were then washed on as above for 15min (three washes of 5min) with
1X TBS containing 0.02% (v/v) Tween-20 and incubated with the polyclonal horse anti-rabbit
horseradish peroxidise (HRP) conjugated secondary antibody (DakoCytomation) (diluted
1:2000 in 1X TBS containing 5% (w/v) powdered milk and 0.02% (v/v) Tween-20) for 1.5h at
room temperature. As a loading control, the blots were incubated for 1.5h at room
temperature with mouse monoclonal GAPDH primary antibody (Chemicon) (diluted 1:10000
in 1X TBS containing 5% (w/v) powdered milk and 0.02% (v/v) Tween-20) with subsequent
incubation in goat anti-mouse horseradish peroxidise (HRP) conjugated secondary antibody
(DakoCytomation) (diluted 1:2000 in 1X TBS containing 5% (w/v) powdered milk and 0.02%

(v/v) Tween-20) for 1.5h at room temperature. Detection was achieved with Immobilon
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Western Chemiluminescent HRP Substrate (Millipore) and the Azure c600 Gel imaging system

(Thermo Fisher Scientific).

RNA extracted from the cells was reverse-transcribed and the expression levels of

COLGALT1 and COLGALT2 was measured by RT-gPCR as described in section 2.8.

2.16.3. Generation of ASC52teloSOX9 cells with COLGALT1 and COLGALT2 double KO

Once the successful depletion of the COLGALT1 and the COLGALT2 proteins achieved
using single CRISPR gRNAs was confirmed, a disruption of both proteins simultaneously in
ASC52teloSOX9 cells was attempted. To achieve this, the frozen cells in which COLGALT1 was
knocked out were grown. Once the cells were confluent, they were nucleofected as previously
described with the PX462 plasmid containing the sequence of gRNA-T2 (targeting COLGALT2).
Once the cells were confluent (96h post-transfection) they were dissociated. Half of the cells
were frozen, as before, for future use and the other half was pelleted. Nucleic acids and
protein were extracted using NucleoSpin TriPrep kit. Western blot for COLGALT1 and
COLGALT2 was performed as described in section 2.17.2 to confirm the depletion of both
proteins. Reduced expression of the COLGALT1 and the COLGALT2 genes was also confirmed

at the mRNA level using RT-qPCR as described in section 2.8.

2.16.5. Chondrogenic differentiation of the ASC52teloSox9 — COLGALT1/ COLGALT2/
COLGALT1+COLGALT2 KO cells

Once the successful depletion of the COLGALT1 and the COLGALT2 proteins was
confirmed in ASC52teloSox9 cells, the cell lines with the depleted proteins and the control
cells were expanded. After 11 days of culture in ASC52teloSox9 culture media (as described
in section 2.9.4) the cells were dissociated and counted. The control cells, COLGALT1 KO cells,
COLGALT2 KO cells and COLGALT1+COLGALT2 KO cells were resuspended in chondrogenic
differentiation medium and pelleted in the wells of 96 deep-well plates at a concentration of
1000000 cells/ well in 1ml of differentiation medium (Section 2.16.1). The control cells were
pelleted into 20 pellets (five pellets per each time point — Day 0, Day 7, Day 14 and Day 21).
The COLGALT1 KO, COLGALT2 KO and COLGALT1+COLGALT2 KO cells were each pelleted into

10 pellets (five pellets per time point — Day 0 and Day 21). The Day 0 pellets for each condition
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were snap frozen in dry ice and stored at -80° C. The chondrogenic media was changed every
3-4 days and pellets were collected at the appropriate time points. On the day of the
collection of the last pellets (Day 21), the chondrogenic medium of the cells was removed and
1ml of Reduced Serum Medium Opti-MEM (1x) (GIBCO, Life Technologies) was added to the
pellets. The cells were kept in this medium for eight hours after which the cells were snap
frozen and stored at -80° C. The media was collected, and the samples were centrifuged at
2000xg for 10min at 4°C. The supernatant was then transferred to 1.5ml LoBind tubes
(Eppendorf) and stored at -80° C.

2.16.6. Protein extraction from chondrocyte pellets

The chondrocyte pellets were broken down to release the cells with the aid of a hand-
operated grinder (KIMBLE, DWK Life Sciences) and pellet pestles (Bel-Art, Sigma Aldrich). The
cells were then resuspended in Protein Solving Buffer (supplied with NucleoSpin TriPrep kit,
Macherey-Nagel) and centrifuged for 5min at 2000xg. The supernatant was discarded, and
the cells were lysed in 50ul of lysis buffer consisting of in 5% SDS, 50mM Tris (pHS8),
1mM TCEP. The cells were spun at 140000xg for 10min. The protein contained in the

supernatant was stored at -80° C.

2.16.7. Protein extraction from media samples

The media samples were transferred to 5ml Protein LoBind tubes (Eppendorf). Ice cold
methanol (960ul) was added to the media samples and vortexed briefly. Ice cold chloroform
(Sigma Aldrich) was added (160ul) and mixed thoroughly. Ice cold water (1.5ml) was then
added to each tube. The samples were mixed by vortexing and then centrifuged at 4,000xg
for 30min at 4° C. The samples separated into layers. The top one was carefully discarded and
the bottom layer containing the protein was kept. Ice cold methanol (500ul) was added and
mixed thoroughly. The samples were transferred to 1.5ml Protein LoBind tubes and
centrifuged at 20,000xg for 30 min at 4° C. The supernatant was discarded, and the pellets
were air dried. The pellets were then resuspended in 50ul of buffer consisting of 5% SDS,

50mM Tris (pH8), 1ImM TCEP.
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2.16.8. Protein Library preparation

For the proteomic sample preparation 20ug of protein from the cell pellets and 9.5ug
of protein from the media samples were purified by suspension trapping (S-Trap) (ProtiFi).
Samples were reduced with 5mM Tris (2-carboxyethyl) phosphine (Pierce) for 30min at 37° C
and then alkylated with 5mM iodoacetamide for 30min at 37° C . The samples were then
acidified with 2.5ul of 12% phosphoric acid. Subsequently, 165ul of S-Trap binding buffer (90%
methanol in 100 mM triethylammonium bicarbonate buffer (pH 7.1)) was added to the
samples. The acidified samples were loaded on S-trap microspin columns and centrifuged at
4000xg for 1min. Each column was washed with 150ul of S-trap binding buffer and
centrifuged again at 4000xg for 1min. The wash step was repeated three times. 25ul of 50mM
TEAB (pH 8.0) containing sequencing-grade trypsin (1:10 ratio of trypsin:protein) was added
to the samples, followed by proteolysis for 2h at 47° C. Peptides were eluted with 50mM TEAB
(pH 8.0) and centrifuged at 1000xg for 1min. Elution steps were repeated using 0.2% formic
acid (FA) and 0.2% FA in 50% acetonitrile, respectively. The combined eluted peptides from

each sample were dried and stored at -80° C.

2.16.9. Protein peptide injection and liquid chromatography

The protein libraries were dried and dissolved in 2% acetonitrile, 0.1% trifluoroacetic
acid and injected with an UltiMate 3000 RSLCnano System (Thermo Scientific). Samples were
first separated on an Acclaim PepMap 100 C18 LC trap column (inner diameter:
100um x 20 mm, 3um, 100A) and then on an EASY-Spray nanolC-C18 column (inner
diameter: 75pum x 500 mm, 2um, 100 A) at a flow rate of 250nL/min. For Buffer A water
containing 0.1% FA was used and for buffer B - 80% acetonitrile containing 0.1% FA. The
following gradient was used for the analysis: Buffer A and buffer B at 3% for 5 min, followed
by an increase from 3% to 35% for Buffer B over 90 min, 35% to 90% for Buffer B over 0.5 min,
maintained at 90% for Buffer B for 5 min, followed by a decrease to 3% over 0.5 min and

equilibration at 3% for 10 min.
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2.16.10. Data independent acquisition LC-MS/MS analysis

The protein samples were run on a Orbitrap Fusion Lumos Tribid Mass Spectrometer
(Thermo Scientific) by Ms Francis Sidgwick, a PhD student in Professor Matthias Trost’s
proteomics group (Newcastle University). The spectrometer operated in positive-ion and
data-independent acquisition (DIA) modes. During each DIA cycle, a survey scan was
conducted to derive windows for isolating and fragmenting precursor ions. Full precursor ion
scans were performed within a range of 390-1,500 m/z, with each window spanning 8 m/z.
The analysis employed a maximum injection time of 100ms, a collision energy of 30%, and a
fixed cycle time of 3s. The electrospray setup utilized a voltage of 2.0kV and a capillary

temperature of 275°C, with no sheath or auxiliary gas flow.

2.16.11. Proteomics analysis

Raw files were searched against a Uniprot Human reference database (containing
20323 entries, including isoforms) using DIA-NN version 1.8 with default settings to identify
protein groups, as well as common contaminants. A false discovery rate (FDR) of <1% was

employed. The databases were downloaded on 13/09/2021.

The list of proteins identified by DIA was filtered to remove contaminants and the
proteins identified by <2 precursors per peptide. Downstream analysis of the protein group
intensities was performed in R-Studio where the data was logarithmically transformed.
Median imputation was used to deal with missing at random values. The limma R-Studio
package was then used to run t-tests to determine which proteins show significant differential
abundance (adj. P-value <0.05, Benjamin-Hochberg correction for multiple testing). This work

was carried out by Ms Frances Sidgwick.

Hierarchical clustering of the biological replicate samples from distinct time points was
used to identify anomalous data points and was carried out in R-Studio using the dendextend

package.

A Gene Ontology (GO) enrichment for biological processes (BP) analysis was
performed by Mr Victor Cheng (University of California Los Angeles) against a MSC
chondrogenic differentiation proteome dataset. R-Studio and the ClusterProfiler package.

Fischer’s exact test with Benjamin-Hochberg adjustment was used.
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2.17. Graphs and Statistical Analyses

All graphs were produced in GraphPad Prism 9.0 unless stated otherwise. Statistical
analyses were performed in GraphPad Prism 9.0. A summary of the types of analyses used is
presented in Table 2.7. Throughout the thesis the specific statistical analyses used are also

listed within figure legends for the different data presented.

Table 2.7. Statistical analyses used throughout the thesis.

Experiment Variables tested Test used

DNAm levels at CpGs (M-values) and genotype

mQTL alanysis
E o at SNPs

Simple Linear Regression

Mean DNAm levels at CpGs between different

DNAm comparisons .
groups (e.g. OA knee vs OA hip)

Mann-Whitney test

AEl ratios measured in DNA compared to those | Wilcoxon's matched pairs

AEl analysis
i measured in cDNA signed rank test

AEl and DNAm AEl ratios vs DNAm levels at CpGs Simple Linear Regression

Construct containing insert of interest vs empty

Paired t test
reporter gene vector

Methylated vs non-methylated construct Non-paired t test

Reporter gene analysis
g = e Multiple t-tests with Holm-

Multiple variables (e.g. haplotype at various
P (e-8. haplotyp Sidak correction for multiple

SNPs and methylation status)

testing

mQTL — methylation quantitative trait locus; CpoG- cytosine-guanine dinucleotide, SNP — single
nucleotide polymorphism; OA — osteoarthritis; AEl — allelic expression imbalance; DNAm —

DNA methylation

2.18. In silico Analyses

Throughout my studies several commercially available databases and online tools
were used for in silico characterisation of genetic loci of interest. Details of the databases and

online tools used is provided in Table 2.8.

Some in silico analyses described in this thesis made use of publicly available -omics
data generated by Professor Loughlin’s group or by other research groups. The details of the

datasets are listed in Table 2.9.
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Table 2.8. Details of databases and online tools used for in silico analyses.

ChlP-seq — chromatin immunoprecipitation with sequencing; HiC — high throughput
chromosome conformation capture; WGS — whole genome sequencing; WES — whole exome

sequencing;, RNA-seq — RNA sequencing
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Table 2.9. Details of -omics data utilised throughout the thesis.

OA — osteoarthritis; RNA-seq — RNA sequencing; ATAC-seq - assay for transposase-accessible

chromatin with sequencing

2.19. Contributions of Other People to the Work Presented in this Thesis

The collection of arthroplasty samples and the tissue processing (both cartilage and

synovium) was done by other members of Professor John Loughlin’s group.

The pyrosequencing assays used for the methylation quantification at CpGs 3-10
(rs11583641 locus), as well as the pyrosequencing assay used for the genotyping at

rs11583641 were designed by Dr Sarah Rice prior to the start of my project.

The pyrosequencing assays used for the methylation quantification at cg15204595
(rs1046934 locus) was designed and tested by Mr Jack Roberts.

DNAm levels at CpGs 3-10 (rs11583641 locus) in 44 of the developmental cartilage
samples were measured by Ms Julia Falk (research technician with Professors Loughlin and
Young).
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The chondrogenic differentiation of the ASC52teloSOX9 cells and the optimisation of
the nucleofection parameters for these cells was performed alongside Mr Antony Sorial (PhD

student with Professor Loughlin).

The protein modelling presented in Chapter 4 was performed by Dr Sarah Rice. The
TSEN15 crystal structures were obtained from the Protein Data Bank and were examined both
in combination with TSEN34 (PDB ID: 6Z9U) and as an individual monomeric structure (PDB
ID: 2GW6) using the PyMOL Molecular Graphics System by Schrédinger. To simulate the
missense variant GIn59-His introduced by rs1046934, she conducted in silico mutagenesis
using the PyMOL Mutagenesis Wizard. To assess the potential impact of this variant, as well
as the Gly19-Asp variant introduced by rs2274432, on the function of TSEN15, she utilized

various tools including gnomAD, PolyPhen, and Mutation Taster.

Other contributions made to the acquisition or analysis of the data presented in this

piece of work are listed in the text.

2.20. Overlap Between MRes and PhD

The work on the project described in this thesis started during my MRes. Genotyping
at rs11583641 and rs743567, as well as DNAm quantification at CpGs 1-12 for 79 of the
arthroplasty cartilage samples and 50 of the foetal cartilage samples was done as part of my
MRes project. AEl analysis at the rs11583641 locus in 12 arthroplasty cartilage samples was

also performed and these data were presented in my MRes dissertation.

Some plots contain the data generated during my MRes with additional samples

added to the analyses as part of my PhD project.

2.21. Presentations and publications

Work described in this thesis has been presented in front of the following scientific

forums:

April 2022 Allelic heterogeneity in COLGALT2 expression contributes to osteoarthritis risk

through decreased DNA methylation at multiple enhancers. Kehayova YS*, Wilkinson JM, Rice
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SJ, Loughlin J. Osteoarthritis Research Society International (OARSI) Congress, Berlin,

Germany. (Poster presentation)

April 2022 Epigenomic analysis of osteoarthritis genetic risk during human foetal
development. Rice SJ*, Falk J, Brumwell A, Kehayova YS, Casement J, Parker E, Hofer IM,
Shepherd C, Loughlin J. Osteoarthritis Research Society International (OARSI) Congress,

Berlin, Germany.

March 2021 The molecular genetics and epigenetics of COLGALT2, a risk locus for
osteoarthritis. Kehayova YS*, Wilkinson JM, Loughlin J, Rice SJ. Osteoarthritis Research
Society International (OARSI) Congress, Vienna, Austria. Conference cancelled due to COVID-

19. Talk delivered online at “OARSI Live”.
The following peer-reviewed publications also feature work from this thesis:

Kehayova YS, Watson E, Wilkinson JM, Loughlin J, Rice SJ (2021). Genetic and epigenetic
interplay within a COLGALT2 enhancer associated with osteoarthritis. Arthritis and

Rheumatology 73(10):1856- 1865

Rice SJ, Falk J, Brumwell A, Kehayova YS, Casement J, Parker E, Hofer IM, Shepherd C, Loughlin
J (2023). Genetic Risk of osteoarthritis operates during human skeletogenesis. Human

Molecular Genetics 32(13):2124-2138

Kehayova YS, Wilkinson JM, Rice SJ, Loughlin J (2023). Mediation of the same epigenetic and
transcriptional effect by independent osteoarthritis risk-conferring alleles on a shared target

gene, COLGALT2. Arthritis and Rheumatology 75(6):910-922

Kehayova YS, Wilkinson JM, Rice SJ, Loughlin J (2023). Osteoarthritis genetic risk acting on
the galactosyltransferase gene COLGALT2 has opposing functional effects in articulating joint

tissues. Arthritis Research & Therapy 25(83)
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Chapter 3. Genetic and Epigenetic Interplay Within a COLGALT2 Enhancer

Associated with Osteoarthritis

3.1. Introduction

Along with the number of susceptibility loci being uncovered by GWAS, the evidence
that common disease risk is linked to alleles which influence gene expression via the
modulation of epigenetic factors such as DNAm, is growingl. Characterising the exact
mechanisms driving common diseases, therefore, requires thorough investigation of the links

between genetic variation, epigenetic marks, and gene expression.

A highly powered GWAS using the UK Biobank dataset identified the SNP rs11583641
as significantly associated with hip OA (P=5.6x10"%)2. A subsequent cartilage methylome
analysis revealed that rs11583641 acts as an mQTL3. The major and OA effect allele of
rs11583641, C, correlates with reduced DNAm at an intronic CpG, cg18131582. Both the SNP
and CpG are located within the gene body of COLGALT2. The expression of COLGALT2 was
shown to be significantly increased in OA hip cartilage when compared to control NOF

cartilage3.

Considering the available information, | hypothesised that the OA-association signal
marked by rs11583641, or another SNP in high LD with it, contributes to OA predisposition by
affecting the expression levels of COLGALT2 in cartilage. Furthermore, | hypothesised that the
region harbouring cg18131582 acts as enhancer in cartilage and DNAm levels at one or more
CpG sites within this enhancer act as an intermediate between the genetic predisposition

marked by rs11583641 and COLGALT2 expression.

3.2. Aims and Objectives

3.2.1. Aims

- Characterise the relationship between genotype at rs11583641 and

DNAm levels at the putative enhancer region.
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- Determine the regulatory activity of the putative enhancer in a human
chondrocyte cell model.

- Determine if the activity of the putative enhancer is methylation
sensitive.

- Identify the target gene of the activity of the putative enhancer.

- Investigate the role of DNAm at the putative enhancer in the regulation
of gene expression of its target gene(s) in chondrocytes.

- Determine the relationship between genotype at rs11583641 and gene

expression of the target gene(s) in arthroplasty cartilage patient samples.

3.2.2. Objectives

- Genotype cartilage arthroplasty patient samples at rs11583641.

- Replicate the mQTL signal at cg18131582 in the patient samples.

- Measure DNAm levels at an additional 11 CpG sites within the putative
enhancer and determine the physical limits of the DMR.

- Clone the DMR in CpG-free Lucia reporter gene vector, methylate the
constructs in vitro, transfect the constructs in TC28a2 cells and measure Lucia
readings.

- Activate and/or repress the putative enhancer using dCas9 coupled
with VP64 or KRAB proteins, respectively, and measure the expression of
COLGALT2 and its neighbouring genes, RGL1 and TSEN15, following the
modulation.

- Delete the enhancer using Cas9 and measure the effect of this on the
expression of COLGALT2, RGL1 and TSEN15.

- Methylate and demethylate the differentially methylated CpG sites
within the putative enhancer using dCas9/DNMT3a or dCas9-TET1 fusion
proteins, respectively, and measure the expression of COLGALT2 and, RGL1 and
TSEN15, following the modulation.

- Perform AEl analysis in arthroplasty patient samples for the target gene

of the rs11583641 signal.
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3.3. Results

3.3.1. Characterisation of the region encompassing rs11583641 and cg118131582

The UCSC Genome Browser was used to visualise the region containing rs11583641
and cg18131582. As previously discussed, rs11583641 is located on chromosome 1g25.3
within the 3’"UTR of COLGALT2 (Figure 3.1, panels 1-2). The region surrounding cg18131582 is
a putative intronic enhancer, located 6kb upstream of the SNP. cg18131582 resides in a
cluster of 8 CpGs spanning 433bp (Figure 3.1, panels 3-4). There are two SNPs within this
cluster of CpG sites, rs943409 (G>A) and rs734657 (C>A) (Figure 3.1, panel 2). The major
allele, G, of rs943409 forms a CpG site which was not investigated due to its polymorphic
nature. To determine the physical limits of the DMR, the attention was initially focussed on
this cluster, along with the four most proximal CpGs flanking the region, covering a region of
1560bp (Figure 3.1, panel 3). The CpGs were numbered 1-12 based on their physical location
with CpG 9 being cg18131582.

Figure 3.1 Schematic overview of the region containing the GWAS signal and the investigated
CpG sites. Panel 1, The relative genomic position of COLGALT2 (shown are only the 3’UTR,
exon 11, and introns 11 and 10 (partially)) visualised in the UCSC browser (hg19). Panel 2, The
genomic position of rs11583641 (red line), rs943409 and rs734657 (blue lines) Panel 3, The
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genomic position of cg18131582 (green line) and the other investigated CpG sites (black lines)
Panel 4, Chromatin state data, as determined from the Roadmap project, for primary human
mesenchymal stem cells (H1 MSC), MSC-derived chondrocytes (MSC.DR.CHON) and adipocytes
(MSC.DR.ADIP), adipose-derived MSCs (ADIP.DR.MSC), and human osteoblasts. Colours
correspond to different chromatin states, as indicated in legend at bottom.

3.3.2. Replication of the mQTL at cg18131582 and determination of the limits of the

DMR in arthroplasty cartilage

DNAm at the 12 CpGs in DNA was quantified in DNA from OA knee, OA hip, or control
non-OA NOF patients. DNAm in all samples was stratified by genotype at rs11583641 (Figure
3.2A). Significant mQTLs were identified at 5/12 CpGs: CpG 4 (P=0.05), CpG 5 (P=0.04), CpG 8
(P<0.0001), CpG 9 (cg18131582, P=0.01), and CpG 10 (P<0.001).

The median DNAm levels across the region were compared (Figure 3.2B). At 8/12 CpGs
DNA was hypermethylated (median DNAm >60%). Based on this data, the DMR was
determined to span the 398bp between CpG 3 and CpG 10. At CpGs 8-10 median DNAmM was
lower (CpG 6- 20.3%, CpG 7 — 54.8, CpG 8 — 51.5%) with high interindividual variability (64%
DNAm range at CpG 8, 54.5% at CpG 9, 47.5% at CpG 10). This provides evidence for a

regulatory function of the region containing these CpG sites.

When DNAm was stratified by genotype at the SNP separately in OA and NOF samples,
5/12 CpGs sites were differentially methylated in OA samples (Figure 3.3A) and 2/12 in the
control NOF samples (Figure 3.3B). These results showed that while rs11583641 affects DNAm
levels at the putative enhancer in all aged cartilage samples, in non-OA samples the allele-
dependent methylation effect is restricted to CpGs 8 and 9. At all differentially methylated
CpG sites the OA-risk allele, C, of rs11583641 was associated with reduced DNAm compared

to the non-risk, T, allele.
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Figure 3.2. Cartilage mQTL analysis of 12 CpG sites  within  the
putative COLGALT2 enhancer. A. Violin plots showing DNAm values in arthroplasty cartilage
samples at the 12 investigated CpGs, stratified by rs11583641 genotype. Solid lines and
dashed lines inside the plots represent median and interquartile range, respectively. P-values
were calculated using simple linear regression. B. Violin plots showing median DNAm levels in
all cartilage samples at each of the 12 investigated CpGs, plotted irrespective of genotype.
Solid and dashed horizontal lines represent the median and interquartile range, respectively.
Shaded gradients represent the upper and lower range of data points at each CpG. GraphPad
Prism 9.0 was used for statistical analyses and data visualisation (A. and B.).

125



Figure 3.3. mQTL analysis of the 12 investigated CpG sites in OA and non-OA cartilage
samples. A. Violin plots showing DNAm values in OA cartilage samples at the 12 CpGs,
stratified by genotype at rs11583641. Solid and dashed horizontal lines represent the median
and interquartile range, respectively. P-values were calculated using simple linear regression.
B. Violin plots showing DNAm values in NOF cartilage samples at the 12 CpGs, stratified by
genotype at rs11583641. Solid and dashed horizontal lines represent the median and
interquartile range, respectively. P-values were calculated using Simple Linear Regression.
GraphPad Prism 9.0 was used for statistical analyses and data visualisation (A. and B.).
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3.3.3. Joint site and disease impact upon DNAm at the putative enhancer

We studied the effect of joint site (hip or knee) upon DNAm. At 8/12 CpGs, DNAm was
significantly lower (CpG 2 - P=0.003, CpG 3 - P=0.01, CpG 5 - P=0.03, CpG 6 - P=0.003, CpG 7 -
P=0.02, CpG 8 - P=0.02, CpG 9 - P=0.001, CpG 10 - P=0.03) in hip than in knee cartilage (Figure
3.4A).

Comparison of the DNAmM between OA hip and NOF samples allowed investigation of
disease status upon DNAm. At 7/12 CpGs, higher median DNAm was measured in NOF (n=20-
27) compared to OA hip (CpG 2 - P=0.003, CpG 3 — P<0.0001, CpG 4 - P<0.0001, CpG 5 -
P<0.0001, CpG 6 - P<0.0001, CpG 8 - P=0.05, CpG 9 — P<0.001) (Figure 3.4A). The greatest
differences between median values (12% and 12.5%, respectively) were observed at CpG 6
(P<0.001), and CpG 9 (P<0.001). The exception to this trend was CpG 12, the most distal from
the cluster, at which NOF DNAm was lower (P<0.001) than in OA hip samples.

The strength of the effect of genotype at rs11583641 upon DNAm across the 12 CpG
sites between the sample groups (OA, OA hip, OA knee and NOF) was also measured (Figure
3.4B). Linear regression analysis was used to calculate the genotypic effect (GE), the
percentage contribution of genotype to the observed differences in DNAm, within each of the
groups. Within the DMR, OA knee samples showed stronger GE at 3/5 differentially
methylated CpG sites compared to the other groups (CpG 5- 14.7%, CpG 8 — 76.9%, CpG 10 —
41.4%). At CpG 4 the effect was stronger in OA hip samples (8.9%) and, interestingly, at CpG
9 the GE was greatest in NOF samples (33.3%). The GE at CpG1 was very strong (34.4%) for
OA hip samples but not for NOF nor for combined OA. This is due to an mQTL detected at the

CpG in OA hip samples but not in OA knee nor NOF samples (Figure 3.5).

Although the NOF patients were on average older than the OA patients when they
underwent arthroplasty (77.4 years compared to 65.3 years for OA knee and 66.5 years for
OA hip), there were no correlations between age and DNAm at any CpG sites in the combined

arthroplasty samples (Figure 3.6A), OA samples (Figure 3.6B) or NOF samples (Figure 3.6C).
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Figure 3.4. Effects of joint site and disease status on DNAm. A. Violin plots showing DNAm
levels at the 12 investigated CpGs in cartilage samples from patients with knee OA (n = 47—
60), hip OA (n = 33—44), or NOF (n = 20-27). Solid and dashed horizontal lines represent the
median and interquartile range, respectively. P-values were calculated using a Mann-Whitney
test. * =P < 0.05; ** =P < 0.01; **** = P< 0.0001. B. Heatmap showing the contribution of
the rs11583641 genotype to the observed DNAm levels differences at the 12 CpGs in cartilage
samples from patients with all OA (both hip and knee; n = 79-92), knee OA (n = 44-55), hip
OA (n =33-43), or NOF (n = 20-27). The heatmap displays r? values calculated by simple linear
regression analysis, converted to percentages. GraphPad Prism 9.0 was used for statistical
analyses and data visualisation (A. and B.).
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Figure 3.5. mQTL analysis of the 12 investigated CpG sites in OA Knee, OA hip and non-OA
cartilage samples (NOF). Violin plots showing DNAm values in the samples (y-axis) at the 12
CpGs, stratified by genotype at rs11583641 (x-axis). Solid and dashed horizontal lines
represent the median and interquartile range, respectively. P-values were calculated using
simple linear regression. GraphPad Prism 9.0 was used for statistical analyses and data

visualisation.
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Figure 3.6. Relationship between age of the patients at the time of surgery and DNAm levels
at the investigated CpG sites. A. Age at time of surgery of OA knee patients (n=47-59) (y-axis)
plotted against DNAm levels at the 12 CpGs represented as B-values (x-axis). P-values were
calculated using simple linear regression. B. Age at time of surgery of OA hip patients (n=31-
43) (y-axis) plotted against DNAm levels at the 12 CpGs represented as 8-values (x-axis). P-
values were calculated using simple linear regression. B. Age at time of surgery of NOF
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patients (n=20-27) (y-axis) plotted against DNAm levels at the 12 CpGs represented as 8-
values (x-axis). P-values were calculated using simple linear regression. GraphPad Prism 9.0
was used for statistical analyses and data visualisation (A., B., and C.).

3.3.4. Assessment of the regulatory function of the region containing the

differentially methylated CpGs

The region containing the differentially methylated CpGs was tested for regulatory activity
in the human chondrocyte cell line TC28a2 using a reporter gene assay. A 503bp region
encompassing CpGs 3-10 was cloned into a Lucia reporter-gene vector. The cloned region
also contained the two SNPs, rs943409 (G>A) and rs734657 (C>A) (Figure 3.7A), the latter
of which is in high LD with rs11583641 (r?=0.83, GBR (British in England and Scotland))
(Figure 3.7B). rs943409 and rs734657 have an r? of 0.13 and a D’ of 1.0 in the GBR and
occur in three haplotypes in that population: G_C, A_C, and G_A (Figure 3.7B). The impact
of the three haplotypes upon enhancer activity was tested in both the methylated and
the unmethylated constructs.

Two of the constructs showed increased enhancer activity in TC28a2 chondrocytes (Figure
3.7C). These two haplotypes both contained the rs734657 C-allele (G_C and A _C) and
showed 3.1-fold (P<0.0001) and 4.1-fold (P<0.0001) increase in Lucia reporter gene
activity, respectively, compared to the control. No significant difference was observed
between the activity of these two haplotypes, suggesting that the genotype at rs943409
did not influence the activity of the enhancer. The G_A haplotype conferred significantly
lower activity compared to the G_C (P=0.006) and the A_C (P=0.0007) haplotypes (Figure
3.7C), indicating that C allele of rs734657, which corresponds to the OA risk allele, C, at
rs11583641, leads to increased enhancer activity.

In all three haplotype constructs, DNAm at the CpGs significantly reduced enhancer
activity (Figure 3.7D). The differences in Lucia activity between the methylated and the
unmethylated constructs are 2.5-fold (P<0.0001) for G_C, 1.4-fold (P=0.001) for A_C and
0.8-fold (P=0.04) for G_A constructs (Figure 3.7D).
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Figure 3.7. Reporter gene analysis. A. A schematic representation of the DMR cloned into the
reporter gene plasmid in relation to the location of COLGALT2 and its neighbouring genes
RGL1 and TSEN15. Circles represent the 8 CpGs (CpGs 3-10) that were captured with
cg18131582 being CpG 9 (green circle). The position of the two SNPs located within the DMR,
rs943409 and rs734657, is indicated by two black vertical lines. The image was adapted from
UCSC Genome browser. B. A schematic of the relationship between the two SNPs in the
putative enhancer, rs943409 and rs734657, and rs11583641. The intensity of the colour
represents the LD between the SNPs with darker colour corresponding to higher r? value. The
numbers in the squares represent the exact r? values. The image was adapted from LDLink
(NIH). C. Lucia reporter assays readings from TC28a2 cells transfected with the unmethylated
constructs containing the 3 haplotypes of rs943409 and rs734657. D. Lucia reporter assays
readings from TC28a2 cells transfected with the constructs containing the 3 haplotypes of
rs943409 and rs734657 in a methylated (black bars) or unmethylated state (gray bars). For C.
and D. values were normalized to those measured in an empty vector control. Dots represent
individual samples (n = 7), and the error bars show the mean + SEM. P-values were calculated
using multiple t-tests with Holm-Sidak correction for multiple testing. * =P < 0.05; ** =P <
0.01; *** =P <0.001; **** = P<0.0001. GraphPad Prism 9.0 was used for statistical analyses
and data visualisation (C. and D.).

3.3.5. Determination of the effect of genotype at rs734657 upon DNAm at the

enhancer in arthroplasty samples in TC28a2 cells

The results from the reporter gene analysis confirmed that the region between CpG3-
CpG10 acts as an enhancer in TC28a2 cells and suggested that genotype at rs734657 might
have a functional role in the activity of the region. Since rs734657 is in high LD with
rs11583641 it is possible that this is the causal SNP driving the observed mQTLs in arthroplasty
cartilage. In the British population there are 24 SNPs in high LD (r?>>0.8) with rs11583641.They

form 5 groups within which the SNPs are in perfect LD (r?=1.0) with each other and in high LD
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(r>>0.8) with rs11583641 (Table 3.1) (Figure 3.8). In order to determine if the genotype at any
of those SNP explains the DNAm changes across the enhancer better than rs11583641, the
arthroplasty samples used for the mQTL analysis were genotyped at SNPs from those groups
(Group 1 —rs11583641, Group 2 —rs12083450, Group 3 — rs7522001, Group 4 —rs10752924
and Group 5—-rs734657) and the DNAm at the 12 CpG sites within the enhancer was stratified
by the new genotypes. Linear regression was used to determine the GE in arthroplasty (OA

and NOF combined) (Figure 3.9A), OA (Figure 3.9B) and NOF (Figure 3.9C) cartilage.

Table 3.1. Details of the SNPs in high LD with rs11583641.

Group SNP Alleles | MAF (GBR) Position (hg19) r* with
rs11583641
rs11583641 c>T 0324 | chri1:183906245-183906245 1.0
rs10911472 A>G 0324 | chr1:183908813-183908813 1.0
1 |rs3828029 C>A 0324 | chr1:183901357-183901357 1.0
rs12023991 T>C 0324 | chr1:183905477-183905477 1.0
rs71657827 AA> - 0324 | chr1:183905485-183905488 1.0
2 |rs12083450 G>A 0319 | chrl:183880299-183880299 0.97
,  |rs7522001 T>C 0341 | chr1:183898790-183898790 0.93
rs10797923 T>C 0341 | chr1:183901966-183901966 0.93
rs11591089 C>T 0335 | chr1:183876182-183876182 0.90
rs 148826550 ST 0335 | chr1:183876527-183876526 0.90
rs 115896819 A>G 0335 | chr1:183876527-183876527 0.90
rs11586086 T>C 0.335 hr1:183876610-183876610 0.90
rs12119315 C>G 0335 | chr1:183879084-183879084 0.90
rs4400572 C>G 0335 | chr1:183881798-183881798 0.90
rs10911467 G>A 0335 | chr1:184308761-184308761 0.90
4 |rs10752924 C>A 0335 | chr1:183887032-183887032 0.90
rs10911468 T>C 0335 | chr1:184308766-184308766 0.90
rs10911470 T>C 0335 | chr1:183889204-183889204 0.90
rs 7555062 T>C 0335 | chr1:183889674-183889674 0.90
rs7519678 T>C 0335 | chr1:183892785-183892785 0.90
rs7552871 G>T 0335 | chr1:183892786-183892786 0.90
rs10797922 T>G 0335 | chr1:183894775-183894775 0.90
rs71708186 JSA 0335 | chr1:183897303-183897302 0.90
o |rs734657 C>A 0319 | chr1:183912319-183912319 0.83
rs730601 c>T 0319 | chr1:183911602-183911602 0.83

SNP- single nucleotide polymorphism; MAF- minor allele frequency
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Figure 3.8. A schematic showing the position of the SNPs in high LD with rs11583641 in
relation to the genes in the region (top panel) (hg19). Each line (middle panel) shows a SNP
with rs11583641 being labelled. The colour of the line indicates the group the SNPs belongs
to: red—Group 1 (r’ with rs11583641 = 1.0, GBR); yellow — Group 2 (r> with rs11583641 =0.97,
GBR); blue — Group 3 (r? with rs11583641 = 0.93, GBR); green — Group 4 (r* with rs11583641
=0.90, GBR); purple — Group 5 (r* with rs11583641 = 0.83, GBR). Chromatin state predictions
by the ROADMAP database of histone modifications (bottom panel) for primary human
mesenchymal stem cells (H1 MSC), MSC-derived chondrocytes (MSC.DR.CHON) and adipocytes
(MSC.DR.ADIP), adipose-derived MSCs (ADIP.DR.MSC), and human osteoblasts. Colours
correspond to different chromatin states, as indicated in legend at bottom. The image was
adapted from UCSC genome browser (hg19).

In all arthroplasty cartilage samples, irrespective of disease status (Figure 3.8A), the GE
of the SNPs from Group 1 was strongest at 3/5 differentially methylated CpG sites (CpG 4-
5.4%, CpG 5 —6.0%, CpG 8 —52.0 %). At CpG 5 the GE of the SNPs from Group 3 and Group 4
was the highest (7.0%). The GE at CpG9 (cg19131582) was strongest for SNPs from Group 4
(12%). The GE of rs173657 (Group 5) was lower than that of rs11583641 (Group 1) for all
differentially methylated CpG sites. In OA samples (Figure 3.8B) the GE of the SNPs from
Group 1 was stronger than that of SNPs from other groups at 4/5 differentially methylated
CpG sites with Group 5 SNPs having 0.3% higher GE at CpG4. In NOF samples, in which mQTLs
were detected only at CpG 8 and CpG 9, the GE at CpG 8 was strongest for SNPs from Group
5 and for CpG 9 — for SNPs from Group 3 (Figure 3.8C).

The differences in the GE between the SNPs from the 5 group were small (<10%) for
all samples, except for CpG 8 at which the greatest difference of GE was 12% for arthroplasty
cartilage and 14% for NOF samples. Overall, no one group of SNPs appeared to explain the

differences of DNAm observed across the enhancer better than rs11583641.
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Figure 3.9. Genotypic contributions of the SNPs in high LD with rs11583641 to DNAm
variability measured across the COLGALT2 enhancer. A. Heatmap showing the contribution of
the genotype of SNPs from the LD block containing rs11583641 to the observed DNAm levels
differences at the 12 CpGs in arthroplasty cartilage samples (n=100-126). B. Heatmap showing
the contribution of the genotype of SNPs from the LD block containing rs11583641 to the
observed DNAm levels differences at the 12 CpGs in OA cartilage samples (n=80-99). C.
Heatmap showing the contribution of the genotype of SNPs from the LD block containing
rs11583641 to the observed DNAm levels differences at the 12 CpGs in NOF cartilage samples
(n=20-27). The heatmaps displays r? values calculated by linear regression analysis, converted
to percentages. GraphPad Prism 9.0 was used for statistical analyses and data visualisation
(A., B. and C.).

3.3.6. Identification of the target gene of the enhancer

The next step in the investigation of this locus was to determine which gene is the
target of the enhancer. To achieve this goal, the enhancer was targeted using 6 gRNAs in
TC28a2 cells engineered to express dCas9 fused with either VP64 transcriptional activator or
KRAB transcriptional repressor. The 6 gRNAs (gRNA1-6) were designed to target the region
between CpG 3 and CpG 10 containing the differentially methylated CpG sites (Figure 3.10A).
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The gRNAs were tested in a TC28a2 cell line engineered to express active Cas9. Following
transfection with the gRNAs, DNA was isolated from the cells and T7 endonuclease | (T7El)
assay confirmed that the gRNAs successfully target the region (Figure 3.10B. and C.). The
gRNAs (alone or in combination) were coupled with a fluorescently labelled tracrRNA and
transfected into the TC28a2-dCas9/VP64 and Tc28a2-dCas9/KRAB cells. The efficiency of the

transfection was confirmed by fluorescent microscopy.

The expression of COLGALT2 and its two neighbouring genes, RGL1 and TSEN15, was
measured in the cells following the transfections. No individual gRNA or a combination of
gRNAs led to a significant increase (for TC28a2-dCas9/VP64 cells, Figure 3.10C) or decrease
(for TC28a2-dCas9/KRAB cells, Figure 3.10D) of expression of any of the three genes.
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Figure 3.10. Effect of activation and repression of the enhancer on gene expression. A.
Schematic diagram showing the genomic position of the 6 gRNAs (arrows) used for the
activation/repression of the enhancer (QRNAs 1- 2), relative to the 8 CpGs of the DMR
represented by circles with cg18131582 being CpG 9 (green circle). The image was created in
Affinity Designer 2.1. B. A graph showing the expected band sizes for the heteroduplexes
produced by each guide (gRNA 1 - 6) following the T7El digestion. C. Gel image showing results
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from the T7El assay. The left-hand lane is a 1kb Plus DNA Ladder and the samples treated with
the T7El in the remaining lanes, gRNA1 (G1) to gRNAG6 (G6). C. gPCR results from the dCas9-
VP64 transcriptional activation experiment. The graphs show the relative gene expression of
RGL1 (left), COLGALT2 (middle) and TSEN15 (right). The gene expression levels of each of the
three genes are normalised to those measured in the non-targeting control cells (dashed line)
and shown for all conditions: TC28a2/dCas9-VP64 cells transfected individually with gRNAs 1-
6, cells transfected with all gRNAs, and cells transfected with gRNAs 1, 3 and 5. The bars show
the mean of six biological repeats and the error bars represent the SEM. D. qPCR results from
the dCas9-KRAB transcriptional repression experiment. The graphs show the relative gene
expression of RGL1 (left), COLGALT2 (middle) and TSEN15 (right). The gene expression levels
of each of the three genes are normalised to those measured in the non-targeting control cells
(dashed line) and shown for all conditions: TC28a2/dCas9-KRAB cells transfected individually
with gRNAs 1-6, cells transfected with all gRNAs, and cells transfected with gRNAs 1, 3 and 5.
The bars show the mean of six biologic replicates and the error bars represent the SEM.
GraphPad Prism 9.0 was used for statistical analyses and data visualisation (C. and D.).

Since the VP64 and KRAB experiments had no effects on the three genes, Cas9 and
paired gRNAs (gRNA7 and gRNAS) (Figure 3.11A) were used to delete 483bp of the TC28a2
genome containing the DMR (Figure 3.11B). The deletion resulted in a 2.7-fold reduction in
COLGALT2 expression (P=0.0004, Figure 3.11C). No significant difference in expression of
RGL1 (P=0.16) or TSEN15 (P=0.47) was detected (Figure 3.11C). To ensure that the intronic
deletion did not affect COLGALT2 splicing, PCR amplification of cDNA from control (C) and
edited (D) cells was performed using primers spanning the deletion. No aberrant splicing was

observed (Figure 3.11D).

To determine if reduction in COLGALT2 results in compensatory increase in COLGALTI,
the expression of COLGALT1 in the TC28a2 edited cells was measured and no change in the
expression of the gene following deletion of the COLGALT2 enhancer (P=0.45) was observed

(Figure 3.11E).

The results from the experiment confirmed COLGALT2 as a target gene of the enhancer

containing the DMR.
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Figure 3.11. Effect of deletion of the enhancer on gene expression. A. Schematic diagram
showing the genomic position of the two gRNAs (arrows) used in combination with Cas9 to
edit the genome of TC28a2 cells (gRNAs 1— 2), relative to the 8 CpGs of the DMR represented
by circles with cg18131582 being CpG 9 (green circle). The image was created in Affinity
Designer 2.1. B. Gel images showing the successful deletion of the targeted region. Lane 1 is
a 1kb Plus DNA Ladder. The control non-edited samples are marked with C (1-6) and the
samples from the edited cells are marked with D (1-6). Samples 1-3 (D1-3 and C1-3) were run
on one gel (left) and samples 4-6 (D4-6 and C4-6) were run on another gel (right). C. The
relative gene expression of RGL1 (left), COLGALT2 (middle) and TSEN15 (right) following the
deletion of the enhancer. The gene expression levels of each of the three genes following the
deletion (black triangles) are normalised to those measured in the non-edited cells (yellow
triangles). P-values were calculated using paired t-tests. D. PCR amplification of cDNA
spanning the enhancer region showing that the deletion had not affected splicing. cDNA was
reverse transcribed from RNA extracted from Tc28a2 cells with the enhancer deleted (D1-D6)
(expected band size: 425bp if aberrant splicing, and 211bp if normal splicing) and non-edited
controls (C1-C6) (expected band size: 908bp if aberrant splicing, and 211bp if normal splicing).
E. Gene expression of COLGALT1 following deletion of the enhancer. The expression levels of
the gene in cells harbouring the deletion (black triangles) have been normalised to those
measured in the non-edited control cells (yellow triangles) (n=6). P-values were calculated
using paired t-tests. GraphPad Prism 9.0 was used for statistical analyses and data
visualisation (C. and E.).
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3.3.7. Modulation of the DNAm levels at the enhancer in TC28a2 cells

The impact of DNAm at the DMR upon COLGALT2 expression was next investigated. To
achieve that, dCas9 coupled with DNMT3a, to methylate the CpGs, or -TET1, to demethylate
the CpGs, was used. The six gRNAs (gRNAs 1-6) used in the dCas9-VP64/KRAB experiment
were expressed individually or in combination (all gRNAs, gRNAs 1,3,5) in cells along with the

dCas9-DNMT3a/TET1 constructs.

Co-expression of dCas9-DNMT3a and gRNAs successfully increased DNAm at the CpGs
(Figure 3.12 and Figure 3.13A, Panel 1). The greatest increases in DNAm were achieved at
CpGs 8-10, at which gRNAs increased methylation by up to 38% (gRNA 1), 37.5% (gRNA 6),
and 23% (gRNA 4), respectively (Figure 3.12). No further increase in DNAm was achieved by
expression of multiple gRNAs (Figure 3.12). A significant reduction in COLGALT2 expression
was measured following co-expression of dCas9-DNMT3a with gRNA 1 (0.58-fold, P=0.002),
gRNA 2 (0.56-fold, P=0.0003), gRNA 4 (0.68-fold, P=0.009), and gRNA 6 (0.62-fold, P=0.008)
(Figure 3.13A, Panel 2). These 4 gRNAs all had an impact on DNAm at CpGs 8-10. Increasing
DNAm at CpGs 9 and 10 alone (gRNA 5) did not impact the expression of COLGALT2 (Figure
3.13, right panels). In all instances, no significant changes (P>0.05) in expression of RGL1 and

TSEN15 were measured (Figure 3.13A, Panel 2).

Reducing enhancer DNAm in the chondrocytes was achieved using dCas9-TET1 (Figure
3.12 and Figure 3.13B, Panel 1). DNAm at CpGs 8-10 was reduced by up to 14%, 22.5% (both
gRNA 2), and 24% (gRNA 4), respectively (Figure 3.12). Decreasing enhancer DNAm resulted
in an increase in COLGALT2 expression (Figure 3.13B, Panel 2). Significant increase in
COLGALT2 expression resulted when gRNAs 1 (1.16-fold, P=0.03), 2 (1.51-fold, P=0.02), 4
(1.54-fold, P=0.01), and 6 (1.62-fold, P=0.02) were used. The greatest increase in COLGALT2
was achieved following expression of gRNA 6, which decreased mean DNAm at CpGs 8 and
10 by 11.8% and 18.8%, respectively (Figure 3.12). No significant changes (P>0.5) in RGL1 or

TSEN15 expression were observed (Figure 3.13B, Panel 2).
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Figure 3.12. Percentage change in DNAm following targeted epigenome modulation of the
DMR. Each plot shows the change in DNAm following epigenetic modulation with the gRNAs
(gRNA1-6) or with combinations of the gRNAs (gRNA 1, 3, and 5 or with all gRNAs). The bars
show the percentage change in DNAm (compared to the control cells) following modulation
with dCas9-DNMT3a (red bars, n=3) or dCas9-TET1 (blue bars, n=3) at each of the 8 targeted
CpGs (CpG 3- CpG 10). GraphPad Prism 9.0 was used for data visualisation.
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Figure 3.13. Epigenetic modulation of the enhancer in TC28a2 cells. A. Panel 1, DNAm levels
at the 8 CpGs in TC8a2 chondrocytes following expression of the dCas9-DNMT3a fusion protein
in controls (non-targeting gRNA, black triangles) or in samples with a targeting gRNA
(coloured triangles). Each dot represents a biologic replicate. Panel 2, Effect of modulation on
gene expression of RGL1 (left), COLGALTZ2 (middle) and TSEN15 (right). Values measured in the
modulated cells (coloured triangles) were normalized to those measured in the control cells
(black triangles). B. Panel 1, DNAm levels at the 8 CpGs in TC8a2 chondrocytes following
expression of the dCas9-DTET1 fusion protein in controls (non-targeting gRNA, black triangles)
or in samples with a targeting gRNA (coloured triangles). Each dot represents a biologic
replicate. Panel 2, Effect of modulation on gene expression of RGL1 (left), COLGALT2 (middle)
and TSEN15 (right). Values measured in the modulated cells (coloured triangles) were
normalized to those measured in the control cells (black triangles). P-values were calculated
using paired t-tests. * = P < 0.05; ** =P <0.01; *** =P <0.001. GraphPad Prism 9.0 was used
for statistical analyses and data visualisation (A. and B.).
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In both experiments, targeted changes in DNAm at CpGs 8 and 10 resulted in changes
in COLGALT2 expression, highlighting their importance in the regulatory function of the

enhancer.

3.3.8. Identification of COLGALT2 allelic imbalance in arthroplasty patient samples

In light of the findings in TC28a2 cells, the focus was returned to patient samples to
investigate the effect of genotype at rs11583641 upon allelic expression of COLGALT2. The
pyrosequencing assay used for the AEl analysis was the same one used for the genotyping at
rs11583641. However, prior to the analysis it was necessary to confirm that the assay
measures accurately the levels of the C and the T alleles of the SNP. An assay validation
experiment was performed, and the assay proved to be correctly measuring the Cand the T

alleles in different ratios (Figure 3.14).

Figure 3.14. Accuracy of the AEl assay used. The measured levels of the major allele (C) (y-
axis) and the minor allele (T) (x-axis) (red dots) compared to the expected values (black dots).
GraphPad Prism 9.0 was used for data visualisation.

The AEI analysis was carried out in arthroplasty patient samples heterozygous for
rs11583641 and an imbalance between the C and T transcripts of COLAGLT2 was detected
(Figure 3.15A). A 1.94-fold mean increase (P<0.0001) in expression of the OA-risk allele, C,
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was observed. Interestingly, AEl was detected in 13/27 samples used for analysis, yet in the
remaining 14 patients no imbalance was measured (Figure 3.15B). This observation could not
be explained by sex, age, joint (knee or hip), or genotype at any of the other SNPs forming

part of rs11583641 LD block (Table 3.2).

For the patient samples with significant AEl, allelic ratios were correlated with DNAm
at the enhancer CpGs (Figure 3.15C). Significant correlations, marking methylation-expression
QTLs (meQTLs) were discovered at CpGs 4, 8 and 9 (P=0.04, P=0.03 and P=0.04, respectively)
and a trend was observed at CpG 7 (P=0.07). These data suggested that in OA patient cartilage

the regulation of COLGALT2 expression is subject to both genetic and epigenetic factors.
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Figure 3.15. AEl analysis of COLGALT2 in arthroplasty cartilage samples. A. Left, Allelic (C/T)
ratios in cartilage samples from OA patients heterozygous for rs11583641. In each sample,
the ratio of values for cONA and DNA between the OA-risk allele C and the non-risk T allele
was plotted; each symbol represents the mean of 3 technical repeats. Right, Mean DNA and
cDNA values in the presence of the C allele versus the T allele in heterozygous patients. Values
are shown as a box plot, with the line inside the box representing the median, the box showing
the interquartile range, and whiskers showing the minimum and maximum values. P-value
was calculated using Wilcoxon’s matched pairs signed rank test. B. Plots comparing the allelic
ratios (C/T) measured in cDNA and DNA for each patient. P-values were calculated using
paired t-tests. * =P < 0.05; ** =P < 0.01; *** =P < 0.001; **** = P < 0.0001 C. Relationship
between COLGALT2 AEl ratios and DNAm at the enhancer in cartilage. Allelic ratios (log:)
of COLGALT2 (x-axis) are plotted against matched DNAm levels (M-values) (y-axis) at the
investigated CpGs (CpG 1-12). Each dot represents data from 1 individual. P-values were
calculated using simple linear regression (P-value, R?> and number of samples used for the
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analysis). GraphPad Prism 9.0 was used for statistical analyses and data visualisation (A., B.
and C.).

Table 3.2. Details of the patient samples used for the AEl analysis.

Significant . Genotype
Sample Sex Joint Age
AEI Groupl Group2 Group3 Groupd Groups
4809 NO Male Knee 79 1 1 1 1 1
6224 YES Female Knee 62 1 1 1 1 2
6342 YES Female Knee 62 1 1 1 1 1
6506 YES Female Knee 59 1 1 1 1 1
6770 YES Female Knee 80 1 1 1 1 1
6784 YES Female Knee 46 1 1 1 1 1
6788 YES Male Knee (1 1 1 1 1 2
6867 NO Male Knee 86 1 1 1 1 1
7033 NO Female Hip 81 1 1 2 1 1
7034 NO Female Hip 60 1 1 1 1 1
7046 NO Female Hip 56 1 1 1 1 1
7120 NO Female Knee el 1 1 1 1 1
41 YES Male Knee 51 1 1 1 1 1
49 YES Male Hip 68 1 1 1 1 1
51 NO Female Hip 74 1 1 1 1 2
53 NO Female Hip 55 1 1 1 1 1
59 NO Female Knee 60 1 1 1 1 1
72 YES Male Knee 76 1 o] 1 1 1
77 NO Female Knee 71 1 1 1 1 1
78 NO Male Knee 5% 1 1 1 1 1
79 YES Male Knee 65 1 1 1 1 1
87 NO Female Hip 51 1 1 1 1 0
104 NO Female Knee 70 1 1 1 1 1
106 NO Male Knee 79 1 1 1 1 1
108 NO Male Knee 72 1 1 1 1 1
109 NO Female Knee 65 1 1 2 2 1
112 YES Male Hip 61l 1 1 1 1 1

AEl — allelic expression imbalance

3.4. Discussion

The era of GWAS has extended over a decade and has led to the discovery of more
than 100 independent genetic signals associated with OA%. However, it has been difficult to
interpret these findings in a biological context and translate them into effective therapies.
Consequently, researchers are increasingly utilizing epigenetic datasets to prioritize causal

genes and their regulatory elements for focused analysis2 ™,

The work presented here has been focused on a specific risk locus on chromosome 1,
where previous research had shown a correlation between intronic DNA methylation (DNAm)

and genetic risk for OA32. In patient arthroplasty cartilage DNA samples, DNAm at 12 specific
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sites (CpGs 1-12) was measured and a differentially methylated region (DMR) spanning 210
base pairs was identified, encompassing the originally reported mQTL at cg181315823. The
effect allele (C) of the genetic variant rs11583641 was associated with reduced DNAm
compared to the non-effect allele (T) at all differentially methylated sites. The strongest effect
was observed in knee cartilage between CpG 8 and 10. Allele-specific expression analysis
confirmed that the effect allele of the SNP correlated with increased expression of the
COLGALT2 gene. Moreover, correlations between allele-specific expression ratios and DNAm

revealed a meQTL.

Using a reporter gene assay, the DMR was found to have regulatory function, which is
significantly affected by DNAm. Furthermore, a genetic influence on enhancer function was
detected with rs734657. Alleles of this SNP, which is located within the enhancer and is in
high LD with rs11583641, associated with different levels of expression of the reporter gene.
While these findings highlight a potential relationship between genetic and epigenetic factors
in the regulation of gene expression, it is important to acknowledge that a direct causal link
between SNP genotype and DNAm in patient samples cannot be determined, which remains
a limitation of this type of study. While the reporter gene analysis was informative, there are
a number of limitations to this type of analysis, including the fact that regions of interest are
not investigated in the context of the cells’ chromatin environment and that the gene target
of the regulatory function cannot be established. In order to understand the impact of the
enhancer in the genomic environment within the TC28a2 chondrocytes, dCas9-VP64 and
dCas9-KRAB editing complexes were used to activate and repress its function. This method
does not cause and damage to the underlying DNA targeted in the form of DNA breaks and
so the outcomes of the experiment could only be attributed to the activation/silencing of the
enhancer. Furthermore, since the expression of the complexes is temporary, the process of
activation/silencing is reversible. Versions of these constructs coupled with DNAm editing
proteins (TET1 and DNMT3a) have been shown to regulate gene expression in a reversible
manner, without affecting the DNA stability of the cellsi2. This type of regulatory region
activation/silencing did not work at this locus in the experiment described in section 3.3.6. In
order to identify the gene target of the enhancer a genome editing approach was instead

used.
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Deletion of the enhancer using CRISPR-Cas9, confirmed COLGALT2 as a target gene of
the OA signal marked by rs11583641. Furthermore, the use of a catalytically dead Cas9 fused
to enzymes that methylate (DNMT3a) or demethylate (TET1) CpGs demonstrated a causal
relationship between DNAmM and COLGALT2 expression. Consistent with the measurements
in patient samples, a reduction in DNAm led to increased COLGALTZ2 expression and vice versa.
Additionally, these investigations confirmed that the region surrounding CpGs 8, 9, and 10 in
particular could have an important regulatory role. The signal marked by rs11583641 is one
of not many instances where a causal gene has been identified at an OA risk locus via direct
molecular investigation®2L, |t confirms the effectiveness of employing epigenome editing
techniques to unravel functional risks associated with complex genetic diseases. This is
important as it sheds light on a new potential therapeutic target for intervening in the disease,
focusing on both the epigenome and the enzyme coded for by COLGALT2, which is a strong

candidate in the development of OA due to its role in collagen PTM regulation.
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Chapter 4. Independent Osteoarthritis Risk-Conferring Alleles Mediate the Same

Epigenetic and Transcriptional Effect on COLGALT2

4.1. Introduction

In 2020 a second association signal that maps close to COLGALT2 was reported in a
GWAS including 177517 OA subjects and 649173 control subjects®. SNPs highlighted by the
study included rs12047271 (P=3.96x10*?) and rs1327123 (P= 2.44x10!®), both residing within
the intergenic region between COLGALT2 and TSEN15, and rs1046934 (P=3.81x107!8), located
within TSEN15. These SNPs were part of an LD block containing a total of 21 SNPs (r?> 0.8,
GBR; British in England and Scotland). Two of these 21 SNPs coded for missense substitutions:
rs1046934 (A>C, GIn59His) and rs2274432 (G>A, Gly19Asp), both located in TSEN15. This gene
encodes a subunit of human tRNA splicing endonuclease (TSEN) complex responsible for the
splicing of introns from eukaryotic pre-tRNAs. The complex is composed of TSEN15 and
TSEN34, comprising the structural subunits, and TSEN2 and TSEN54 which form the catalytic

domain 23,

A mQTL analysis performed by Dr Sarah Rice on genome wide CpG methylation data
from arthroplasty cartilage samples (n=87) included an interval of 0.2Mbp surrounding
rs1046934 (see Appendix C). mQTLs were detected at three CpG sites within this interval:
€g21606956 (P=0.002), cg15204595 (P=0.005) and cg01436608 (P=0.04). At all three CpGs,
the OA risk-conferring allele A of rs1046934 was associated with reduced methylation (Figure
4.1). Two of the CpG sites, cg15204595 and cg01436608, were located within the gene body
of COLGALT2, whilst cg21606956 was in an intergenic region over 200kb from the other two
CpGs.

In this chapter | describe the results of a functional analysis of this new OA signal (the
rs1046934 signal). rs1046934 is in near perfect linkage equilibrium (r>= 0.099, GBR) with the
rs11583641 locus discussed in Chapter 3, confirming that these two loci are genetically

independent.
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Figure 4.1. mQTLs at the rs1046934 locus. Violin plots showing DNAm values (y-axis) at
cg15204595 (left plot), cg01436608 (middle plot), and cg21606956 (right plot) stratified by
rs1046934 genotype (x-axis), using hip or knee arthroplasty cartilage DNA samples from OA
patients (n=87). Solid lines and dashed lines inside the plots represent median and
interquartile range, respectively. P-values were calculated using linear regression. GraphPad
Prism 9.0. was used for data visualisation and statistical analysis was performed in R-Studio.

Based on the position of the LD block containing rs1046934 and the results of the
mQTL analysis, my hypothesis was that rs1046934 predisposed to the development of OA by
regulating the expression of COLGALT2 in cartilage through differential methylation at three
CpG sites located in regulatory regions (cg21606956, cg15204595 and cg01436608), similarly
to but independently of rs11583641 (see Chapter 3).

4.2. Aims and Objectives

4.2.1. Aims

- Determine if the missense variant rs1046934 and/or rs2274432 are

likely to impact the function of TSEN15 protein.

- Determine if COLGALT2 is the target of the OA susceptibility locus
marked by rs1046934.

- Determine if the regions containing cg21606956, cg15204595 and

cg01436608 have regulatory function in chondrocytes.
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- Determine if the regulatory function (if any) of the regions containing
€g21606956, cg15204595 and cg01436608 is dependent on the DNAm status of
the CpGs.

- Identify the target gene(s) of rs1046943 and of the regions containing
€g21606956, cg15204595 and cg01436608.

- Investigate the role of DNAm levels at cg21606956, cg15204595 and

cg01436608 in regulating the expression of the target genes.

4.2.2. Objectives

- Perform in silico analyses to determine if the missense substitutions

caused by rs1046934 and rs2274432 are likely to impact TSEN15 protein function.

- Perform AEI analysis of COLGALT2 and TSEN15 in arthroplasty patient

cartilage samples heterozygote at rs1046934.

- Replicate the mQTLs at cg21606956, cg15204595 and cg01436608 in

arthroplasty cartilage DNA.

- Clone the regions containing cg21606956 and cg15204595 in CpG-free
Lucia reporter gene vectors, methylate the constructs in vitro and measure Lucia

readings.

- Methylate and demethylate the regions containing ¢g21606956 and
cg15204595 using dCas9/DNMT3a or dCas9-TET1 fusion proteins, respectively,

and measure the expression of COLGALT2 and TSEN15, following the modulation.

4.3. Results

4.3.1. Analysis of missense variants

The Protein Data Bank* was used to investigate the likelihood of the missense
variants rs1046934 (GIn59His) and rs2274432 (Gly19Asp) impacting the function of

TSEN15 protein. As mentioned, this protein is a subunit of a heterotetrameric
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endonuclease which is responsible for the splicing of introns from eukaryotic pre-tRNAs.
A heterodimer formed by TSEN15 and TSEN34 comprises the structural unit of the TSEN

complex (Figure 4.2A).

The GIn59 residue of TSEN15 falls within the a2 helix (Figure 4.2B). In silico
mutagenesis of the residue carried out by Dr Sarah Rice predicts an outward facing
position of the aromatic histidine side chain, away from the coiled-coil interactions
between the al and a2 helices (Figure 4.2C), indicating that the missense variant is
unlikely to affect the structure and/or stability of the protein or the TSEN complex. An in
silico mutagenesis of the Gly19 residue could not be undertaken because the Gly19Asp

variant resides within the structurally unresolved N-terminal region of TSEN15.

Genotype at both SNPs correlates with expression of COLGALT2 and TSEN15 in a
range of non-joint related tissues from the Genotype-Tissue Expression (GTEx) portal,
forming eQTLs3. Additionally, both rs1046934 and rs2274432 were reported as benign

changes in the genomAD database®.

Based on these data, it is unlikely that the rs1046934 locus affects protein function

and more likely that it effects gene expression.

Figure 4.2. Protein structure of the structural unit of the eucaryotic tRNA splicing (TSEN)
complex. A. Crystal structure of the TSEN15 (green)-TSEN34 (yellow and orange) heterodimer
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(Protein Data Bank, identification no. 6Z9U). The position of the GIn59 residue is highlighted,
and the amino acid side chain is displayed. B. Monomeric crystal structure of TSEN15 (Protein
Data Bank, identification no. 2GW6), showing numbering of the a-a-6-6-8-6-a-8-8 fold (a1-3
and 81-6). GIn59 is labelled, and the side chain is displayed. C. TSEN15 structure, shown as in
B, following in silico mutagenesis to predict the conformation of GIn59-His (labelled). In B and
C, red shows oxygen atoms and blue shows nitrogen atoms. The protein structures were
examined using PyMOL Molecular Graphics System by Schrédinger (A., B., and C.). The in silico
mutagenesis was carried out using the PyMOL Mutagenesis Wizard (C.).

4.3.2. Identification of COLGALT2 and TSEN15 allelic expression imbalance

AEl analysis was used to determine if rs1046934 forms eQTLs for COLGALT2 and/or
TSEN15 in arthroplasty patient cartilage, an OA relevant tissue. The analysis was performed
using coding SNPs in high LD with rs1046934: for COLGALT2 the 5'UTR transcript SNP
rs114661926 (C>G, r>= 0.86, GBR) was used, for TSEN15 the missense variant rs2274432 (G>A,
r’= 1.0, GBR) was used. The analysis was performed in DNA and matched cDNA from
compound heterozygote patients at rs1046934 and the respective transcript SNPs using
pyrosequencing. The two assays were validated prior to the experiment to show that they

could reliably measure the alleles of the SNPs in any ratio (Figure 4.3).

Figure 4.3. Accuracy of the AEl assays used. A. The measured levels of the major allele (C) of
rs114661926 (y-axis) and the minor allele (G) (x-axis) (red dots) compared to the expected
values (black dots). B. Same as A. for rs2274432. GraphPad Prism 9.0. was used for data
visualisation.

AEl was identified for both genes with the OA risk allele C of rs114661926 showing an

average 1.21-fold increase in COLGALT2 expression compared to the non-risk G allele
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(P=0.003) (Figure 4.4A), and the OA risk allele G of rs2274432 showing an average 1.09-fold

increase in TSEN15 expression compared to the non-risk A allele (P= 0.02) (Figure 4.4B).

Figure 4.4. AEl analysis of COLGALT2 and TSEN15 in arthroplasty cartilage samples. A. Left,
Allelic (C/G) ratios in patient samples heterozygous for COLGALT2 transcript SNP rs11466192.
In each sample, the ratio of values for cONA and DNA between the OA-risk allele and the non-
risk allele was plotted; each symbol represents the mean of 3 technical repeats. Right, Mean
DNA and cDNA values in the presence of the risk allele versus the non-risk allele in
heterozygous patients. Values are shown as a box plot, with the line inside the box
representing the median, the box showing the interquartile range, and whiskers showing the
minimum and maximum values. P-values were calculated using Wilcoxon’s matched pairs
signed rank test. B. Same as A. for TSEN15 SNP rs2274432 (G/A; risk/non-risk). GraphPad
Prism 9.0. was used for statistical analyses and data visualisation (A. and B.).

4.3.3. In silico analysis of the rs1046934 locus and replication of cg15204595 and
€g21606956 cartilage DNA mQTLs

The region containing rs1046934 and the differentially methylated CpGs (cg15204595,
cg01436608 and cg21606956) was investigated using publicly available genomic databases
and online tools listed in Chapter 2, Table 2.8 (Figure 4.5A). rs1046934 and the 20 SNPs in LD
with it are part of a 30kb block that encompasses the 5'UTR and promoter of COLGALT2, the

promoter and part of the gene body of TSEN15, and the intergenic region between the two
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genes (Figure 4.5A, panels 1 and 2). ¢g15204595 and cg01436608 are 2.35kb apart and
located within intron 1 of COLGALT2 (Figure 4.5A, panels 1-3). ¢g15204595 and cg01436608
reside within a region that is marked as an enhancer and a transcriptionally active site in OA-
relevant cells (Figure 4.5A, panel 4). The region is also marked as open chromatin in OA hip
and knee chondrocytes (Figure 4.5A, panel 5). cg21606956 is located at over 200kb from
€g15204595 and cg01436608 in a distant intergenic enhancer which is also transcriptionally
accessible in OA chondrocytes from the hip and the knee joint (Figure 4.5A, panel 1-5). MSC
capture Hi-C data showed physical interactions between the region encompassing rs1046934
and the enhancer containing cg15204595 (Figure 4.5A, panel 6). Additional interactions were
observed between the COLGALT2 promoter and the enhancer containing cg21606956 (Figure
4.5A, panel 6).

The mQTLs at this locus were replicated in an independent cohort of arthroplasty
cartilage DNA samples for cg15204595 (P<0.0001) and cg21606956 (P<0.0001) (Figure 4.5B).
The pyrosequencing assay designed to capture cg15204595, measured also the DNAm levels
at another CpG site, cg15204595-142. That is the only other CpG site within 1kb (500bp up-
and down-stream) of c¢g15204595. No mQTL was detected at c¢g15204595-142 (P=0.66)
(Figure 4.5B). Due to the sequence surrounding cg01436608, a pyrosequencing assay that
reliably measure the DNAm levels at the CpG site could not be designed and the mQTL was

not replicated. Further analyses were, therefore, focused on cg15204595 and cg21606956.
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Figure 4.5. Overview of the rs1046934 locus and mQTL replication in arthroplasty cartilage
samples. A. Schematic overview of the rs1046934 locus. Panel 1, Relative genomic position of
the 5’ end of COLGALT2 and all of TSEN15, visualized using the UCSC Genome Browser (hg19).
Panel 2, The positions of rs1046934 (red line), and the SNPs in high LD (pairwise r2 > 0.8) with
rs1046934 (black lines), are indicated. Panel 3, The positions of cg15204595, cg01436608, and
€g21606956 (black lines) are indicated. Panel 4, Chromatin state data, as determined from
the Roadmap project, for primary human mesenchymal stem cells (H1 MSC), MSC-derived
chondrocytes (MSC.DR.CHON) and adipocytes (MSC.DR.ADIP), adipose-derived MSCs
(ADIP.DR.MSC), and human osteoblasts. Colours correspond to different chromatin states, as
indicated in legend at bottom. Panel 5, Open regions marked by ATAC-sequencing peaks
generated from OA hip and knee chondrocytes (orange blocks). Panel 6, Loops indicate
capture Hi-C chromatin interactions from the 3D Genome Browser in human MSCs, with the
flat ends of loops spanning the width of the interacting regions. B. Violin plots showing DNAm
values in arthroplasty cartilage samples at cg15204595-142 (left), cg15204595 (middle), and
cg21606956 (right), stratified by rs1046934 genotype. Solid lines and dashed lines inside the
plots represent median and interquartile range, respectively. P-values were calculated using
simple linear regression. GraphPad Prism 9.0. was used for statistical analyses and data
visualisation (B.).

The arthroplasty cartilage DNAs used in the replication were derived from OA hip, OA
knee and NOF patients. This allowed investigating the effects of joint site and disease status
upon the DNAm at cg15204595 and cg21606956. The DNAm data were first compared
between OA and NOF patients (Figure 4.6A). The mQTLs were observed in both OA
(cg15204595 — P<0.001; cg21606956 — P<0.0001) and NOF (cgl15204595 — P=0.002;
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€g21606956 — P=0.001), suggesting the effects are not disease-specific. DNAm levels at the
two CpGs were then compared between OA hip, OA knee and NOF samples, irrespective of
rs1046934 genotype (Figure 4.6B). Joint-specific differences were not observed for either
CpG. In a comparison between the OA hip samples and the control NOF samples, cg15204595
showed a significantly higher level of methylation in NOF (mean DNAmM - 66.6 %) relative to
OA (mean DNAmM - 61.9%) (P = 0.004). While the NOF patients were on average older than the
OA patients at the time of surgery (NOF - 77.4 years (SD-9.7); OA knee - 65.3 years(SD-9.5);
OA hip - 66.5 years(SD-13.1)), when the methylation data was stratified by age, no

correlations with age for either CpG were observed (Figure 4.6C).

Figure 4.6. Stratification of DNAm levels at cg15204595 and cg21606956 against genotype at
rs1046934, disease state (OA and NOF), joint (hip, knee) and age at surgery. A. DNAm values
at cg15204595 and cg21606956 plotted against genotype at rs1046934, using DNA derived
from cartilage from OA patients and NOF patients, are shown as violin plots. Solid lines and
dashed lines inside the plots represent the median and interquartile range, respectively.P-
values were calculated using simple linear regression. B. DNAm values at cg15204595 and
cg21606956, presented as violin plots, measured in cartilage from OA knee, OA hip and NOF
patients. P-values were calculated using a Mann-Whitney test. C. Graphs show DNAm levels
at cg15204595 (top) and cg2160956 (bottom), measured in cartilage from OA knee, OA hip
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and NOF patients, plotted against the age of the patients at the time of arthroplasty surgery
in years. Each dot represents data from 1 individual. P-values were calculated using simple
linear regression. GraphPad Prism 9.0. was used for statistical analyses and data visualisation
(A., B., and C.).

4.3.4. Detection of methylation-expression QTLs (meQTLs) in arthroplasty cartilage

| moved forward by assessing whether methylation at cg15204595 and cg21606956
and expression of COLGALT2 and/or TSEN15 correlated in our patient samples. For both
genes, the AEI allelic ratios were plotted against matched DNAm values. For COLGALT?2,
significant correlations were observed at cg15204595 (P=0.004) and cg21606956 (P=0.005),
marking meQTLs (Figure 4.7A). Neither CpG showed significant correlations for TSEN15
(P=0.66 and P=0.15, respectively) (Figure 4.7B).

Figure 4.7. Relationship between DNAm at the enhancer and COLGALT2 AEl ratios. A. .Allelic
ratios (logz) of COLGALT2 (x-axis) are plotted against matched DNAm levels (M-values) (y-axis)
at cg15204595 (left) and cg21606956 (right). Each dot represents data from 1 individual. P-
values were calculated using simple linear regression and the test statistics are shown to the
right of each plot (P-value, R? and number of samples used for the analysis). B. Same as A. for
TSEN15 (rs2274432). GraphPad Prism 9.0. was used for statistical analyses and data
visualisation (A. and B.).

These results were particularly intriguing in light of the other observations in patient

samples. The OA risk-conferring allele A of rs1046934 is associated with lower DNAm levels
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at ¢g15204595 and cg21606956 compared to the non-risk allele C in arthroplasty samples
(Figure 4.5B). Allele A is also associated with higher COLGALT2 expression, as evidenced by
the AEIl analyses (Figure 4.4A). meQTL plots show correlations between methylation levels at
both CpGs and COLGALT2 AEl ratios (Figure 4.7A). However, while higher methylation levels
at ¢gl15204595 are associated with lower allelic ratios, the opposite is observed at
€g21606956, with higher methylation levels corresponding to higher allelic ratios (Figure
4.7A).

This can be explained if the methylation levels at the two CpGs are influenced by

factors other than rs1046934 genotype.

| propose a theoretical model where a regulatory SNP affects methylation levels at two
CpG sites (CpG1 and CpG2), with its major allele (M) associated with low DNAm and its minor
allele (m) with high DNAm at both CpG1 and CpG2. In this case, individuals homozygous for
the major allele (MM) will have low DNAm levels, individuals homozygous for the minor allele
(mm) will have high DNAm levels, and heterozygous individuals will have intermediate DNAm
levels at both CpGs (Figure 4.8A and 4.8B). Two additional factors that affect the DNAm levels
at CpG1and CpG2 will be added in this theoretical model: Effect 1, which has a constant effect
on the methylation at CpG1 leading to high levels of methylation at the CpG, and Effect 2,
which has a constant effect on the methylation at CpG2 leading to low levels of methylation
at the CpG (Figure 4.8A and 4.8B). If these two hypothetical effects are weaker than the effect
the SNP has on the DNAm at CpG1 and CpG2, they will be masked in individuals homozygous
atthe SNP (MM or mm), individuals homozygous for the major allele (MM) will still have lower
DNAm at the two CpGs compared to the DNAm levels measured in individuals homozygous
for the minor allele (mm). However, in heterozygous individuals (Mm), the effects of Effect 1
and Effect 2 will not be masked: Effect 1 will complement the effect of the minor allele (m) of
the SNP and the overall methylation levels at CpG1 will be higher than the expected mean but
lower than (mm) homozygotes (Figure 4.8B, left); Effect 2 will complement the effect of the
major allele (M) of the SNP and the overall methylation levels at CpG2 will be lower than the

expected mean but higher than (MM) homozygotes (Figure 4.8B, right).

If both the effects of the SNP and Effect 1 or Effect 2 (for CpG1 and CpG2, respectively)
are taken into consideration, similar trends will be expected for the mQTL plots for CpG1 and

CpG2 (Figure 4.8C). If the methylation levels at CpG1 are plotted against the levels at CpG2
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for all individuals irrespective of SNP genotype, low levels of methylation at one CpG will
correspond to low levels at the other (Figure 4.8D, left). When the same plot is created for
heterozygous individuals, however, the influence of Effect 1 and Effect 2, complementing the
minor and the major alleles (respectively) of the SNP, will contribute to a reversed trend
where low DNAm levels at one CpG will correspond to higher levels at the other (Figure 4.8D,

right).

The theoretical scenarios described here are consistent with our actual observations
in arthroplasty samples. When methylation levels at cg15204595 and cg21606956 are plotted
against genotype at rs1046934 they show a similar trend in both arthroplasty samples (Figure
4.5B). When methylation levels at cg15204595 are plotted against the levels at cg21606956
for all arthroplasty samples (Figure 4.8E, left), low DNAm levels at one CpG correlate with low
DNAm levels at the other. The trend is particularly strong when only rs1046934 homozygotes
(AA and CC) are plotted (Figure 4.8E, middle). However, in heterozygous (AC) samples (Figure
4.8E, right) low DNAm at one CpG correlates with higher DNAm at the other.

The COLGALT2 meQTL plots in Figure 4.7A show methylation levels at cg15204595 and
€g21606956 plotted against AEI ratios in arthroplasty. Since the AEl analysis is carried out in
heterozygous individuals in which lower DNAm levels at cg15204595 correspond to higher

DNAm levels at cg21606956, the meQTL plots for the two CpGs have opposing slopes.
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Figure 4.8. Theoretical model to account for the opposing slopes of the COLGALT2 meQTlLs at
cg15204595 and cg21606956. A. Schematic diagram showing the factors affecting the
methylation levels at CoG1 and CpG2 (marked by black circles). The SNP (M> m) is marked by
a red line and Effect 1 and Effect 2 are marked with black lines. Arrows indicate the effect the
different factors have on the methylation levels at the two CpG sites with the direction of the
arrowhead indicating the direction of the effect (up = increased methylation; down =
decreased methylation) and the thickness of the arrow corresponding to the strength of the
effect (thin = weaker effect; thick = stronger effect). B. Table summarising the cumulative
effect of the SNP and Effect 1 and Effect 2 on the methylation levels at CpG1 (left) and CpG2
(right) for individuals homozygous (MM or mm) and heterozygous (Mm) for the SNP. The
effects are represented by arrows with the direction of the arrowhead indicating the direction
of the effect and the thickness of the arrow corresponding to the strength of the effect. C.
Predicted mQTL plots at CpG1 (left) and CpG2 (right) using the expected overall methylation
levels presented in B. DNAm levels are represented on the y-axis by arrows with the direction
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of the arrowhead indicating the direction of the effect and the thickness of the arrow
corresponding to the levels of methylation. Genotype at the SNP is on the x-axis (MM, Mm or
mm). The overall DNAm levels expected for each genotype are represented by a dot and the
mQTL direction is indicated by a line. D. Plots showing the expected overall DNAm levels at
CpG1 plotted against the expected overall DNAm levels at CpG2 in all individuals (left) and in
heterozygous individuals (right). DNAm levels are represented by arrows with the direction of
the arrowhead indicating the direction of the effect and the thickness of the arrow
corresponding to the levels of methylation. The lines show the direction of the predicted
associations. E. Plots showing the measured DNAm levels at cg15204595 plotted against the
measured DNAm levels at cg21606956 in all arthroplasty samples (left), in arthroplasty
samples homozygous (AA and CC) for rs1046934 (middle), and in arthroplasty samples
heterozygous (AC) for rs1046934 (right). Each sample is represented by a dot with the colour
of the dot corresponding to rs1046934 genotype (blue = AA, green = AC, yellow = CC). The
trend lines show the direction of the associations. The images were generated using Affinity
Designer 2.1. (A. - D.) and GraphPad Prism 9.0 (E.).

4.3.5. Assessment of the regulatory function of the regions containing the

differentially methylated cg15204595 and cg21606956 CpGs

The next step of this project was an in vitro investigation of the genomic regions
harbouring ¢g15204595 and cg21606956 using the TC28a2 chondrocyte cells. The regions
surrounding ¢g15204595 and cg21606956 were cloned into the CpG-free Lucia reporter gene
plasmid. The constructs, which contained only the CpG sites of interest, were methylated in
vitro and Lucia readings were taken from both the methylated and the unmethylated versions
of the constructs allowing us to determine if the DNAm status of the CpGs affects the

expression of the reporter gene.

The results suggested that both regions act as enhancers. The region surrounding
cg15204595 showed increased Lucia readings compared to the empty control vectors with
average increase in expression of the reporter gene of 1.36-fold (P=0.003) and 1.35-fold
(P=0.005) for the unmethylated and the methylated constructs, respectively (Figure 4.9A).
The cg21606956 region produced an average increase in Lucia activity of 1.41-fold (P=0.002)
and 1.32-fold (P=0.0003) for the unmethylated and methylated constructs, respectively
(Figure 4.9B). The methylation status of cg15204595 and cg21606956 had no significant effect

on the regulatory function of the two enhancers (P=0.96 and P=0.38, respectively).
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Figure 4.9. Reporter gene analyses. Lucia/Firefly luminescence ratios (y-axis) in TC28a2
chondrocytes following transfection with constructs containing cg15204595 (A.) or
€cg21606956 (B.) in unmethylated or methylated states, normalised to Lucia/Firefly
luminescence ratios measured in cells transfected with empty vectors (dashed line). Each dot
represents a biologic replicate. P-values were calculated using paired t-test (for comparisons
between the empty vector controls and the vectors containing the inserts of interest) and non-
paired t-tests (for comparisons between methylated and unmethylated constructs). ** =P <
0.01; *** =P < 0.001; ns = not significant. GraphPad Prism 9.0. was used for statistical
analyses and data visualisation (A. and B.).

4.3.6. Modulation of the DNAm levels at the enhancers containing cg15204595 and
€g21606956 in TC28a2 cells

Next, the role of DNAmM at cg15204595 and cg21606956 in the gene expression
regulation of COLGALT2 and TSEN15 was interrogated. DNAm levels at the two CpG sites and
gene expression levels of COLGALT2 and TSEN15 were compared between TC28a2
chondrocytes transfected with gRNAs targeting the enhancers and dCas9 fused with

catalytically active and inactive versions of TET1 and DNMT3A proteins (Figure 4.10).

The TC28a2 cells transfected with dCas9-TET1 plasmid containing the targeting gRNA
sequences resulted in reduced methylation levels compared to the control at cg15204595 —
30.0% (Figure 4.13A, bottom left panel). and cg21606956 — 47.0% (Figure 4.10A, bottom left
panel). When comparing the expression levels of COLGALT2 and TSEN15 in these cells, the
12,8% decrease in DNAm at ¢g15204595 lead to 1.3-fold (P=0.0009) increase in COLGALT2
expression (Figure 4.10A, top right panels) and the 17.3% decrease in DNAm at cg21606956

resulted in 1.2-fold (P=0.01) increase in the gene expression (Figure 4.10A, bottom right
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panels). No significant differences between the expression levels of TSEN15 were observed

(P>0.05) (Figure 4.10A, right panels).

Transfection with dCas9-DNMT3a plasmid containing the targeting gRNA sequences
resulted the DNAm levels of 53.8% at cg15204595 (Figure 4.10B, top left panel) and 75.3% at
€g21606956 (Figure 4.10B, bottom left panel) in the chondrocytes. This increase in DNAm
levels at the two CpGs compared to the controls (10.5% increase for cg15204595 and 10.7%
for cg21606956) did not significantly alter the expression of any of the three genes (P>0.5)
(Figure 4.10B, right panels). The expression of COLGALT2, however, did show a small
reduction of 0.2-fold (P=0.09) and 0.3-fold (P=0.07) following the increase of DNAm at
€g15204595 and cg21606956, respectively (Figure 4.10B, right panels).

These results demonstrate that the two enhancers containing cg15204595 and

€g21606956 regulate COLGALT2 expression via DNAm at the two CpGs but not TSEN15.
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Figure 4.10. Epigenetic modulation of the enhancers containing cg15204595 or cg21606956.
A. Left, DNAm levels at cg15204595 (top) and cg21606956 (bottom) in TC28a2 chondrocytes
following transfection of targeting gRNAs with dCas9-dTET1 (black symbols) or with dCas9-
TET1 (orange symbols). Each dot represents a biologic replicate. Bars show
mean + SEM. Right, Effect of modulation on gene expression of COLGALT2 and TSEN15. Values
were normalized to mean control values. P-values were calculated using paired t-tests.
B. Left, DNAm levels at cg15204595 (top) and cg21606956 (bottom) in TC28a2 chondrocytes
following transfection of targeting gRNAs with dCas9-dDNMT3a (black symbols) or with
dCas9-DNMT3a (orange symbols). Each dot represents a biologic replicate. Bars show
mean + SEM. Right, Effect of modulation on gene expression of COLGALT2 and TSEN15. Values
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were normalized to mean control values. P-values were calculated using paired t-tests. *,
P<0.05 *** P<0.001. GraphPad Prism 9.0. was used for statistical analyses and data
visualisation (A. and B.).

4.3.7. In silico prediction of the TF binding profile of the enhancer regions containing

cg15204595 and cg21606956

The dCas9 experiment described in section 4.3.6 revealed that the enhancer regions
containing cg15204595 and cg21606956 regulate the expression of COLGALT2 in a DNAm
dependent manner. This observation could be explained if TFs of COLGALT2 bound to the
enhancers and if their binding was modulated by DNAm. If the methylation status of
€g15204595 and cg21606956 impacts TF binding affinity and thus regulates the expression of
COLGALT2, these CpGs would be expected to be part of or in close physical proximity to TF
binding sites. A search of the JASPAR TF database revealed several transcription factors
predicted to bind at or near cgl15204595 and cg21606956 (Figure 4.11A and 4.11B,
respectively). Furthermore, many of these TF are expressed in cartilage from both OA and

NOF patients® (Figure 4.11C).
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Figure 4.11. TFs predicted to bind at the enhancers. A. Top, Location of cg15204595 (black
line) Bottom, TF-binding sites as predicted by JASPAR and visualised in the UCSC Genome
Browser (hg19). The TFs are marked by grey bars with the direction of the arrows within the
boxes indicating the DNA strand the TF is predicted to bind to (arrows pointing to the left =
antisense strand, arrows pointing to the right = sense strand). B. Same as A. for cg21606956.
C. Expression levels (transcripts per million (TPM)) of TFs predicted to bind within 30bp of
cg15204595 and cg21606956 in hip cartilage RNA-sequencing data from OA (n = 10, dark
grey) and NOF (n = 6, light grey) patients. Bars show the mean +SEM. The y-axis is a linear
segmented scale with 3 segments. The image was created using GraphPad Prism 9.0.

4.4. Discussion

The exploration of genetic risk factors for OA necessitates a multifaceted approach,
including statistical fine-mapping, in silico analyses, and lab-based experimental research. In
this chapter | performed the functional analysis of an OA association locus marked by
rs1046934, a SNP located in the gene body of TSEN15. Despite the SNP (as well as another

SNP in the LD block) being coding variants located in TSEN15, in silico mutagenesis predicted
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low likelihood of the substitutions having effects on the structure of the TSEN15 protein or
on the larger tRNA splicing (TSEN) complex. rs1046934, similarly to but independently of the
locus marked by rs11583641 (discussed in Chapter3), was shown to mediate its effect by
modulating the expression of COLGALT2 via methylation changes to two CpG sites,
€g15204595 and cg21606956, located in enhances. Using whole genome bisulphite DNAm
sequencing data obtained from arthroplasty cartilage samples, as well as DNAm data
obtained from pyrosequencing of DNA from an independent cohort of arthroplasty cartilage
samples, the risk allele A of rs1046934 was found to correlate with decreased DNAm levels at
the two enhancer CpGs - ¢g15204595 and cg21606956. The whole genome data highlighted
another CpG, cg01436608, as potentially being affected by the SNP. Due to lack of
pyrosequencing assays that could reliably capture this CpG, it was excluded from further
studies. However, the location of the CpG, in close physical proximity to the TSS of COLGALT2
and within a region that interacts with the enhancer containing cg21606956 in MSCs (Figure

4.6), makes this a very intriguing target for future studies.

In addition to correlating with low DNAm levels at cg15204595 and cg21606956, the
OA risk allele of rs1046934 also associated with increased expression of both COLGALT2 and
TSEN15 in arthroplasty patients, and a further correlation between methylation and

COLGALT2 expression was found.

Reporter gene assays confirmed that the genomic regions harbouring cg15204595 and
€g21606956 are enhancers in TC28a2 chondrocytes. Modulation of the DNAm levels at
€g15204595 and cg21606956 using catalytically active versions of the DNAm editing protein
complexes resulted in increased expression of COLGALT2 but not TSEN15, highlighting the
importance of DNAm as a method of precise gene expression control and the complexity

behind gene regulation across enhancer regions.

The in vitro data presented in this chapter supports the ex vivo data gathered from
arthroplasty cartilage samples in that the enhancers regulate gene expression and genotype
at rs1046934 is involved in this regulation to different degrees (AEIl effects for COLGALT2
were stronger than those observed for TSEN15) and via different mechanisms (epigenetic
modulation did not affect the expression of TSEN15 and no meQTLs were detected in patient
samples for this gene). Both COLGALT2 and TSEN15 appear to be targets for the OA signal

rs1046934, exerting its effects via activation/repression of the two regulatory elements
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containing cg15204595 and cg21606956, respectively. The mechanisms through which the
SNP affects expression of the two genes, however, are distinct: while the mechanism of
regulation of TSEN15 expression via the enhancers could not be determined, our data support
a causal link between DNAm levels (correlated with genotype at rs1046934) at the two
enhancer CpGs and COLGALT2 expression, highlighting this as a potential regulatory
mechanism. In silico data revealed that cgl15204595 and cg21606956 reside in open
chromatin regions in joint tissues and in or close to TF binding sites. Methylation of cytosines
in CpG dinucleotides can influence steric and hydrophobic environment at the dinucleotide,
rendering it similar to that of a thymine, a process termed thymine mimicary’:2. This leads to
a widening of the major groove and narrowing the minor groove at CpGs® which results in an
increased helix stiffness!®. The effects of DNAm on TF binding have been detailed for a
number of proteins'*™3, In many cases methylation is shown or predicted to prevent TF
binding!#!>. This DNAm dependant TF binding affinity could be the mechanism via which
COLGALT2 expression is regulated in chondrocytes by the OA signals rs11583641 and
rs1046934.

In this chapter and in Chapter 3, | describe the regulation of gene expression via DNAm
at cis-acting enhancers as the method via which the risk alleles of two genetically independent
risk loci, rs11583641 and rs1046934, contribute to altered COLGALT2 expression in
chondrocytes. In both cases, the OA risk-conferring alleles lead to increased COLGALT2
expression in cartilage. Understanding the molecular mechanisms by which risk alleles impact
their target genes is crucial for the clinical application of OA genetic discoveries and signals

that impact epigenetic marks could lead to novel directions for drug development.
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Chapter 5. Investigation of the rs11583641 and rs1046934 OA association signals in

synovium

5.1. Introduction

As discussed in Chapter 1, OA affects multiple tissues in the articular joint. While a lot
of research on OA is still focused on cartilage as a primary target tissue, in recent years there
has been a shift in focus towards investigating the multi-tissue crosstalk underlying the
complexity behind OA aetiology and progression. Targeted studies focused on the resolution
of GWAS signals, as well as investigations utilizing different -omics technologies have been
carried out in OA-relevant joint tissues including synoviumi=22, fat padi=Z meniscus?i12and
subchondral bone&12, as well as peripheral tissues including blood 214 and urinel>16, A lot of
these finding were integrated into the comprehensive database of OAomics and molecular

biomarkers (OAOB)Z.

Recent findings have suggested a role for the COLGALT2 enzyme in cancer
progression®12 and immune response22ZL, Based on these findings, we hypothesised that the
COLGALT2 OA mQTLs and eQTLs operating in cartilage and described in Chapter 3 and Chapter
4 may also be active in non-cartilaginous joint tissues. To determine this, we investigated
synovial tissue samples that our group had collected from OA patients undergoing

arthroplasty.

5.2. Aims and objectives

5.2.1. Aims

- Determine if the mQTLs detected in cartilage and associated with the OA
risk SNPs rs11583641 and rs1046934 are present in synovial samples from

arthroplasty patients.

- Determine if the OA-associated SNPs rs11583641 and rs1046934 act as

eQTLs in synovial samples from arthroplasty patients.
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- Determine if the regions containing the mQTLs associated with the OA
risk SNPs rs11583641 and rs1046934 act as enhancers in a human synovial cell
line model and if the regulatory function of the regions (if any) is DNAm-

dependent.

- Investigate the role of DNAm at the COLGALT2 enhancers described in
Chapter 3 and Chapter 4 in regulating the expression of their target gene(s) in a

human synovial cell line model.

5.2.2. Objectives

- Genotype synovium arthroplasty patient DNA samples at rs11583641
and rs1046934.

- Measure DNAm levels at the 12 CpG sites associated with the OA signal

rs11583641 in the synovium samples.

- Measure DNAm levels at the two CpG sites associated with the OA

signal rs1046934 in the synovium samples.

- Perform AEI analysis in synovium patient samples on COLGALT2 for

rs11583641.

- Perform AEI analysis in synovium patient samples on COLGALT2 and

TSEN15 for rs1046934.

- Clone the region containing the mQTLs associated with the OA signal
rs11583641 in a CpG-free Lucia reporter gene vector, methylate the constructs in

vitro, transfect the constructs in SW982 cells and measure Lucia readings.

- Methylate and demethylate the differentially methylated CpG sites
associated with the OA signal rs11583641 using dCas9/DNMT3a or dCas9-TET1
fusion proteins, respectively, and measure the expression of COLGALT2 and its

neighbouring genes, RGL1 and TSEN15, following the modulation.
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5.3. Results

5.3.1. Detection of mQTLs associated with rs11583641 and rs1046934 in synovium

tissue DNA from arthroplasty patients

DNAm levels at the 12 CpG sites located within the enhancer investigated in Chapter
3 were measured in synovial patient DNA samples and plotted against genotype at
rs11583641 (Figure 5.1A). Significant mQTLs were detected at 8/12 CpG sites (CpG 3 —
P=0.002, CpG 4 — P<0.0001, CpG 5 — P<0.0001, CpG 6 — P=0.001, CpG 7 — P=0.01, CpG 8 —
P<0.0001, CpG 9 — P<0.0001, CpG 10 — P<0.0001).

Figure 5.1. Synovium mQTL analysis of 12 CpG sites within the COLGALT2 enhancer associated
with rs11583641. Violin plots showing DNAm values in arthroplasty synovium samples at the
12 investigated CpGs, stratified by rs11583641 genotype. Solid lines and dashed lines inside
the plots represent median and interquartile range, respectively. P-values were calculated
using simple linear regression. GraphPad Prism 9.0. was used for statistical analyses and data
visualisation.

At all differentially methylated CpGs the OA-risk allele C of rs11583641 was associated
with increased methylation compared to the non-risk allele, T (Figure 5.2A, left). This is in
contrast with our observations in OA cartilage (Figure 5.2A, right) where at all differentially

methylated CpG sites the risk allele, C, was associated with lower DNAm.
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The strength of the effect of genotype at rs11583641 upon DNAm at the 12 CpG sites
was compared between OA cartilage (n=80-99) and OA synovium (n=68-79) samples (Figure
5.2B). The genotypic effect % (GE%) was stronger in synovium at 9/12 CpG sites, including all
differentially methylated ones (CpGs 3-10). The strongest effects in both tissues were
observed at CpG 8 (69.8% in synovium and 67.7% in cartilage) and CpG 10 (62.5% in synovium
and 38.0% in cartilage). In synovium, strong effects were also observed at CpGs 4 and 5 (53.7%
and 51.7%, respectively). We also compared the mean DNAm levels at the 12 CpG sites,
irrespective of genotype at rs11583641, between cartilage and synovium (Figure 5.2C).
Significant differences were observed at 10/12 CpGs (P<0.05). At 8 of these CpGs DNAm levels
were higher in cartilage with the greatest difference in DNAm levels observed at CpG 6
(12.27%) and CpG 7 (19.49%). At most CpG sites the spread of the data was also greater in

cartilage, suggesting higher variability between patients for this tissue.

The synovium samples were also genotyped at rs1046934 and DNAm was measured
at ¢g15204595 and cg21606956 (discussed in Chapterd). The mQTLs detected at these two
CpGs in cartilage were not observed in synovium (Figure 5.3), suggesting that the mQTL at the

rs1046934 locus is cartilage specific.

175



Figure 5.2. Comparison of the DNAm levels at the enhancer associated with rs11583641
between synovium (n= 49-79) and cartilage (n=81-98) DNA samples from arthroplasty
patients. A. The median DNA methylation value for each of the 12 CpGs stratified by genotype
at rs11583641 in synovium (left) and cartilage (right) from arthroplasty patients. B. Heatmap
showing the contribution of the rs11583641 genotype to the observed DNAm levels
differences at the 12 CpGs in synovium and cartilage samples. The heatmap displays r? values
calculated by linear regression analysis, converted to percentages. C. Violin plots showing
DNAm levels at the 12 investigated CpGs in synovium and cartilage samples. Solid and dashed
horizontal lines represent the median and interquartile range, respectively. P-values were
calculated using Mann-Whitney tests. GraphPad Prism 9.0. was used for statistical analyses
and data visualisation (A., B., and C.).

Figure 5.3. Synovium mQTL analysis for cg15204595 and cg21606956. Violin plots showing
DNAm values in arthroplasty synovium DNA samples at cg15204595 (left) and cg21606956

176



(right), stratified by rs1046934 genotype. Solid and dashed horizontal lines represent the
median and interquartile range, respectively. P-values were calculated using simple linear
regression. GraphPad Prism 9.0. was used for statistical analyses and data visualisation.

5.3.2. Identification of COLGALT2 allelic imbalance in synovium tissue from
arthroplasty patients

To determine if the COLGALT2 cartilage eQTL described in Chapter 3 is active in
synovium, AEIl analysis was performed in this tissue for patients heterozygous at rs11583641.
A significant imbalance between the two alleles of the SNP was detected with the risk C allele
showing a 0.81-fold mean decrease in expression compared to the non-risk T allele (P<0.0001,
Figure 5.4A). In cartilage, the risk allele showed an increased expression (1.94-fold mean
increase, P<0.0001, Chapter 3, Figure 3.14A). Like our observation following the mQTL
analysis (section 5.3.1), the risk allele at this locus showed an opposing effect on COLGALT2
expression in synovium compared to cartilage. Furthermore, while the AEI effect was only
present in 13/27 cartilage samples (Figure 3.15A), in synovium all 15 tested patients showed

allelic imbalance (Figure 5.4A).

When the AEl ratios were plotted against DNAm levels at the 12 CpGs associated with

the rs11583641 locus in synovium, no meQTLs were detected (Figure 5.4B).

Although no mQTLs were detected at the CpGs associated with the rs1046934 locus
(Figure 5.3), it is possible that the SNP affects the expression of COLGALT2 and/or TSEN15 in
synovium through a mechanism independent of DNAm at the enhancer regions harbouring
€g15204595 and cg21606956. To determine if that was the case, we performed the AEI
analysis using rs114661926 (COLGALT2) and rs2274432 (TSEN15), which are in high LD with
rs1046934 (r>>0.8, GBR), in synovium samples from patients who were compound

heterozygotes. No allelic imbalance was observed for COLGALT2 or TSEN15 (Figure 5.5).

Since no mQTL nor eQTL effects were observed in synovium samples at the rs1046934

locus we did not proceed with further investigations of the locus in this tissue.
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Figure 5.4. AEl analysis of COLGALT2 in arthroplasty synovium samples for the rs11583641
locus. A. Left, Allelic (C/T) ratios in synovium samples from OA patients heterozygous for
rs11583641. In each sample, the ratio of values for cONA and DNA between the OA-risk allele
C and the non-risk T allele was plotted; each symbol represents the mean of 3 technical
repeats. Right, Mean DNA and cDNA values in the presence of the C allele versus the T allele
in heterozygous patients. Values are shown as a box plot, with the line inside the box
representing the median, the box showing the interquartile range, and whiskers showing the
minimum and maximum values. P-values were calculated using Wilcoxon’s matched pairs
signed rank test. B. Relationship between COLGALT2 AEI ratios and DNAm at the enhancer in
synovium. Allelic ratios (logz) of COLGALT2 (x-axis) are plotted against matched DNAm levels
(M-values) (y-axis) at the investigated CpGs (CpG 1-12). Each dot represents data from 1
individual. P-values were calculated using simple linear regression and the test statistics are
shown to the right of each plot (P-value, R? and number of samples used for the analysis).
GraphPad Prism 9.0. was used for statistical analyses and data visualisation (A. and B.).
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Figure 5.5. AEl analysis of COLGALT2 and TSEN15 in arthroplasty synovium samples for the
rs1046934 locus. A. Left, Allelic (C/G) ratios in patient samples heterozygous for COLGALT2
transcript SNP rs11466192. In each sample, the ratio of values for cDNA and DNA between the
OA-risk allele and the non-risk allele was plotted; each symbol represents the mean of 3
technical repeats. Right, Mean DNA and cDNA values in the presence of the risk allele versus
the non-risk allele in heterozygous patients. Values are shown as a box plot, with the line inside
the box representing the median, the box showing the interquartile range, and whiskers
showing the minimum and maximum values. P-values were calculated using Wilcoxon’s
matched pairs signed rank test. B. Same as A. for TSEN15 SNP rs2274432 (G/A; risk/non-risk).
GraphPad Prism 9.0. was used for statistical analyses and data visualisation (A. and B.).

5.3.3. Reporter gene assessment in the SW982 synovial cell line of the regulatory

function of the rs11583641 region containing the differentially methylated CpGs

Our previous experiments have confirmed that the region containing the rs11583641
mQTLs acts as an enhancer in TC28a2 chondrocyte cells (Chapter 3, Section 3.3.4). The
regulatory effect of the region was shown to be DNAm-sensitive and dependent on genotype
at rs734657, which is in high LD with rs11583641 (r?=0.83, GBR). To test if the region has
regulatory function in a synovial cell model, we transfected the in vitro methylated and mock-

methylated Lucia reporter gene constructs containing the differentially methylated CpG sites
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and the three haplotypes formed by the SNPs in the region (Section 3.3.4) into cells of the

human synovial sarcoma cell line SW982.

The results of this experiment are presented in Figure 5.6. The constructs containing
the C allele of rs734657, which corresponds to the OA-risk C allele of rs11583641 (G-C and A-
C haplotypes) showed 5.5-fold (P=0.004) and 4.4-fold (P=0.03) increase in Lucia expression,
respectively (Figure 5.6A). No differences were observed between the two constructs,
methylated or unmethylated, indicating that the genotype at rs943409 had no influence on
the reporter gene activity. The constructs containing the non-risk allele, A, of rs734657 (G_A
haplotype) did not show significantly increased Lucia activity compared to the control
(P=0.71) (Figure 5.6A). While the differences were not statistically significant, the cells
transfected with the constructs containing the G_A haplotype showed lower mean Lucia
readings compared to the ones containing the G_C and the A_C haplotypes, especially in their
methylated state (5.7-fold mean difference with G_C (P=0.23) and 5.4-fold mean difference
with A_C (P=0.24)). These results suggest that the differentially methylated region has a

regulatory function in synovial sarcoma cells which is dependent on genotype at rs734657.

The enhancer function of the region also appeared to be affected by the methylation
status of the constructs. The methylated constructs containing the G_C and the A C
haplotypes produced higher Lucia readings compared to the unmethylated constructs with
mean differences of 3.6-fold (P=0.002) and 4.4-fold (P=0.01), respectively. There was no
difference between the Lucia readings of the cells transfected with the methylated or

unmethylated (P=0.29) construct containing the G_A haplotype (Figure 5.6B).

Figure 5.6. Reporter gene analysis. Lucia/Firefly readings in SW982 cells in the presence of
constructs containing the 3 haplotypes of rs943409 and rs734657 (G_C, A C, and G_A) (A.)
and the 3 haplotypes in a methylated or unmethylated state (B.). Values were normalized to
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those in an empty vector control. Dots represent individual samples (n = 5). Bars show the
mean +/- SEM. P-values were calculated using paired t-tests (A.) and non-paired t-tests (B.). *
=P< 0.05; ** =P < 0.01. GraphPad Prism 9.0. was used for statistical analyses and data
visualisation (A. and B.).

The results from the Lucia reporter gene assay in SW982 cells revealed that the region
containing CpG3-10 acts as enhancer in this synovial cell model. The enhancer activity was
dependent on genotype at rs734657 with the C allele of the SNP (corresponding to the Callele
of rs11583641) associated with higher gene expression compared to the A allele. Methylation
at the region resulted in lower enhancer activity. This agrees with the reporter gene data
using the TC28a2 chondrocyte cells, although in those cells DNAm decreased enhancer

activity of the G_C and A_C haplotype constructs (Figure 3.6B).

5.3.4. Modulation of the DNAm levels at the enhancer region in SW982 cells

We next tested the effect of methylation at CpGs 3-10 on the expression of RGL1,
COLGALT2 and TSEN15 using dCas9 coupled with TET1 or DNMT3a and gRNAs targeting the
region in SW982 cells. The same gRNAs used to target the region in the TC28a2 chondrocytes
were used (Section 3.3.7, gRNA 1-6) alone or in combination. Our control cells were

transfected with the same targeting gRNAs and dCas9-dTET1 or dCas9-dDNMT3a.

DNAm levels across the CpGs in the enhancer were successfully increased and
decreased following expression of dCas9-DNAMT3a or dCas9-TET1, respectively, and the six

gRNAs targeting the region (alone or in combination) (Figure 5.7).
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Figure 5.7. Percentage change in DNAm following targeted epigenome modulation of the
enhancer associated with rs11583641 in SW982 cells. Each plot shows the change in DNAm
following epigenetic modulation with the gRNAs (gRNA1-6) or with combinations of the gRNAs
(gRNA 1, 3, and 5 or with all gRNAs). The bars show the percentage change in DNAm
(compared to the control cells) following modulation with dCas9-DNMT3a (red bars, n=3) or
dCas9-TET1 (blue bars, n=3) at each of the 8 targeted CpGs (CpG 3- CpG 10). GraphPad Prism
9.0 was used for data visualisation.

Transfection of dCas9-DNMT3a and gRNAs lead to increased DNAm at the CpGs
(Figures 5.7 and 5.8A, Panel 1). The greatest increases in DNAm were achieved at CpGs 6, 7
and 9, at which distinct gRNAs increased methylation by 16.5% (gRNA 2), 20.5% (gRNA 4), and
14.9% (gRNA 1), respectively (Figure 5.7). Modest increase in DNAm at only a few CpGs was
achieved by expression of gRNA 3 (up to 7.0%), gRNA 5 (up to 10.5%) or combinations of
multiple gRNAs (gRNAs 1+3+5 — up to 4.4%; all gRNAs — up to 11.3%) (Figure 5.7).

Increased DNAm levels at the enhancer resulted in reduced COLGALT2 expression in
cells transfected with gRNA 1 (0.15-fold, P=0.04), gRNA 2 (0.29-fold, P=0.04), gRNA 4 (0.21-
fold, P=0.04), and gRNA 6 (0.12-fold, P=0.005) (Figure 5.8A, Panel 2). These 4 gRNAs all had
an impact on the DNAm at CpGs 6-9. While gRNA 5 had only a modest effect on DNAm (Figure
5.8B, Panel 1), the expression of COLGALT2 measured in the cells transfected with that gRNA
was also reduced (0.18-fold, P=0.05) (Figure 5.8B, Panel 2).

DNAm levels across the enhancer CpGs was successfully reduced using dCas9-TET1
(Figures 5.7 and 5.8B, Panel 1). The strongest effects were observed at CpGs 5, 7 and 9 at
which the DNAm was reduced by up to 27.7% (gRNA 1), 19,5% (gRNA 4) and 24.1% (gRNA 4),
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respectively (Figure 5.7). Combinations of gRNAs resulted in small reduction of DNAm across

the enhancer.

Significant increase in COLGALT2 expression was observed following reduced DNAm of
the enhancer using gRNA 1 (1.1-fold, P=0.02), gRNA 2 (1.1-fold, P=0.01), gRNA 3 (1.2-fold,
P=0.02), gRNA 4 (1.2-fold, P=0.03), and gRNA 6 (1.2-fold, P=0.03) (Figure 5.8B, Panel 2).

In the analysis of the enhancer in the TC28a2 chondrocyte cells, increased DNAm
resulted in decreased COLGALT2 expression, whilst decreased DNAm resulted in increased
COLGALT2 expression (Figure 3.12). COLGALT2 expression therefore shows the same

response in SW982 and TC28a2 cells to enhancer DNAm changes.

Changes to the DNAm levels of the CpGs at the enhancer had no significant effect (all
P-values >0.05) on the expression of RGL1 or TSEN15 in the SW982 cells (Figure 5.8). This also

matched what was observed for the TC28a2 cells (Figure 3.12).

Differences in COLGALT2 expression between the control and modulated SW982 cells
were observed following changes to CpGs 7-10 when the DNAm levels at one or more of these
CpGs was increased or decreased (Figure 5.8). The DNAm levels at these 4 CpG sites was lower
compared to the other CpGs in the SW982 cells (<35%). Lower DNAm has been associated
with higher levels of TF binding2223, marking these 4 CpG sites as potentially functionally

active in SW982 cells.
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Figure 5.8. Epigenetic modulation of the enhancer in SW982 cells. A. Panel 1, DNAm levels
at the 8 CpGs in TC8a2 chondrocytes following expression of targeting gRNAs with dCas9-
dDNMT3a (black symbols) or with dCas9-DNMT3a (coloured symbols). Each dot represents a
biologic replicate. Panel 2, Effect of modulation on gene expression of RGL1 (left), COLGALT2
(middle) and TSEN15 (right). Values measured in the modulated cells (coloured triangles) were
normalized to those measured in the control cells (black triangles). B. Panel 1, DNAm levels at
the 8 CpGs in TC8aZ2 chondrocytes following expression of targeting gRNAs with dCas9-dTET1
(black symbols) or with dCas9-TET1 (coloured symbols). Each dot represents a biologic
replicate. Panel 2, Effect of modulation on gene expression of RGL1 (left), COLGALT2 (middle)
and TSEN15 (right). Values measured in the modulated cells (coloured triangles) were
normalized to those measured in the control cells (black triangles). P-values were calculated
using paired t-tests. * = P < 0.05; ** = P < 0.01. GraphPad Prism 9.0 was used for statistical
analyses and data visualisation (A. and B.).
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5.3.5. In silico prediction of the TF binding profile of the enhancer region associated

with rs11583641 in synovium and cartilage

The results from the targeted methylation and demethylation using dCas9 at the
enhancer in SW982 cells revealed that the regulation of COLGALT2 expression through DNAm
of the CpGs at the enhancer operates in a similar manner to what was observed to be the
case in chondrocytes (Chapter 3, Figure 3.13): reducing the DNAm levels increased the
expression of the gene and increasing DNAm resulted in decreased COLGALT2 levels. We
hypothesise that the enhancer regulates gene expression through DNAm dependent TF
binding. Using publicly available datasets the region was investigated. The JASPAR TF
database identified TFs predicted to bind at or near the differentially methylated CpG sites
(CpG 3-10) (Figure 5.9A). Using RNA-seq data from chondrocytes from OA patients2* and from
synovial fibroblasts from OA patients22 the expression of these TFs between the two cell types
was compared. A total of 32 TFs and TF dimers were predicted to bind across the region
encompassing CpGs 3-10 (+25bp either side) (Figure 5.9A, panel 3). Thirteen of these TFs are

expressed in at least one of the two tissues at varying levels (Figure 5.9B).

The Lucia reporter gene assay results suggested a role for the SNP rs734657 in the
regulation of gene expression (Figure 5.6). We looked at the region where the SNP resides to
identify any TF that bind over the SNP and could be affected by the variant. The SNP is part of
the consensus binding motif for RFX6, a TF almost exclusively expressed in pancreatic islets
with a known role in the regulation of insulin sensing® and with a potential involvement in
pain perceptionZ. Based on its genomic position, however, the different alleles of the
rs734657 variant are not expected to affect the binding affinity of RFX6 (Figure 5.9C) and the
transcription factor is not expressed in detectable amounts in synovial fibroblasts nor

chondrocytes (Figure 5.9B and C).

These data confirm that the COLGALT2 enhancer containing the differentially
methylated CpGs is transcriptionally accessible in both cartilage and synovium, and it contains
binding motifs for a range of TFs, some of which are expressed in both tissues but at different

levels.
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Figure 5.9. TFs predicted to bind at the enhancer. A. Top, location of the 8 DMR CpGs (black
lines, CpGs 3-10); cg18131582 is CpGI (red line). Also shown are the locations of the DNA
variants (blue bars) rs943409 (G > A) and rs734657 (C > A). Bottom, TF-binding sites within
25bp of the DMR as predicted by JASPAR and visualised in the UCSC Genome Browser (hg19).
The TFs are marked by grey bars with the direction of the arrows within the boxes indicating
the DNA strand the TF is predicted to bind to (arrows pointing to the left = antisense strand,
arrows pointing to the right = sense strand). B. Expression levels (transcripts per million (TPM))
of TFs predicted to bind within the DMR in synovial fibroblasts (left) and chondrocytes (right).
Bars show the mean +SEM. The y-axes are linear segmented scales with 3 segments. GraphPad
Prism 9.0 was used for the data visualisation. C. RFX6 binding motif with the nucleotide
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positions on the x-axis and the height of the letter corresponding to the binding affinity of the
TF to that nucleotide. The position of the SNP rs734657 (position 2) is highlighted in pink. The
image was adapted from the JASPAR database using Affinity Designer 2.1.

5.4. Discussion

Understanding the molecular mechanisms behind GWAS signals is an essential step in
identifying potential therapeutic targets. Identification of QTLs can help identify the target
genes of these signals. It is important to remember, however, that these QTLs can be cell
type-specific and can occur under different physiological contexts or during different stages
of developmentZ, The discovery of these cell type-specific QTLs is problematic for diseases
where relevant tissues are not easily obtainable. In OA, however, arthroplasty surgery
provides researchers with access to multiple joint relevant tissues. Despite this, cartilage-
centric studies dominated the field for a long time with interest in the complexities of the
multi-tissue crosstalk only gathering momentum in the past decade. In this chapter |
undertook a functional analysis of the two OA signals operating on COLGALT2 described in
cartilage (Chapter 3 and Chapter 4) in another OA-relevant tissue, synovium. The effects of
the signal marked by rs1046934 on DNAm at cg15204595 and cg21606956, and on the
expression of COLGALT2 and TSEN15 were not detected in synovium, meaning the signal is
not active in all joint-related tissues. The OA risk signal marked by rs11583641, however, was

found to act as a QTL in both cartilage and synovium.

We started by investigating the relationship between the risk SNP rs11583641 and
DNAm at the COLGALT2 enhancer in synovium tissue from arthroplasty patients. Our
investigation revealed that in synovium the risk allele of the SNP, C, is associated with higher
DNAm compared to the non-risk allele, T, the opposite of what had been observed in
cartilage. The mQTL effect is present at more CpG sites within the enhancer in synovium
(7/12) compared to cartilage (5/12) and the effect is stronger at all differentially methylated
CpGs. Average DNAm levels at the enhancer were also lower in synovium compared to
cartilage. None of the samples used in these analyses were matched and direct comparisons

between DNAm levels in the different tissues within the same patient was not possible.

AEl analysis revealed that the rs11583641 risk allele corresponds to higher COLGALT2
expression relative to the non-risk allele. These findings, again, showed an opposite trend to

what was observed in cartilage. The allelic imbalance was consistent across all samples.
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Using a reporter gene assay, we tested the regulatory function of the region containing
the rs11583641 differentially methylated CpGs and the impact DNAm at the CpGs has on that
activity in the SW982 synovial fibroblast sarcoma cell line, a synovium cell model commonly
used in studies of RAZ. Similar to our observations in the TC28a2 chondrocyte cell model
(Chapter 3, Section 3.3.4), we confirmed that the region containing the differentially
methylated CpG sites acts as an enhancer in synovial fibroblasts. Furthermore, as observed in
chondrocytes, an allelic effect was observed. The Lucia-reporter gene constructs containing
the C allele of rs734657, corresponding to the C allele of rs11583641, showed higher
expression of the reporter gene compared to the constructs containing the non-risk allele.
The methylation status of the region also influenced gene expression with lower DNAm
resulting in higher Lucia readings. These results were not corroborated by our observations
in patient samples where the risk allele of rs11583641 was associated with higher DNAm at
the enhancer and lower expression of COLGALT2. While reporter gene analyses are an
inexpensive, rapid, and sensitive tool for assessing the regulatory function of DNA elements,
there are also several limitations to this in vitro model. The experiment investigates a piece
of DNA isolated from its normal genomic and chromatin context, with a lack of the 3D
conformation that would be observed in vivo; this can impact on the accessibility of the region
to TFs. Furthermore, in vitro DNA methylation of the constructs using enzymes results in
constructs that completely lack methylation and constructs that are completely methylated,

whereas the DNAm status of a region between primary cells is more variable.

To test the true effect of DNAm at the enhancer upon gene expression in the SW982
cells we performed a targeted RNA-guided methylation and demethylation of the region using
dCas9 coupled with DNMT3a and TET1, respectively. The results of the experiment showed
an antagonistic relationship between DNAm at the enhancer and COLGALT2 expression;
increased DNAm led to decreased COLGALTZ2 expression, and vice versa. The expression of
the other two genes in the region, RGL1 and TSEN15, was not affected following the
epigenetic modulation of the enhancer. The DNAm status of CpGs 7-10 appeared to have the
strongest effect on COLGALT2 expression. DNAm levels at these CpGs is lower in SW982 cells
and it is possible that TFs that bind in a DNAm-dependent fashion to these CpGs drive
COLGALTZ2 expression.
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Based on this hypothesis we identified TFs predicted to bind at the region using the
JASPAR TF database. Thirteen of the TF that were predicted to bind were expressed in
cartilage and/or synovium, with many showing differences in their levels of expression

between the two tissue types.

The enhancer region containing the differentially methylated CpGs was found to
regulate the expression of COLGALT2 in both cartilage and synovium from OA patients.
Methylation and demethylation of the CpGs using dCas9-DNMT3a or dCas9-TET1 proteins and
six gRNAs targeting the region showed a causal link between DNAm at the enhancer and
COLGALT2 expression in both TC28a2 chondrocytes and SW982 synovial fibroblasts,
suggesting that the mechanism through which the enhancer drives COLGALT2 expression is

identical in cartilage and synovium.

The mechanism through which the OA GWAS SNP affects the DNAm at the enhancer
and gene expression, however, appears to be different between the tissues. In patient
samples we observed mQTL and eQTL effects showing opposite trends in cartilage compared
to synovium. The risk allele of rs11583641 was associated with low DNAm at the enhancer
and high expression of COLGALT2 compared to the non-risk allele in cartilage, whereas in

synovium the risk allele was associated with high DNAmM and low COLGALT2 expression.

We hypothesise that the observed differences in the directions of the mQTL and the
eQTL are due to differences in TFs binding to the causal SNP between cartilage and synovium.
These differences can be quantitative (specific TF(s) can be more expressed in one tissue
compared to the other) and/or qualitative (a different repertoire of TF can be expressed in
different cells). Since the causal SNP at the locus is not known, confirmation of what TFs bind

at the SNP and if they are differentially expressed in cartilage and synovium is not possible.

Based on the available information, we propose a model to explain the differences we
observe between cartilage and synovium in the regulation of COLGALT2 expression by the
enhancer containing the differentially methylated CpGs. The model is based on allelic
differences in the TF binding affinity at the causal SNP (rs11583641 or another SNP in high LD

with it), combined with different TF being expressed in the two tissue types.

In our theoretical model, the locus's causal SNP possesses a risk allele, denoted as “C”

and a non-risk allele, denoted as “T”. Within cartilage, the risk allele "C" exhibits a higher
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affinity for, or interacts with, a greater number of TFs in comparison to the non-risk allele “T”.

The same applies to the alleles in synovium but with a different subset of TFs (Figure 5.10).

The TF(s) binding to the risk allele C in cartilage and the ones binding to the non-risk
allele T in synovium result in lower DNAm levels at the enhancer which then recruits more of
a TF that binds at the enhancer and leads to increased COLGALT2 expression (Figure 5.10).
The different set of TFs that bind to the non-risk T allele in cartilage and to the risk allele Cin
synovium lead to higher levels of DNAm at the enhancer, less of the TF that binds to the

enhancer and lower levels of COLGALT2 expression.

In our model the effect of the alleles of the disease-associated SNP on DNAm at the
enhancer are different between the tissues but the mechanism driving COLGALT2 expression

through DNAm at the enhancer is the same (Figure 5.10).

This model accounts for the results from the targeted DNAm modulation of the
enhancer in TC28a2 chondrocytes (Chapter 3, Figure 3.13) and in SW982 (Figure 5.8) which
otherwise seem to contradict the mQTL and AEl data collected from patient cartilage (Chapter

3, Figure 3.2A and 3.15A, respectively) and synovium (Figure 5.1 and 5.4A) samples.

Figure 5.10. Model accounting for the opposite effects between synovium and cartilage of the
risk allele on enhancer DNAm levels and COLGALT2 expression. The causal variant has
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hypothetical alleles C (risk) and T (non-risk). In cartilage (top box), the alleles differentially bind
transcription factors (blue and orange); in synovium (bottom box), they differentially bind
different transcription factors (green and pink). Differential transcription factor binding leads
to allele-specific enhancer methylation, resulting in quantitative differences in the binding of
common transcription factor (red). High levels of bound red TF to the enhancer lead to high
levels of COLGALT2 transcription. In the cartilage (top box), the risk-allele C is leads to higher
DNAm levels at the enhancer than the non-risk allele T, resulting in less red TF binding to the
enhancer, and therefore relatively low transcription of COLGALT2. The opposite occurs in the
synovium (bottom box). The image was generated in BioRender and adapted in Affinity
Designer 2.1.

Our investigation of the functional effects of the COLGALT2 loci marked by rs11583641
and rs1046934 in both cartilage and synovium revealed that one of the signals, rs1046934, is
not active across all joint tissues and does not contribute to the dysregulation of COLGALT2
expression in synovium tissue from OA patients. The other signal, however, was found to
affect gene expression in both tissue types. While the alleles of the SNP rs11583641
correlated with DNAm levels at CpGs at a COLGALT2 enhancer in both tissues but in opposite
directions, the effect of DNAm at the enhancer on COLGALT2 expression was identical. These
findings highlight the importance of performing targeted functional analyses of GWAS signals
in all disease-relevant tissues and understanding the mechanisms driving any effects on gene
expression before making decisions on potential therapeutic targets. In the case of the
COLGALT2 OA locus marked by rs11583641, a therapy targeted at increasing the DNAm at the
enhancer in cartilage might decrease the expression of the gene in cartilage, preventing
potential over-glycosylation of collagens leading to an increased formation of cross-links3,
which increases the stiffness of the ECM3132 and preserves the structural stability of the tissue
and its ability to withstand mechanical loading. However, if such an intervention is
administered to the entire joint and not just the cartilage, the effect it might have in synovium
could be deleterious and increase predisposition to OA. Based on the results presented in this
chapter and in Chapter 3, | hypothesise that the OA risk allele C of the rs11583641 locus is
responsible for exerting pleiotropic effects on various joint tissues. Specifically, in cartilage, it
promotes heightened COLGALT2 enzyme activity, leading to a compromise in collagen fibril
integrity and cartilage resilience. Conversely, in the synovium, it results in reduced enzyme
activity, impairing the tissue's ability to respond to injury and inflammation and to provide

the underlying cartilage with adequate nutrition.
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While risk variants having opposing effects in different tissues is rare, as evidenced by
the epigenome-wide study of OA risk signals in disease-relevant tissues published in 20221°,
it highlights the importance of targeted functional analyses in a multitude of tissues in order

to obtain a full picture of the dynamics of gene regulation in health and in disease.
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Chapter 6. Genetic and Epigenetic Regulation of COLGALT2 in Developmental Joint

Tissues

6.1. Introduction

While OA is considered a disease of old age due to its late-life onset, the large genetic
contribution to the predisposition to the disease and its strong correlation with joint
morphology!= has led to the question of whether OA has developmental origins. Further
supporting this line of thinking, as discussed in Chapter 1, is the damaging impact of the
attempt by chondrocytes from OA affected joints to repair articular cartilage, resulting in
reversion of the chondrocytes to a more developmental-like phenotype®=®. A few studies so

far have used developmental tissues/cells to understand OA predispositionZ,

Epigenetic effects associated with the genetic traits predisposing to disease
development (e.g. QTLs) can also have links to development. Studies of neurological and
metabolic disorders have shown that DNAm, as well as other epigenetic marks, are active
during development and early life and lead to an increased predisposition to disease®13, The
phenotypic consequences of epigenetic modifications occurring during the developmental
stages may only become apparent in subsequent stages in life triggered by environmental
challenges. Such epigenetically driven developmental consequences could have a role to play
in the initiation and progression of many complex diseases. However, to this day no studies
have performed extensive detection of QTLs and a comparison between their effect in

developmental and aged tissues relevant to musculoskeletal biology.

A large proportion of the genetic and epigenetic marks associated with common
diseases such as OA, as discussed in Chapter 1, are located in non-coding regions of the
genome and often reside within cis-acting regulatory elements such as transcriptional
enhancers*16, Enhancer features were originally identified in the context of developmental
loci due to the dynamic nature inherent in developmental processes. Indeed, the comparative
analysis of distinct developmental stages has the potential to unveil active enhancer features
that may not be easily discernible within a more static, differentiated cell lineage. The

functional redundancy, often attributed to developmental enhancers, serves to ensure
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precise gene expression. Regulatory elements known as shadow enhancers exemplify this
redundancy by driving similar expression patterns as primary enhancers. However, when
functioning in concert, redundant enhancers contribute to a more faithful expression,
particularly under suboptimal conditions. Redundant enhancers have been observed in
mammals’ but the extent to which non-developmental genes rely on such enhancers

remains to be established.

In Chapters 3 and 4 | described the genetic and epigenetic mechanisms driving
COLGALT2 regulation in articular cartilage chondrocytes via two independent OA GWAS
signals marked by rs11583641 and rs1046934. Both signals were found to regulate the
expression of the gene via differential DNAm at cis-acting enhancer elements. In the case of
the rs1046934 locus, two separate enhancers were found to have the same regulatory effect
on COLGALT2, demonstrating a potential regulatory redundancy similar to that observed in
developmental gene regulation. Furthermore, in Chapter 5 | described that while the
rs1046934 signal appears to not be active in all joint tissues, the rs11583641 signal was active
in another joint tissue - synovium. The tissues used in these studies were derived from older

individuals who had undergone arthroplasty.

To investigate if the QTLs described in Chapter 3 and 4 are active during development,
| carried out the functional analyses that | had undertaken on arthroplasty patient samples on
developmental foetal joint samples (cartilage and limb bud) provided by the Human
Developmental Biology Resource (HDBR). The underlying hypothesis guiding these
experiments is that the epigenetic processes governing the regulation of COLGALT2
expression in aged human joint tissues are active during foetal joint development. If so, this
would suggest a potential impact of OA genetic risk on the integrity of cartilage (and/or other
joint tissues) from early life, which may contribute to the development of the disease with

advancing age.
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6.2. Aims and objectives

6.2.1. Aims

- Determine if the mQTLs that were detected in the arthroplasty cartilage,
and which associated with the OA risk SNPs rs11583641 and rs1046934, are also

present in developmental foetal joint samples.

- Determine if the OA-associated SNPs rs11583641 and rs1046934 act as

eQTLs in the developmental samples.

- Compare the chromatin environment at the COLGALT2 locus between OA

arthroplasty and developmental cartilage chondrocytes.

6.2.2. Objectives
- Genotype developmental samples at rs11583641 and rs1046934.

- Measure DNAm levels at the 12 CpG sites associated with the OA signal

rs11583641 in the developmental samples.

- Measure DNAm levels at the two CpG sites associated with the OA

signal rs1046934 in the developmental samples.

- Perform AEI analysis in the developmental samples on COLGALT2 for

rs11583641.

- Perform AEIl analysis in the developmental samples on COLGALT2 and
TSEN15 for rs1046934.

- Generate whole-genome ATAC-seq data from OA and foetal cartilage

chondrocytes. .

- Compare the chromatin accessibility at the COLGALT2 locus between

the OA and foetal cartilage chondrocytes.
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6.3. Results

6.3.1. Detection of mQTLs associated with rs11583641 and rs1046934 in

developmental joint tissue samples

For the investigation of the COLGALT2 rs11583641 locus, the foetal cartilage samples
(n=72) were genotyped at rs11583641 and DNAm levels were measured at the previously
interrogated 12 CpGs located in an enhancer (Chapter 3). When the DNAm levels at the 12
CpGs were plotted against the genotype at the SNP, mQTLs were detected at 7/12 CpGs: CpG
4 (P=0.0001), CpG 5 (P<0.0001), CpG 6 (P<0.0001), CpG 7 (P<0.0001), CpG 8 (P<0.0001), CpG
9 (cg18131582, P<0.0001), and CpG 10 (P<0.001) (Figure 6.1). In comparison, in arthroplasty
cartilage mQTLs were detected at 5/12 CpGs (Chapter 3, Figure 3.2A). In both developmental
and aged cartilage, the risk allele C of rs11583641 is associated with lower DNAm levels

compared to the non-risk allele T.

The DNAm levels at the enhancer were lower in foetal cartilage at 10/12 CpGs (Figure
6.2), with the mean differences at CpG 1, 3, 8 and 12 being <10% (0.06% (P>0.05), 1.55%
(P>0.05), 4.55% (P=0005) and 8.9% (P<0.0001), respectively) while at the other CpGs the
differences were larger: CpG 4 (13.76% (P<0.0001)), CpG 5 (16.05% (P<0.0001), CpG 6 (20.89%
(P<0.0001)), CpG 7 (23.35% (P<0.0001)), CpG 9 (cg18131582, 23.09% (P<0.0001)) and CpG 10
(25.11% (P<0.0001).
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Figure 6.1. Cartilage mQTL analysis of 12 CpG sites within the COLGALT2 enhancer associated
with rs11583641 in developmental samples. Violin plots showing DNAm values in foetal
cartilage samples at the 12 investigated CpGs, stratified by rs11583641 genotype. Solid lines
and dashed lines inside the plots represent median and interquartile range, respectively. P-

values were calculated using simple linear regression. GraphPad Prism 9.0 was used for
statistical analyses and data visualisation.
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Figure 6.2. Comparison of the DNAm levels at the enhancer associated with rs11583641
between foetal and arthroplasty cartilage samples. Violin plots showing DNAm levels at the
12 investigated CpGs in developmental foetal (n= 65-72) and aged arthroplasty (n=102-126)
cartilage samples. Solid and dashed horizontal lines represent the median and interquartile
range, respectively. P-values were generated using Mann-Whitney tests. ** = P < 0.01; ***

=P<0.001, **** =P <0.0001. GraphPad Prism 9.0 was used for statistical analyses and data
visualisation.

The GE% was much stronger (>30% difference) in foetal cartilage compared to aged
cartilage from arthroplasty samples at all differentially methylated CpG sites (Figure 6.3)

except for CpG 8 (52% in arthroplasty samples and 51.4% in foetal cartilage).
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Figure 6.3. Heatmap showing the contribution of the rs11583641 genotype to the observed
DNAm levels differences at the 12 CpGs in developmental foetal (n= 65-72) and aged
arthroplasty (n=102-126) cartilage samples. The heatmap displays r? values calculated by
linear regression analysis, converted to percentages. GraphPad Prism 9.0 was used for
statistical analyses and data visualisation.

In the foetal limb bud samples (n=14-19) mQTLs were detected in 3/12 CpGs: CpG 8
(P=0.02), CpG 9 (cg18131582, P=0.0006) and CpG 10 (P=0.003) (Figure 6.4). These were the
CpGs with the strongest GE% in foetal cartilage (Figure 6.3) and their detection in the much
smaller number of limb bud samples is likely a reflection of the large contribution of

rs11583641 genotype to DNAm at these three CpGs.
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Figure 6.4. mQTL analysis of 12 CpG sites within the COLGALT2 enhancer associated with
rs11583641 in developmental mixed tissue limb bud samples. Violin plots showing DNAm
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values in foetal cartilage samples at the 12 investigated CpGs, stratified by rs11583641
genotype. Solid lines and dashed lines inside the plots represent median and interquartile
range, respectively. P-values were calculated using simple linear regression. GraphPad Prism
9.0 was used for statistical analyses and data visualisation.

Since the joint origin (knee or hip) of the foetal cartilage and limb bud samples used in
our DNAm analysis was undisclosed to us, a comparison was not undertaken of DNAm at the

CpGs stratified by hip and knee.

For the rs1046934 locus, the arthroplasty mQTLs at cg15204595 and cg20606956
were detected in both foetal cartilage (P=0.0001 and P=0.002, respectively) (Figure 6.5A) and
limb bud (P=0.02 and P=0.009, respectively) (Figure 6.5B). As observed in the aged cartilage
(Figure 4.6B), the risk allele A at rs1046934 correlated with lower DNAmM compared to the
non-risk C allele at both differentially methylated CpGs in foetal samples. The mean DNAm
levels at cg15204595 are higher in foetal (66.7%) compared to aged cartilage (62.83%)
(P=0.0002) but are lower in the foetal compared to aged cartilage for cg20606956 (40.00%
and 61.10%, respectively; P<0.0001) (Figure 6.6).
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Figure 6.5. mQTL analysis at cg15204595 and cg21606956 in developmental samples. A.
Violin plots showing DNAm values in foetal cartilage samples at cg15204595 (left) and
€g21606956 (right), stratified by rs1046934 genotype. Solid lines and dashed lines inside the
plots represent median and interquartile range, respectively. P-values were calculated using
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simple linear regression. B. Same as A. for foetal limb bud samples. Due to the low number of
CC homozygotes (<3), these samples were combined with AC heterozygotes for the limb bud
analysis. P-values were calculated using simple linear regression. GraphPad Prism 9.0 was
used for statistical analyses and data visualisation (A. and B.).

Figure 6.6. Comparison of the DNAm levels at cg15204595 and cg21606956 between foetal
and arthroplasty cartilage samples. Violin plots showing DNAm levels at the 12 investigated
CpGs in developmental foetal and aged arthroplasty cartilage samples. Solid and dashed
horizontal lines represent the median and interquartile range, respectively. P-values were
calculated using Mann-Whitney tests. GraphPad Prism 9.0 was used for statistical analyses
and data visualisation.

6.3.2. Identification of COLGALT2 allelic expression imbalance in developmental joint

tissue

Since the effects of rs11583641 and rs1046934 on DNAm at the COLGALT2 enhancers

were detected in developmental samples, the presence of eQTLs was also investigated.

AEl analysis in foetal cartilage samples heterozygous for rs11583641 revealed that the
risk allele C is associated with increased COLGALT2 expression (1.15-fold increase, P=0.01)
(Figure 6.7A). The mean effect observed in arthroplasty cartilage was stronger (1.94-fold
increase, Chapter 3, Figure 3.15A). As observed in the aged cartilage, some foetal cartilage

samples do not show AEI (Figure 6.7A).

No AEl was detected in limb bud samples (P=0.47) (Figure 6.7B). The presence of an
eQTL in these samples, however, cannot be ruled out, given the relatively small sample size
(6 limb bud versus 20 cartilage) and the observed absence of AEl in many of the cartilage

samples.
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Figure 6.7. AEl analysis of COLGALT2 for the rs11583641 locus in developmental cartilage
samples. A. Left, Allelic (C/T) ratios in foetal cartilage samples heterozygous for rs11583641.
In each sample, the ratio of values for cONA and DNA between the OA-risk allele C and the
non-risk T allele was plotted; each symbol represents 1 of 3 technical repeats. Right, Mean
DNA and cDNA values in the presence of the C allele versus the T allele in heterozygous
patients. Values are shown as a box plot, with the line inside the box representing the median,
the box showing the interquartile range, and whiskers showing the minimum and maximum
values. P-value was calculated using Wilcoxon’s matched pairs signed rank test. B. Same as
A. for foetal limb bud samples. GraphPad Prism 9.0 was used for statistical analyses and data
visualisation (A. and B.).

No meQTLs forthe 12 rs11583641 enhancer CpG sites were detected in foetal cartilage
nor in limb bud samples (Figure 6.8A and B, respectively). In arthroplasty cartilage meQTLs

were detected for CpGs 4, 8 and 9 (cg18131582) (Chapter 3, Figure 3.15C).

For the rs1046934 locus, AEl was identified for COLGALT2 and TSEN15 in foetal
cartilage (Figure 6.9A and B, respectively), mirroring the pattern observed in human
arthroplasty cartilage (Chapter 4, Figure 4.4). The OA risk allele C at rs114661926
(corresponding to the risk allele A of rs1046934) exhibited an average 1.35-fold increase in
COLGALT?2 expression (P<0.0001), while the OA risk allele G at rs2274432 (corresponding to
the risk allele A of rs1046934) showed an average 1.03-fold increase in TSEN15 expression
(P=0.04). Only one foetal limb bud sample passed AElI QC and AEIl analysis of this tissue was

not therefore performed.
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Figure 6.8. Relationship between DNAm at the enhancer and COLGALT2 AEl ratios. A. Allelic
ratios (logz) of COLGALT2 (x-axis) are plotted against matched DNAm levels (M-values) (y-axis)
at the investigated CpGs (CpG 1-12). Each dot represents data from 1 foetal cartilage sample.
P-values were calculated using simple linear regression and the test statistics are shown to the
right of each plot (P-value, R? and number of samples used for the analysis). B. Same as A. for
foetal limb bud samples.

meQTLs for the rs1046934 CpGs cg15204595 and cg20606956 were observed in the
foetal cartilage samples for COLGALT2 (P=0.02 and P=0.0001, respectively) but not for TSEN15
(P=0.27 and P=0.29, respectively) (Figure 6.10A and B), confirming that while the SNP
rs1046934 may affect the expression of both genes, the expression of COLGALT2 is specifically
contingent upon the levels of DNAm at the enhancer regions containing cg15204595 and
cg20606956. As observed in arthroplasty cartilage (Chapter 4, Figure 4.7A), the direction of
the correlation between DNAm levels and COLGALT2 expression at ¢gl15204595 and
€g20606956 is in opposing directions in foetal cartilage (Figure 6.10A) despite the individual
effects of the SNP upon DNAm at the CpGs (Figure 6.5A) and upon the expression of the gene
(Figure 6.9A) being in the same direction. These observations in foetal cartilage are in line

with the theoretical model explaining this phenomenon described in Chapter 4 (Figure 4.9).
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Figure 6.9. AEl analysis of COLGALT2 and TSEN15 in foetal cartilage samples for the rs1046934
locus. A. Left, Allelic (C/G) ratios in foetal cartilage samples heterozygous for COLGALT2
transcript SNP rs11466192. In each sample, the ratio of values for cDNA and DNA between the
OA-risk allele and the non-risk allele was plotted; each symbol represents the mean of 3
technical repeats. Right, Mean DNA and cDNA values in the presence of the risk allele versus
the non-risk allele in heterozygous samples. Values are shown as a box plot, with the line inside
the box representing the median, the box showing the interquartile range, and whiskers
showing the minimum and maximum values. P-value was calculated using Wilcoxon’s
matched pairs signed rank test. B. Same as A. for TSEN15 SNP rs2274432 (G/A; risk/non-risk).
GraphPad Prism 9.0 was used for statistical analyses and data visualisation (A. and B.).

205



Figure 6.10. Relationship between DNAm at the enhancer and COLGALT2 AEl ratios in foetal
cartilage samples. A. Graphs show allelic ratios (logz) of COLGALT2 (rs114661926) plotted
against matched DNAm levels (M-values) at cg15204595 and cg21606956. Each dot
represents data from 1 individual. P-values were calculated using simple linear regression. B.
Same as A. for TSEN15 (rs2274432). GraphPad Prism 9.0 was used for statistical analyses and
data visualisation (A. and B.).

6.3.3. Characterisation of chromatin accessibility at the COLGALT2 locus in

developmental and aged cartilage chondrocytes

While the mQTLs and eQTLs observed at the OA loci marked by rs11583641 and
rs1046934 are present in both aged and developmental samples, the differences in the
strength of the signals between these samples required further investigation. Data on
genome-wide chromatin accessibility was generated (utilizing ATAC-seq) from OA patients’
cartilage obtained during knee arthroplasty (n=5) and hip arthroplasty (n=5) procedures.
Additionally, chromatin accessibility data was obtained from the cartilage of the proximal end

(hip, n=6) and distal end (knee, n=6) of foetal femora (Chapter 2, Table 2.4).

The data revealed 78,219 open chromatin regions shared by all examined tissues (OA
hip, OA knee, foetal hip, foetal knee). Among these, 49,922 open regions were exclusively
found in foetal samples, while 63,058 were exclusive to aged samples. Furthermore, a
comparison between foetal and aged cartilage revealed 113,887 differentially accessible

regions at the hip joint and 121,050 such regions at the knee joint (Figure 6.11).

206



Comprehensive analysis and interpretation of the whole-genome data was carried out by Dr
Sarah Rice and Mr John Casement and published as part of a larger project2. This chapter is
focused on the chromatin environment at the COLGALT2 locus and encompassing the two

independent OA association signals: rs11583641 and rs1046934.

Figure 6.11. Differential chromatin accessibility between foetal and OA cartilage. Venn
diagram displaying the number of differentially accessible regions between OA hip (light
orange), OA knee (dark orange), Foetal hip (light blue) and Foetal knee (dark blue) cartilage.
R-studio was used for data visualisation.

Since both rs11583641 and rs1046934 form part of larger LD blocks, | used the
chromatin accessibility data to determine if any of the SNPs in the LD blocks fall within open
chromatin regions in arthroplasty and/or foetal cartilage (Figure 6.11) and could therefore be

prioritised as potential causal SNPs driving the observed effects.

Out of the 24 SNPs in high LD (r?>0.8, GBR) with rs11583641, two fall within open
chromatin regions (Figure 6.12A, panels b and d): rs10911467 (r?=1.00, GBR) and rs734657
(r’=0.83, GBR). rs10911467 resides within an intron of RGL1, in a region marked as an
enhancer in MSC-derived adipocytes, adipose-derived MSCs and osteoblasts, and as a
flanking TSS in MSC-derived chondrocytes (Figure 6.12A, panels a and c). The second SNP,
rs734657, is located within the differentially methylated enhancer investigated in Chapters 3
and 5; the reporter gene assays from these chapters suggest that this SNP has allelic effects

on gene transcription (Figures 3.6 and 5.6).

The LD block encompassing rs1046934 includes 20 SNPs (Figure 6.12B, panel b).
Among these, three SNPs, rs114661926 (r2=0.86, GBR), rs74767794 (r2=0.88, GBR), and
rs2274432 (r2=1.00, GBR), are situated in open chromatin regions observed in both OA and
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foetal samples (both hip and knee) (Figure 6.12B, panels b and d). The first two SNPs are

positioned in intron 1 and the 5’UTR of COLGALT2 (Figure 6.12B, panels a and b), respectively,

within regions annotated as a TSS in joint-relevant cell types (Figure 6.12B, panel c).

rs2274432 is also situated in a TSS, within the 5’UTR of TSEN15 (Figure 6.12B, panels a, b, and

).
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Figure 6.12. Prioritisation of SNPs at the COLGALT2 locus based on chromatin accessibility in
OA and foetal chondrocytes and on histone marks in relevant cell types. A. Schematic overview
of the rs11583641 signal. Panel a, Relative genomic position of portions of the COLGALT2 and
RGL1 genes, visualized using the UCSC Genome Browser (hg19). Panel b, The location of
rs11583641 (red line) and the SNPs in high LD (pairwise r2 > 0.8) with it (black lines). The two
SNPs in open chromatin (rs10911467 and rs734657) are highlighted in purple. Panel c,
Chromatin state data, as determined from the Roadmap project, for primary human
mesenchymal stem cells (H1 MSC), MSC-derived chondrocytes (MSC.DR.CHON) and adipocytes
(MSC.DR.ADIP), adipose-derived MSCs (ADIP.DR.MSC), and human osteoblasts. Colours
correspond to different chromatin states, as indicated in legend at bottom. Panel d, Open
regions marked by ATAC-sequencing peaks in hip and knee chondrocytes from OA (hip, light
orange blocks; knee, dark orange blocks) and foetal (hip, light blue blocks; knee, dark blue
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blocks) cartilage samples. B. Schematic overview of the rs1046934 signal. Panel a, Relative
genomic position of portions of the COLGALT2 and TSEN15 genes, visualized using the UCSC
Genome Browser (hg19). Panel b, The location of rs1046934 (red line) and the SNPs in high LD
(pairwise r2 > 0.8) with it (black lines). The three SNPs in open chromatin (rs114661926,
rs74767794, and rs2274432) are highlighted in purple. Panel c and Panel d, same as for A.

| next examined the chromatin accessibility status of the regions containing the

rs11583641 and rs1046934 mQTL enhancer CpGs (Figure 6.13).

Forrs11583641, | focussed on the eight CpGs that had shown evidence of being mQTLs
in the earlier studies; CpG 3-10. These are located within or just outside of ATAC-seq peaks in
OA (hip and knee) and foetal (hip and knee) chondrocytes (Figure 6.13A). The level of
accessibility of the chromatin corresponds to the height of the ATAC-seq peaks; the peaks in

foetal chondrocytes are higher and broader than those in OA chondrocytes.

For rs1046934, cg15204595 does not fall within an open chromatin peak but is located
close to one (Figure 6.13B). This peak is broader and higher in OA chondrocytes compared to
foetal chondrocytes. The second rs1046934 CpG, cg21606956, is located within an open
chromatin region in both OA and foetal chondrocytes, with the region being more accessible

in knee chondrocytes (Figure 6.13C).
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Figure 6.13. Chromatin accessibility at the COLGALT2 enhancer CpGs. A. Genomic position of
the differentially methylated CpGs associated with rs11583641 along Chromosome 1 (hg 19)
visualised in the Integrative Genomics Viewer (hg19). The peaks show the average accessibility
of the region in chondrocytes from OA knee (dark orange), OA hip (light orange), foetal knee
(dark blue), and foetal hip (light blue) chondrocytes. The height of a peak corresponds to the
level of accessibility with higher peaks marking more accessible areas. B. and C. Same as A.
for the regions containing cg15204595 and cg21606956, respectively.

6.4. Discussion

In this chapter the genetic and epigenetic regulation of COLGALTZ2 in developmental
cartilage samples were investigated in to better understand the developmental origins of OA.

The QTLs, associated with both expression and methylation, detected in OA-relevant tissues
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from aged arthroplasty samples for the OA GWAS signals marked by rs11583641 and
rs1046934, were detected in cartilage and mixed tissue limb bud samples of developmental
origin.

The AEIl and the mQTL effects detected in arthroplasty cartilage for the rs11583641
signal were also detected in foetal cartilage and the effects upon DNAm levels at the enhancer
were stronger than those observed in aged cartilage. Based on the data presented in this
chapter, | hypothesise that DNAm levels at the enhancer undergo precise regulation during
development, requiring lower methylation levels to tightly regulate the expression of
COLGALT2 as the joint develops. As individuals age, methylation levels at the enhancer
increase to ensure appropriate collagen glycosylation in aging cartilage. Conversely, in
cartilage from joints affected by OA, there is a partial reversal of this process, evidenced by
lowered DNAm levels compared to those in non-OA-affected NOF control samples (Chapter
3, Figure 3.4A), leading to dysregulated COLGALT2 expression. This observed phenomenon
may represent an attempt by chondrocytes in OA-affected joints to initiate cartilage repair,

resulting in a more developmental-like phenotype.

Currently the prevalent hypothesis is that the crosstalk between genetic variants,
epigenetic marks and gene expression regulation is carried out by TFsi229, As previously
mentioned, TF binding can be methylation dependent, but the accessibility of the chromatin
largely governs TF binding. The lower DNAm levels in foetal cartilage also suggest that TFs can
bind more easily to the regionZ22, The ATAC-seq data generated suggest that the chromatin
region harbouring the differentially methylated rs11583641 CpGs is more accessible in foetal
samples compared to aged ones (Figure 6.13A). These data imply that the enhancer is more

active in developmental cartilage and could be under tighter regulatory control by TFs.

The mQTLs at this enhancer were present in foetal limb bud tissue but only at CpGs 8,
9 and 10 (Figure 6.4). It is plausible that these effects primarily stem from the cartilage
component within the more heterogenous tissues of the limb bud, suggesting that the
differentially methylated region is limited to these CpGs because the effect is not present in
other tissues and is only detectable where it is strongest in cartilage. The significance of these
three CpGs was underscored by CRISPR/Cas9 experiments conducted in Chapters 3 and 5,
where targeted changes in DNA methylation at these specific CpGs led to the most substantial

alterations in COLGALT2 expression. Alternatively, it's possible that in other joint tissues, the
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mQTL effect operates in the opposite direction to what was observed in foetal cartilage (as
seen in aged synovium in Chapter 5, Figure 5.2A), and in a heterogenous tissue, it gets
counterbalanced by the cartilage component of the mixture, with only the CpGs where the
effect is most pronounced being detected. Additionally, it is important to acknowledge that
the limb bud samples originate from earlier developmental stages (Chapter 2, Table 2.3), and
the epigenetic influences on the regulatory elements may differ from those observed in later

stages of development.

The eQTL detected in the developmental samples for the rs11583641 signal were not
present in all foetal samples, a pattern that was observed in Chapter 3 for arthroplasty
cartilage (Figure 3.15A). Additional but unrelated genetic variation could potentially explain
these differences in expression between the samples. Further investigation into this could
provide interesting and useful insights into the regulation of COLGALT2 as the effect appears
to be cancelling out the one caused by the OA-risk allele of rs11583641 which leads to

increased COLGALT2 expression in OA cartilage.

The second OA locus associated with COLGALT2 expression in aged cartilage,
rs1046934, was also studied in foetal samples and mQTLs were detected in both foetal
cartilage and limb bud samples (Figure 6.5). The DNAm levels at cg15204595 were found to
be higher in developmental cartilage samples than in aged ones (Figure 6.6) and the open
chromatin peaks detected in very close proximity to the CpG were smaller and less broad
(Figure 6.13B). On the other hand, the DNAm at cg21606956 is higher in developmental
samples and the open chromatin peak which marks the region harbouring the CpG does not
appear to be broader or higher in arthroplasty chondrocytes (Figure 6.13C). Differences in the
accessibility at the region between knee and hip chondrocytes appear to be present (Figure
6.13C) but since no data on the joint origin of the foetal samples used for the mQTL analysis
was available, the DNAm values measured at the CpG could not be stratified by joint site.
Since the two enhancers were shown to regulate COLGALT2 expression in arthroplasty
cartilage via the same mechanism (differential DNAm levels) and in the same direction, it is
possible that these enhancers regulate expression via the redundancy method briefly
mentioned previously with one of the two enhancers serving as a “shadow” enhancer that is
only used to fine-tune gene expression and ensure its faithful regulationZ. In OA cartilage the

co-operation of the two enhancers might be disrupted, with both enhancers being actively
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involved in gene expression activation leading to levels of higher levels of COLGALT2
expression compared to those measured in healthy aged tissueZ2. CRISPR/Cas9 experiments
of modulating the enhancers in developmental as well as in healthy aged chondrocytes could

be used to test this hypothesis.

The rs1046934 eQTLs detected in arthroplasty cartilage were also detected in foetal
cartilage, with the effects being observed in the same direction; risk A allele associating with
higher expression of both COLGALT2 and TSEN15 (Figures 4.4 and 6.9). The COLGALT2 meQTLs
detected in arthroplasty cartilage (were also detected in foetal cartilage, with the slopes of
the meQTLs at cg15204595 and cg20606956 in foetal operating in the same opposite
directions as observed for arthroplasty (Figures 4.8A and 6.10A). The foetal data is therefore
consistent with the explanation proposed earlier to explain the apparent discrepancy in the

cg15204595 and cg20606956 COLGALT2 meQTLs (Figure 4.9).

For the rs11583641 and rs1046934 OA signals, regional chromatin accessibility data
combined with chromatin state annotations from the ROADMAP project* highlighted SNPs
from the LD blocks that could potentially be causal and driving the observed effects,
prioritizing them for further analyses. For the rs11583641 LD block containing, one of the two
SNPs that fall within accessible chromatin regions is rs734657, located within the differentially
methylated enhancer (Figure 6.12A). Lucia reporter gene assay results (Figures 3.6 and 5.6)
highlight genotype at this SNP as potentially modulating gene expression and Lucia activity.
However, in patient samples the correlation between the SNP and DNAm at the enhancer
CpGs was in general weaker than that observed for the rs11583641 SNP (Section 3.3.5). While
this highlights the SNP as a potential causal variant further in vitro investigations, including
CRISPR/Cas9 directed base editing techniques in relevant patient derived primary cells, are

needed to determine if it is driving the observed effects.

For the rs1046934 LD block, three SNPs were highlighted as potentially causal based
on their location within open chromatin regulatory regions (Figure 6.12B). These SNPs reside
in TSS associated with both COLGALT2 and TSEN15, confirming their capacity to regulate the
expression of both genes. While it is plausible that only one SNP per LD block is causal, it is
possible that multiple SNPs work in unison (a haplotype effect) to exert an impact on gene

expression and/or DNAm levels at CpGs and this might be the mechanism through which this
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signal exerts effects on both COLGALT2 (via DNAm levels at cg15204595 and cg20606956) and
TSEN15.

Even though OA primarily affects older individuals, research has indicated that the
susceptibility to OA may have its roots in early development®Z, The rs11583641 and
rs1046934 signals, that mediate their effect by regulating the expression of COLGALT2, are
only two of a number of other OA genetic signals reported to be functionally active during

joint development 18,

Investigating the regulation of COLGALT2 in developmental cartilage provides valuable
insights into the origins of OA. Genetic and epigenetic mechanisms influencing certain OA-
risk loci during early development may predispose individuals to the disease later in life. By
targeting the developmental stages where the disease begins, innovative therapeutic
strategies could be developed, offering more precise and effective interventions. Current
therapy development strategies focus on restoring cartilage by enhancing chondrocyte
homeostasisZ2, preventing ROS accumulation?®, combating senescence?’ or even engineering
artificial cartilage?822, However, given the significant genetic contribution to OA and the
likelihood that some predispositional mechanisms are active during development,
approaches such as gene therapies or using the CRISPR-Cas9 system to modulate the

(epi)genome may provide more targeted and impactful treatments.
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Chapter 7. Role of the COLGALT2 enzyme in chondrocyte biology

7.1. Introduction

As discussed in Chapter 1, collagens are the most abundant proteins in the human
body, performing a variety of functions from providing structural support to facilitating
molecular processes such as cell adhesion, signal transduction, and maintaining tissue
integrityl. They contribute to the mechanical strength, stability, and functionality of collagen-
rich tissues such as skin, bone, cartilage, tendons, and blood vessels. To produce functional
collagen molecules, procollagen peptides undergo extensive PTMs which are fundamental for
the proper assembly of fibrils, the formation of functional collagen networks, and the
regulation of collagen turnover in tissues2. Chapters 3 to 6 provide an in-depth examination
of the functional characterization of GWAS signals associated with OA in two joint relevant
tissues - synovium and cartilage. The analyses encompassed both healthy and diseased
cartilage and included investigations in developmental and aged state. The target of these
two signals in both tissues and across all conditions was found to be COLGALT2, a gene
encoding one of the two enzymes responsible for carrying out the first of two steps modifying
hydroxylysine to glucosylgalactosylhydroxylysine residues3. Changes in collagen glycosylation
have been linked to various bone-related conditions, including osteogenesis imperfecta®2,
bone diseases such as osteosarcoma® osteofibrous dysplasia®, as well as melanomaZ, cerebral
small vessel abnormality and porencephaly®. Unlike its ortholog, COLGALT1, which is
ubiquitously expressed, COLGALT2 is expressed in fewer tissues, predominantly brain3. The
results of Chapters 3-6 demonstrate that COLGALT2 is also expressed in joint-related tissues
— cartilage and synovium. While both COLGALT enzymes possess the same
galactosyltransferase activity in vitro3, the tissue specific expression pattern of COLGALT2
suggest that they play distinct roles, potentially mediating the glycosylation of specific

collagens.

In order to study the biological function of this protein in the context of chondrocyte
biology, a reliable in vitro model capturing the dynamics and phenotype of chondrocytes was

required.
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TC28a2 cells are the gold standard for investigating cartilage processes in an
immortalised human chondrocyte model. Derived from human costal chondrocytes, their
homogeneity and amenability to genetic manipulation render them invaluable for dissecting
molecular pathways and gene functions in chondrocyte physiology. This cell line provides a
consistent and reproducible platform, crucial for validating experimental outcomes.
However, the relevance of TC28a2 cells in disease-specific contexts, particularly OA, is limited.
Originating from healthy tissue and not from joints typically afflicted by OA (e.g., hip or knee),
these cells may not accurately mirror the pathophysiological state of diseased cartilage.
Furthermore, the phenotype of TC28a2 in monolayer culture raises concerns about
limitations in recapitulating the physiological state, which is essential for the accurate

modelling of cartilage diseases?.

In contrast, primary chondrocytes, often sourced from OA patients or aged donors,
offer a more pathologically relevant model. These cells, however, are encumbered by
significant drawbacks. The limited proliferation capacity of primary chondrocytes poses a
challenge for their use in extensive research applications. Their unnameability to genetic
modification further restricts the scope of mechanistic studies. Moreover, primary
chondrocytes are susceptible to dedifferentiation when cultured in monolayer, potentially

leading to an erosion of their native chondrocyte phenotypeZl,

The differentiation of MSCs into chondrocytes presents a developmental model for
cartilage research, along with the ability to engineer de novo cartilage in the laboratory.
Immortalised stem cells therefore offer a bridge between the use of primary chondrocytes
and cell lines like TC28a2L. A primary advantage of MSCs is their pluripotency. Unlike primary
chondrocytes and cell lines, MSCs can differentiate into a variety of cell types, including
chondrocytes, under specific culture conditions. This flexibility allows the interrogation of the
complete process of chondrogenesis, from stem cell to mature chondrocyte, providing
insights into the developmental pathways and factors influencing cartilage formation.
Moreover, MSCs can be sourced from various tissues with a different degree of accessibility,
such as bone marrow, adipose tissue, and umbilical cord blood, offering a diverse range of
research opportunities. Their ability to proliferate extensively in vitro without significant loss
of differentiation potential is another key advantage, addressing the limitation of limited

proliferation capacity seen in primary chondrocytes.
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The differentiation of MSCs into chondrocytes is not without challengesiL. The process
can be complex and requires a well-defined and controlled environment, including specific
growth factors and mechanical stimuli, to ensure successful and consistent differentiation. In
the context of cartilage research, the use of MSCs as an intermediate model offers a
complementary approach. While primary chondrocytes and cell lines like TC28a2 provide
insights into specific aspects of chondrocyte biology and pathology, MSC-derived
chondrocytes offer a dynamic system to study the complete spectrum of chondrogenesis. This
model can significantly contribute to the understanding of cartilage development and
regeneration, as well as to the development of new therapeutic strategies for cartilage repair

and regeneration in degenerative diseases.

In this Chapter | describe a study into the role of the COLGALT2 protein in the biology
of chondrocytes, using an immortalised adipose derived MSC line, which constitutively

overexpress SOX9 to enhance their in vitro chondrogenic potential (ASC52teloSox9)12.

7.2. Aims and objectives

7.2.1. Aims
- ldentify the necessity of collagen glycosylation in chondrogenesis.
- Determine which collagen(s) are the target(s) of COLGALT2 in
chondrocytes.

- Understand the changes in the proteome of cells during chondrogenic

differentiation of MSCs.

7.2.2. Objectives

- Perform CRISPR knockout (KO) of COLGALT1 and COLGALT2, along with
a double KO in ASC52teloSox9 cells.

- Confirm successful KO of the proteins in the cell line.
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- Perform a 21-day differentiation of the WT ASC52teloSox9 lines,
collecting cell pellets at DO, 7, 14 and 21 to investigate changes in the proteome

through chondrogenesis.

- Perform a 21-day differentiation of KO ASC52teloSox9 lines, collecting
cell pellets at DO and Day 21, as well as culture medium from Day 21 for proteomic

analysis.

7.3. Results

7.3.1. Proteomic analysis of ASC52telSox9 throughout chondrogenesis

Prior to the genetic manipulation of the COLGALT1/2 genes in the ASC52telSox9 cells
line, | investigated how the proteome changes within this model throughout our protocol for

chondrogenic differentiation.

The cells were cultured in differentiation medium in a 3D pellet for 21 days. Cell pellets
(n=3) were collected at days 3, 7, 14 and 21 with cell pellets (n=3) collected at DO as
undifferentiated control. Throughout the differentiation the cartilage pellets (containing
1000000 cells/pellet) visibly increased in size, demonstrating an ability to secrete ECM (Figure
7.1A). The expression of four chondrocyte marker genes was measured at each time point
(COL2A1, COL10A1, SOX9 and ACAN; Figure 7.1B) as well as the expression of COLGALT2
(Figure 7.1B). Throughout differentiation, a significant increase in the expression of SOX9 (DO
vs D21, FDR=0.026), COL2A1 (DO vs D21, FDR=0.0014) and ACAN (DO vs D21, FDR=0.018) was
observed. COL10A1, encoding the alpha chain of collagen type 10, is a marker of chondrocyte
hypertrophy. Across the 21 days of differentiation, the levels of this gene showed no
significant change (DO vs D21, FDR=0.697) (Figure 7.1B). These results confirmed successful
chondrogenesis and were indicative of a healthy chondrocyte phenotype. The levels of
COLGALT2 throughout the differentiation were also measured. The expression of the gene

was increased by Day 21 (DO vs D21, FDR=0.016) (Figure 7.1B).
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Figure 7.1. Chondrogenic potential of the ASC52teloSox9 cells. A. Neo cartilage pellets at Day
7, Day 14 and Day 21 of the differentiation protocol. B. Normalised relative gene expression
of SOX9 (green), ACAN (purple), COL2A1 (orange), COL10A1 (red) and COLGALT2 (purple) at
different time points during the differentiation protocol (x-axis). Each symbol represents the
mean of three biological replicates. Bars show mean +SEM. GraphPad Prism 9.0 was used for
statistical analyses and data visualisation.

7.3.2. CRISPR-Cas9 COLGALT1 and COLGALT2 knockout

In ASC52teloSox9 cells, CRISPR-Cas9 was used to introduce frame-shift mutations in
COLGALT1 and COLGALT2 in ASC52teloSox9 cells, disrupting the encoded proteins both
individually and in combination (to create a double KO). The successful targeting of the
proteins was determined at the transcription level by gPCR and a conferred change in protein

level was measured by Western blot.

COLGALT1 editing, resulted in a 5.34-fold decrease in mRNA levels (P=0.0095)
confirming successful, yet incomplete KO of the protein. In the double (COLGALT1 and
COLGALT2) KO cells (DKO) a 9.93-fold decrease (P=0.009) was measured (Figure 7.2A).
Similarly, COLGALT2 editing resulted in a 12.13-fold (P=0.04) decrease in mRNA expression.
However, in the DKO) cells, only a 2.98-fold reduction was observed (P=0.06) (Figure 7.2B).
Western blot analysis against the COLGALT1 (Figure 7.2A, bottom) and COLGALT2 (Figure
7.2B, bottom) revealed a decrease in the protein levels in the cells with the individual

knockouts, as well as in the cells subjected to a double knockout.
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Figure 7.2. C Confirmation of COLAGLT protein depletion prior to differentiation. A. COLGALT1
relative gene expression levels (top plot) were measured in control (WT) cells, COLGALT1 KO
(T1KO) cells and in COLGALT1+COLGALT2 KO (DKO) cells. Bars show mean of three biologic
replicates +SEM. P-values were calculated using non-paired t-tests. Western Blot against
COLGALT1 (bottom) in control (WT) cells (n=1), COLGALT1 KO (T1KO) cells (n=1) and in
COLGALT1+COLGALT2 KO (DKO) cells (n=1). COLGALT1 expected size band ~ 65KDa (top row).
Loading control, GAPDH, expected size band is at 35KDa (bottom row). B. Same as A. for
COLGALT2 (expected protein size ~ 73KDa). GraphPad Prism 9.0 was used for statistical
analyses and data visualisation (A. and B.).

7.3.3. Proteomic analysis of the differentiated chondrocytes

The proteomic analysis of the ASC52teloSOX9 differentiated cell pellets actoss the
course of chondrogenesis and the analysis of the ASC52teloSOX9-COLGALT1 and -COLGALT2

KO cell pellets detected a total of 6624 proteins with >2 peptides (see Appendix D.).

Following chondrogenesis of WT and KO cell lines, proteomic analysis revealed no
significant change in the expression of COLGALT1 compared to WT in the single (DO,
FDR=0.56; D21, FDR=0.38) or double (DO, FDR=0.31; D21, FDR=0.49) KO cells. However, the
COLGALT2 KO was significant at DO (COLGALT2 KO, FDR<0.0001; double KO, FDR=0.0007) and
D21 (COLGALT2 KO, FDR<0.0001; double KO, FDR<0.0001) (Figure 7.3). Based on this data,

further investigations focused only on the COLGALT2 KO cells.
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Figure 7.3. Knockout efficiency in ASC52teloSox9 cells. A. The measured protein abundance
(protein intensity) (y-axis) of the COLGALT1 enzyme following differentiation into
chondrocytes of WT (control, n=5), COLGALT1 KO (KO, n=5) and double COLGALT1+COLGALT2
KO (DKO, n=5) cells between DO (DO) and Day 21 (D21). Bars show mean +SEM. B. Same as A.
for COLGALT2. GraphPad Prism 9.0 was used for statistical analyses and data visualisation (A.
and B.).

7.3.4. Phenotype of the differentiated chondrocytes

The expression of proteins encoded by the chondrocyte marker genes: SOX9,
aggrecan, collagen type Il, and collagen type X was assessed throughout chondrogenesis
(Figure 7.4). The findings were in agreement with transcript level data (Figure 7.1B), revealing
that during the 21-day differentiation period, there was a significant and sustained increase
in the protein levels of aggrecan (DO vs D21, FDR=0.018) and collagen type Il (DO vs D21,
FDR=0.001), indicating the development of a mature chondrocyte phenotype. The protein
expression of SOX9 also increased during the differentiation process (DO vs D21, FDR=0.026).
In contrast, collagen type X showed an initial increase in the early phase of differentiation (DO
vs D7, FDR=0.03), but its levels decreased towards the end, aligning with the levels observed

at DO (DO vs D21, FDR=0.69).
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Figure 7.4. Phenotype of WT ASC52teloSox9 cells following 21-day differentiation into
chondrocytes. The measured protein abundance (protein intensity) of SOX9 (green), ACAN
(purple), COL2A1 (orange) and COL10A1 (red) in WT ASC52teloSox9 cells at different time
points during the differentiation protocol (x-axis). Each symbol represents the mean of five
biologic replicates. Bars show mean +SEM. GraphPad Prism 9.0 was used for the data
visualisation.
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Figure 7.5. The measured protein abundance (protein intensity) of chondrocyte markers
following differentiation into chondrocytes of WT (control, n=5), COLGALT2 KO (KO, n=5) cells
at DO (DO, n=5) and Day 21 (D21, n=5) for SOX9 (A), Aggrecan (B), Collagen Type Il (C) and
Collagen Type X (D). Bars show mean +/-SEM. GraphPad Prism 9.0 was used for data
visualisation.
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| next considered this panel of markers in the KO cells. Protein expression level of SOX9
was significantly lower compared to the control WT cells at both the start (DO, FDR=0.0002)
and end (D21, FDR<0.0001) of the differentiation process (Figure 7.5A). This alteration in the
expression pattern highlights the influence of COLGALT2 on the differentiation of

chondrocytes and the expression of critical chondrogenesis genes.

Aggrecan levels in the COLGALT2 KO cells were consistently lower than those in the
WT cells (DO, FDR=0.0178; D21, FDR<0.0001) (Figure 7.5B). Type-Il collagen was undetectable
in COLGALT2 KO cells at the outset (D0O) and only present at minimal levels by D21, contrasting
sharply with its robust presence in WT cells (D21, FDR<0.0001) (Figure 7.5C). The levels of
collagen type X, associated with chondrocyte hypertrophy, were significantly higher
compared to the control group at D21 (FDR=0.03) but comparable at DO (FDR=0.31) since
there was a significant reduction in the expression in the COLGALT2 KO cells between DO and

D21 (P=0.043) (Figure 7.5D).

These results collectively point to a distinct phenotype in the COLGALT2 KO
ASC52teloSox9 cells compared to the WT controls. Notably, the COLGALT2 KO cells failed to
develop characteristic features of mature chondrocytes following the differentiation protocol

as demonstrated by the proteomics data.

7.3.4. Differential protein expression

Hierarchical clustering of the biological replicate samples from distinct time points in
WT cell cohort indicated the presence of two anomalous data points collected at D21 (Figure
7.6A). The COLGALT2 KO samples collected at DO and D21 segregated into two distinct
clusters corresponding to the respective time points. Notably, the Day 21 samples displayed
a higher degree of variability yet still formed a separate cluster distinguishable from the DO
samples (Figure 7.6B). For the secretome analysis involving WT and COLGALT2 KO cells at Day
21, the clustering result delineated three distinct groups. Two of these groups were primarily
characterized by the cell type, while one sample from the COLGALT2 KO Day 21 exhibited

marked dissimilarity compared to the other samples (Figure 7.6C).
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Consequently, following these clustering outcomes, two replicates from the WT Day
21 cell pellets and one sample from the COLGALT2 KO Day 21 secretome were omitted from

the differential analysis.
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Figure 7.6. Hierarchical clustering dendrogram of protein profiles. The dendrogram illustrates
the hierarchical clustering of experimental conditions (A. WT DO vs D7, WT DO vs D14, WT DO
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vs D21, WT D7 vs D14, WT D14 vs D21; B. COLGALT2 KO DO vs COLGALT2 KO D21; C. WT D21
Secretome vs COLGALT2 KO D21 Secretome) based on single linkage analysis. The vertical lines
represent the individual replicates for each condition (x-axis), and the Manhattan distance (y-
axis) indicates the similarity in protein profiles. Shorter distances between branches denote
more similar profiles. The analysis and the data visualisation were performed in R-Studio.

First, the changes to the proteome between the stem cells and the differentiated
chondrocytes were investigated prior to, and following, chondrogenesis (DO vs D21). Of the
7929 measured proteins, 2918 showed differential expression (FDR<0.05, FC> [1.5]) with
1322 (45%) increasing and 1596 decreasing (55%) (Figure 7.7A) (see Appendix E.). Gene
ontology (GO) enrichment showed that the 20 most significantly overrepresented biological
processes (FDR<0.05) include metabolic processes, cellular structure organisation, as well as
extracellular organisation and positive regulation of mesenchymal stem cell differentiation
(Figure 7.7B). Table 7.1 lists the significantly differentially expressed proteins that play a
known role in cartilage biology or are implicated indirectly in it. Among the proteins that
increase in expression are collagens (type I-VI, X-XII, XIV, XVI and XVII), as well as proteins
associated with collagen fibril formation (decorin, lumican, biglycan, matrillins), ECM
components and (aggrecan, cartilage oligomeric matrix protein) and factors involved in
chondrocyte homeostasis and development (growth differentiation factor 5, SRY-Box
Transcription Factor 9, filamin B). The proteins downregulated during chondrogenesis include
matrix metalloproteases (MMP1, MMP3), metalloprotease inhibitors (TIMP1, TIMP3) as well
as ECM components (HAS1, PRG4) and components of the TGF® pathway (SMAD3, TGFBR1).

Figure 7.7. Differential protein expression analysis of WT DO and WT D21 cells. A. Volcano plot
of protein expression differences between WT DO and WT D21 cells. The plot displays the
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results of differential gene expression analysis. Log2 fold change (x-axis), indicates the
magnitude of gene expression difference between the experimental conditions. Proteins to the
right of the plot show upregulation in D21 cells, while those to the left show downregulation.
The y-axis represents -Log10 P-value. Higher values indicate greater significance. Each dot
represents an individual protein. The blue dots are proteins showing a significant (P<0.05)
downregulation in D21 cells compared to DO cells of more than 1.5FC. The red dots are proteins
showing a significant (P<0.05) upregulation in D21 cells compared to DO cells of more than 1.5
FC. The threshold lines indicate cut-offs for significance levels (P<0.05 (y-axis)), and fold
change FC > [1.5] (x-axis)). The P-values were calculated using t-tests with Benjamin-Hochberg
correction for multiple testing. The volcano plots were produced in GraphPad Prism 9.0. B. A
dot plot visualising the top 20 enriched GO biological processes for the differentially expressed
proteins between WT DO and WT D21 cells. Each dot represents a distinct GO term. The dot
size is proportional to the fold change (from 1.4 to 5.6), indicating the magnitude of protein
expression change. Larger dots represent higher fold changes. The colour represents FDR-
adjusted P-value (Fischer’s exact test with Benjamin-Hochberg correction), according to the
indicated heatmap gradient where yellow-green colours represent less significant values and
blue-purple colures show more significant values. R-Studio was used for the analysis and data
visualisation.

Table 7.1. Proteins relevant to cartilage biology differentially expressed in WT DO and WT D21
cells. The blue ones show increase between DO and D21 and the orange ones — a decrease

Gene name logFC Levels at D0 compared to DZ1 Potential Role in Cartilage Biology
ACAN -2.826235674 significantly lower Aggrecan, critical for cartilage structure and resilience.
ASPN -3.231288644 significantly lower Asporin, involved in cartilage homeostasis, relein osteoarthritis,
BGN -3.209521461 significantly lower Biglycan, important in collagen fibrillogenesis.
coL10A1 -3.499038259 significantly lower Type X collagen, involved in hypertrophic cartilage during bone formation.
COL11A2 -0.909081158 sipnificantly lower Part af collagen XI, rolein cartilage biology not specified.
COL12A1 -1.989745196 significantly lower TypeXI|l collagen, supports structural integrity.
COL14A1 -3.209392513 significantly lower Type XV collagen, involved in assembly and strength.
COL16AL -1.287704728 significantly lower Type XVl collagen, associated with fibrillar collagens network.
COL18A1 -1.214200553 significantly lower Type XVIII collagen, associated with vascular and cennective tissues.
COL1AL -3.605436268 significantly lower Typel collagen, provides tensile strength.
COL1A2 -3.595788957 significantly lower Formstype | collagen, important for structure,
COLZAL -5.000241858 significantly lower Essential for formation and maintenance, forms typell collagen.
COL3AL -0.715126116 significantly lower Typelll collagen, maintains structure and strength.
COL4AL -3.940804876 significantly lower Formstype [V collagen, contributes to structure.
COL4A2 -0.892420262 significantly lower Type IV collagen, part of basement membrane, influences development.
COL5AL -0.750343328 significantly lower Part of type V collagen, regulates fibrillar collagens assembly.
COLGAL -2.008086569 significantly lower Part oftype VI collagen, contributes to structure.
COLG6A2 -2.080100012 significantly lower Part of type VI collagen, contributes to microfibrillar networlk.
COMP -2.815550584 significantly lower Maintains structure and involved in repair processes.
DCN -3.168213365 significantly lower Decorin, regulates collagen fibril farmaticn, affects matrix organization.
FLNB -0.979347476 significantly lower Involved in skeletal development, influences cartilage structure.
GDF5 -2.063764156 significantly lower Growth differentiation factor, impartant in development and repair,
LUM -1.61055798 significantly lower Lumican, regulates collagen fiber arrangement, affects matrix structure.
MATN3 -2.847848075 significantly lower Matrilin-3, involved in matrix formation and stability.
SOX9 -1.03194325 significantly lower Transcription factor critical for chondrogenesis and cartilage formation.
COL15A1 0.994229855 significantly higher Compeonent of collagen XV, contributes to structural integrity.
COL7AL 1.654508048 significantly higher Encodes type VIl collagen, important for anchoring fibrils in cartilage.
MMP1 1.838214447 significantly higher Degrades matrix components, involved in cartilage repair.
MMP3 1.157339475 significantly higher Degrades matrix components, involved in cartilage repair.
SMAD3 0.632994307 significantly higher Part of the TGF-beta signaling pathway, affects cartilage formation.
TGFBR1 0.720904661 significantly higher Part of TGF-heta receptor, signaling pathway important in cartilage development.
TIMP1 1.27158331¢9 significantly higher An MMP inhibitor, regulates matrix tumover and homeostasis.
TIMP3 1.1256641 significantly higher An MMP inhibitor, regulates matiix turnover and homeostasis.
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| next looked more closely at the different stages of chondrogenic differentiation,

comparing protein expression at D7, and D14.

During the initial stages of differentiation (DO vs D7) the largest number of protein
changes were detected with 2339 differentially expressed proteins (see Appendix E.). The
majority of these proteins showed increased expression at D7 compared to DO (1596) (Figure
7.8A). The differentially expressed proteins at this early stage of chondrogenesis were
primarily involved in biological processes associated with metabolism and cellular component
organisation (Figure 7.9B). Among the differentially expressed proteins, many were related
to cartilage biology, including collagens, ECM components and regulators of cartilage

homeostasis and development (Table 7.2).

Figure 7.8. Differential protein expression analysis of WT DO and WT D7 cells. A. Volcano plot
of protein expression differences between WT DO and WT D7 cells. The plot displays the results
of differential gene expression analysis. Log2 fold change (x-axis), indicates the magnitude of
gene expression difference between the experimental conditions. Proteins to the right of the
plot show upregulation in D7 cells, while those to the left show downregulation. The y-axis
represents -Log10 P-value. Higher values indicate greater significance. Each dot represents an
individual protein. The blue dots are proteins showing a significant (P<0.05) downregulation
in D7 cells compared to DO cells of more than 1.5FC. The red dots are proteins showing a
significant (P<0.05) upregulation in D7 cells compared to DO cells of more than 1.5 FC. The
threshold lines indicate cut-offs for significance levels (P<0.05 (y-axis)), and fold change FC >
[1.5] (x-axis)). The P-values were calculated using t-tests with Benjamin-Hochberg correction
for multiple testing. The volcano plots were produced in GraphPad Prism 9.0. B. A dot plot
visualising the top 20 enriched GO biological processes for the differentially expressed proteins
between WT DO and WT D7 cells. Each dot represents a distinct GO term. The dot size is
proportional to the fold change (from 1.4 to 2.8), indicating the magnitude of protein
expression change. Larger dots represent higher fold changes. The colour represents FDR-
adjusted P-value (Fischer’s exact test with Benjamin-Hochberg correction), according to the
indicated heatmap gradient where yellow-green colours represent less significant values and
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blue-purple colures show more significant values. R-Studio was used for the analysis and data

visualisation.

Table 7.2. Proteins relevant to cartilage biology differentially expressed in WT DO and WT D7
cells. The blue ones show increase between DO and D7 and the orange ones — a decrease.

Gene name logFC Levelsat DO compared to D7 Potential Role in Cartilage Biology
ACAN -2.010208211 significantly lower Aggrecan, critical for cartilage structure and resilience.
ASFN -2.533929296 significantly lower Asporin, involved in cartilage homeostasis, rolein ostesarthritis.
BGN -1.880210518 significantly lower Biglycan, important in collagen fibrillogenesis.
CILP -0.912683275 significantly lower Invalved in cartilage integrity, rolein osteoarthritis.
coLieAl -1.583375137 significantly lower Type X cellagen, invelved in hypertrophic cartilage during bone formation.
COL11A2 -0.989128084 significantly lower Part of collagen X|, rolein cartilage biology not specified.
COL12A1 -1.059325936 significantly lower TypeXll collagen, supports structural integrity.
COL14A1 -1.571654479 significantly lower TypeXIV collagen, invelved in assembly and strength.
COL16AL -1.507302309 significantly lower Type XVl collagen, associated with fibrillar collagens network.
COL1A1 -2.65760212 significantly lower Typel callagen, providestensile strength.
CoL1A2 -3.561168057 significantly lower Forms type | collagen, important for structure.
COLZAL -1.918679776 significantly lower Essential for formation and maintenance, formstype |l collagen.
COL3AL -1.042996589 significantly lower Typelll collagan, maintains structureand strength.
COLJAL -1.689206078 significantly lower Forms type IV collagen, contributes to structure.
COL4A2 -1.013166623 significantly lower Type IV collagen, part of basement membrane, influences development.
COL5A1 -1.196210135 significantly lower Part of type V collagen, regulates fibrillar collagens assembly.
COL6AL -1.39540914 significantly lower Part of type VI collagen, contributes to structure.
COL6A2 -1.677502021 significantly lower Part of type VI collagen, contributes ta microfibrillar network.
COMP -2.470825265 significantly lower Maintains structure and involved in repair processes.
DCN -2.006644953 significantly lower Decorin, regulates collagen fibril formatian, affects matrix organization.
FLNB -0.758033579 significantly lower Invelved in skeletal development, influences cartilage structure.
GDF5 -1.005969555 significantly lower Growth differentiation factar, impartant in development and repair.
LUmM -1.407880554 significantly lower Lumican, regulates collagen fiber arrangement, affects matrix structure.
MATN3 -1.278077752 significantly lower Matrilin-3, involved in matrix fermation and stability.
SLC26A2 -0.605826226 significantly lower Invalved in sulfate transport, important for proteoglyean synthesis.
COL15A1 0.851841657 significantly higher Component of collagen XV, contributesto structural integrity.
HAS1 0.786521759 significantly higher Synthesizes hyaluronan, important for cartilage structure and function.
MMP1 0.710051768 significantly higher Degrades matrix components, involved in cartilage repair.
MMP3 1.189689913 significantly higher Degrades matrix components, involved in cartilage repair.
PRG4 1.013060637 significantly higher Lubricates cartilage surfaces, protects against wear.
TIMP3 1.195049584 significantly higher Inhibits metalloproteinases, involved in extracellular matrix remodeling.

In later stages of differentiation, less protein expression changes occurred between
the time points (825 differentially expressed proteins between D7 vs D14 and 795 D14 vs D21)
(Figure 7.9A and 7.10A) (see Appendix E.). The topmost significant biological processes for
which these proteins were overrepresented, however, included extracellular matrix assembly
and organisation and collagen fibril organisation (Figure 7.9B and 7.10B), which are crucial for
the proper function of healthy chondrocytes. Additionally, the overrepresented GO biological
processes for later differentiation stage (D14 vs D21) also included regulation of apoptotic
processes and programmed cell death (Figure 7.10B), suggesting that at those later stages in
the differentiation, the chondrocytes have exhibited a phenotype somewhat consistent with

that of aged mature chondrocytes.
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Figure 7.9. Differential protein expression analysis of WT D7 and WT D14 cells. A. Volcano plot
of protein expression differences between WT D7 and WT D14 cells. The plot displays the
results of differential gene expression analysis. Log2 fold change (x-axis), indicates the
magnitude of gene expression difference between the experimental conditions. Proteins to the
right of the plot show upregulation in D14 cells, while those to the left show downregulation.
The y-axis represents -Log10 P-value. Higher values indicate greater significance. Each dot
represents an individual protein. The blue dots are proteins showing a significant (P<0.05)
downregulation in D14 cells compared to D7 cells of more than 1.5FC. The red dots are proteins
showing a significant (P<0.05) upregulation in D21 cells compared to D7 cells of more than 1.5
FC. The threshold lines indicate cut-offs for significance levels (P<0.05 (y-axis)), and fold
change FC > [1.5] (x-axis)). The P-values were calculated using t-tests with Benjamin-Hochberg
correction for multiple testing. The volcano plots were produced in GraphPad Prism 9.0. B. A
dot plot visualising the top 20 enriched GO biological processes for the differentially expressed
proteins between WT D7 and WT D14 cells. Each dot represents a distinct GO term. The dot
size is proportional to the fold change (from 1.3 to 4.2), indicating the magnitude of protein
expression change. Larger dots represent higher fold changes. The colour represents the FDR-
adjusted P-value (Fischer’s exact test with Benjamin-Hochberg correction), according to the
indicated heatmap gradient where yellow-green colours represent less significant values and
blue-purple colures show more significant values. R-Studio was used for the analysis and data
visualisation.

Figure 7.10. Differential protein expression analysis of WT D14 and WT D21 cells. A. Volcano
plot of protein expression differences between WT D14 and WT D21 cells. The plot displays the
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results of differential gene expression analysis. Log2 fold change (x-axis), indicates the
magnitude of gene expression difference between the experimental conditions. Proteins to the
right of the plot show upregulation in D21 cells, while those to the left show downregulation.
The y-axis represents -Log10 P-value. Higher values indicate greater significance. Each dot
represents an individual protein. The blue dots are proteins showing a significant (P<0.05)
downregulation in D21 cells compared to D14 cells of more than 1.5FC. The red dots are
proteins showing a significant (P<0.05) upregulation in D21 cells compared to D14 cells of
more than 1.5 FC. The threshold lines indicate cut-offs for significance levels (P<0.05 (y-axis)),
and fold change FC > [1.5] (x-axis The P-values were calculated using t-tests with Benjamin-
Hochberg correction for multiple testing. The volcano plots were produced in GraphPad Prism
9.0. B. A dot plot visualising the top 20 enriched GO biological processes for the differentially
expressed proteins between WT D14 and WT D21 cells. Each dot represents a distinct GO term.
The dot size is proportional to the fold change (from 1.2 to 7.1), indicating the magnitude of
protein expression change. Larger dots represent higher fold changes. The colour represents
FDR-adjusted P-value (Fischer’s exact test with Benjamin-Hochberg correction), according to
the indicated heatmap gradient where yellow-green colours represent less significant values
and blue-purple colures show more significant values. R-Studio was used for the analysis and
data visualisation.

Among the cartilage biology-relevant proteins that increase in expression between D7
and D14 are still many collagens and ECM components (Table 7.3) but only FLNB and SOX
show a significant increase between D14 and D21, with some collagens (type Ill, V and VII)

showing a decrease alongside lumican (Table 7.4).

Table 7.3. Proteins relevant to cartilage biology differentially expressed in WT D7 and WT D14
cells. The blue ones show increase between D7 and D14 and the orange ones — a decrease.

Gehe hame logFC Levels at D7 compared to D14 Potential Role in Cartilage Biology

ACAN -0.749480765 significantly lower Aggrecan, critical for cartilage structure and resilience.

ASPN -1.139036851 significantly lower Asporin, implicated in cartilage homeostasis and osteoarthritis.

BGN -1.072234323 significantly lower Biglycan, involved in collagen fibrillogenesis and matrix assembly.
COL10Al -1.628515937 significantly lower Type X collagen, involved in hypertrophic cartilage during bone formation.
COL12A1 -0.811609531 significantly lower Type Xl collagen, interacts with other collagens for structural support.
COL14A1 -1.397873355 significantly lower Invelved in collagen network assembly, supports cartilage integrity.
COoL1AL -1.595151029 significantly lower Forms type | collagen, key for tensile strength in connective tissues.
COL1A2 -0.657485912 significantly lower Forms type | collagen, important for collagen structure.

CoL2A1 -0.643825813 significantly lower Essential for type |l collagen, primary component of carilage.
COLBAL -0.662800093 significantly lower Part of type VI collagen, contributes to cartilage microfibrillar network.
COL6AZ -0.770884082 significantly lower Contributes to type VI collagen, important for cartilage matrix.
COL9AZ -0.846620725 significantly lower Type IX collagen, involved in cartilage and intervertebral disc matrix.

DCN -0.932712573 significantly lower Decerin, regulates collagen fibril formation, affects matrix organization.

GDF5 -1.259423872 significantly lower Growth differentiation factor 5, important in joint and cartilage development.

LUM -0.895537012 significantly lower Lumican, regulates collagen fiber arrangement, affects matrix structure.

MATN3 -1.575356893 significantly lower Matrilin-3, contributes to cartilage matrix stability.
PRG4 -1.351630086 significantly lower Lubricates cartilage surfaces, protects against wear.
TIMPZ -0.702319148 significantly lower Inhibits MMPs, plays a role in extracellular matrix maintenance.
COL7AL 0.953208034 significantly higher Encodes type VIl collagen, important for anchoring fibrils in cartilage.
MMP1 1.859805553 significantly higher Degrades matrix components, involved in cartilage repair.
TGFBR1 0.821277844 significantly higher Part of TGF-beta receptor, signaling pathway important in cartilage development.
TIMP1 0.841446755 significantly higher An MMP inhibitor, regulates matrix turnover and homeostasis.
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Table 7.4. Proteins relevant to cartilage biology differentially expressed in WT D14 and WT
D21 cells. The blue ones show increase between D14 and D21 and the orange ones — a
decrease

The proteome of the COLGALT2 KO cells was compared to that of the WT cells before
the differentiation (at DO) and after the 21-day protocol (at D21) (Figure 7.11).

Figure 7.11. Heatmap of Differentially Expressed Genes with Hierarchical Clustering. The
heatmap displays the log2 fold-change (Log FC) values of the top 3000 most differentially
expressed genes across four conditions: COLGALT2 KO DO vs D21, WT DO vs WT D21, WT DO
vs COLGALT2 KO DO, and WT D21 vs COLGALT2 KO D21. Hierarchical clustering was applied to
group genes (rows) and conditions (columns) based on similarity in expression profiles. The
rows are colour-coded by cluster membership, with six clusters identified using Ward'’s linkage
method and a Manhattan distance metric. The dendrogram to the left of the heatmap
represents the hierarchical clustering, reflecting the dissimilarity (linkage distance) between
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merged clusters, providing insight into the relationships among gene expression patterns.
Colour intensity indicates the magnitude of differential expression, with red representing
upregulated genes (LogFC>1.5) and blue representing downregulated genes (LogFC<-1.5).
Missing values are represented in white. Clustering and heatmap generation were performed
in R-Studio, with the dendrogram height calculated directly from the linkage matrix.

The heatmap displays protein expression profiles for the top 3000 differentially
expressed proteins across four experimental conditions, with hierarchical clustering
identifying six distinct clusters (see Appendix F.). This analysis highlights regulatory trends and
biological pathways affected by the COLGALT2 knockout. Proteins differentially expressed in
the COLGALT2 knockout at DO vs D21 show a closer association with other knockout
comparisons (WT DO vs COLGALT2 KO DO, WT D21 vs COLGALT2 KO D21) than with the WT
DO vs WT D21 comparison, suggesting that the largest fold changes are linked to pathways

disrupted by COLGALT2 deficiency, rather than normal chondrogenic differentiation.

Cluster 1 includes proteins significantly upregulated in the knockout conditions,
potentially regulated by COLGALT2, such as ECM components (COL1A1, COL3A1, COL5A1,
MMP2, LOX) and stress response proteins (CCL20, CCL5, IL1IRAP) (see Appendix F.). Cluster 2
proteins exhibit moderate expression differences, especially between WT DO and WT D21,
and are associated with normal chondrogenesis and cartilage formation, including ECM
synthesis and regulation (collagens, aggrecan, BMP1, POSTN) (see Appendix F.). Cluster 3
proteins are strongly downregulated in the knockout, indicating COLGALT2's critical role in
collagen biosynthesis and ECM stability, with key pathways involving TGF-B, Wnt/B-catenin,
MAPK, NF-kB, and Notch (see Appendix F.). Cluster 4 proteins show mixed expression
patterns, reflecting the involvement of dynamic signalling pathways influenced by both
developmental stage and COLGALT2 activity (see Appendix F.). Cluster 5 proteins are
downregulated in knockout conditions, suggesting impaired function, and participate in TGF-
B, MAPK, and PI3K/Akt pathways critical for cartilage development (see Appendix F.). Cluster
6 proteins have context-dependent expression profiles, indicating complex regulatory

mechanisms involving COLGALT2 and other factors (see Appendix F.).

Changes in collagen-related proteins, such as COL2A1 and COL3A1, in the COLGALT2
KO DO vs D21 condition highlight disruptions in early ECM assembly and maintenance.

Proteins with distinct patterns in the WT DO vs WT D21 condition reflect normal
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developmental progression. In contrast, the WT DO vs COLGALT2 KO DO condition shows
clusters enriched with stress-response proteins, indicating an acute cellular response to
COLGALT2 deficiency. The WT D21 vs COLGALT2 KO D21 condition reveals downregulation of
structural and adhesion proteins, suggesting compromised cellular integrity and ECM

remodelling during chondrogenesis due to COLGALT2 loss.

Delving deeper into the outcomes of the COLGALT2 depletion | observed a marked
difference in the proteome makeup of the ASC52teloSox9 cells. At DO, 3286 proteins showed
statistically significant differences in protein levels (FDR<0.05) (1346 down- and 1940
upregulated in COLGALT2 KO compared to WT) (Figure 7.12) (see Appendix E.). The proteins
significantly downregulated in the COLGALT2 KO DO compared to WT DO cells were
overrepresented for GO terms including extracellular structure and matrix organisation,
collagen fibril assembly and collagen biosynthesis, elastic fibre assembly, herpan sulphate and
proteoglycan metabolism (Figure 7.13A). The proteins significantly upregulated in the edited
cells at DO were overrepresented for GO terms including cellular component and protein

localisation, cellular metabolic processes, cellular components metabolism (Figure 7.13B).

Figure 7.12. Volcano plot of protein expression differences between the secretome of WT DO
and COLGALT2 KO DO cells. The plot displays the results of differential gene expression
analysis. Log2 fold change (x-axis), indicates the magnitude of gene expression difference
between the experimental conditions. Proteins to the right of the plot show upregulation in
the proteome of COLGALT2 KO DO cells compared to the WT DO cells, while those to the left
show downregulation. The y-axis represents -Log10 P-value. Higher values indicate greater
significance. Each dot represents an individual protein. The blue dots are proteins showing a
significant (P<0.05) downregulation in the proteome of COLGALT2 KO DO cells compared to
the proteome of WT DO cells of more than 1.5FC. The red dots are proteins showing a
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significant (P<0.05) upregulation in the proteome of COLGALT2 KO DO cells compared to the
secretome of WT DO cells of more than 1.5FC. The threshold lines indicate cut-offs for
significance levels (P<0.05 (y-axis)), and fold change FC > [1.5] (x-axis)). The P-values were
calculated using t-tests with Benjamin-Hochberg correction for multiple testing. The volcano
plots were produced in GraphPad Prism 9.0.

Figure 7.13. GO enrichment analysis of WT DO vs COLGALT2 KO DO cells. A. A dot plot
visualising the top 20 enriched GO biological processes for the proteins showing a decrease in
COLGALT2 KO DO cells compared to WT DO cells. Each dot represents a distinct GO Biological
process (BP) term. The dot size is proportional to the fold change (from 1.7 to 13.5), indicating
the magnitude of protein expression change. Larger dots represent higher fold changes. The
colour represents the FDR-adjusted P-value (Fischer’s exact test with Benjamin-Hochberg
adjustment), according to the indicated heatmap gradient where yellow-green colours
represent less significant values and blue-purple colures show more significant values. R-
Studio was used for the analysis and data visualisation. B. A dot plot visualising the top 20
enriched GO biological processes for the proteins showing an increase in COLGALT2 KO DO
cells compared to WT DO cells. Each dot represents a distinct GO Biological process (BP) term.
The dot size is proportional to the fold change (from 1.6 to 11.1), indicating the magnitude of
protein expression change. Larger dots represent higher fold changes. The colour represents
the FDR-adjusted P-value (Fischer’s exact test with Benjamin-Hochberg correction), according
to the indicated heatmap gradient where yellow-green colours represent less significant
values and blue-purple colures show more significant values. R-Studio was used for the
analysis and data visualisation.

The cartilage biology-relevant proteins that show higher expression in the COLGALT2
KO compared to the WT cells before differentiation are COMP, SMAD3, and CD44 (Table 7.5).
Among the proteins that are reduced in expression at DO in the edited cells are many collagens
(1, 11, 1v, v, VI, VI, X1, XL, XIV, XV, XVI, XVIII), aggrecan, SOX9 and many collagen PTM regulators
(LOX, P3H2, PAHA2, PLOD1, PLOD2) (Table 7.5).
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Table 7.5. Proteins relevant to cartilage biology differentially expressed in WT DO and
COLGALT2 KO DO cells. The blue ones show increase between WT DO and COLGALT2 KO DO
and the orange ones — a decrease.

Between the cells that had undergone chondrogenic differentiation (D21), significant
expression showed 3109 proteins (FDR<0.05) (894 down- and 2215 upregulated in COLGALT2
KO compared to WT) (Figure 7.14) (see Appendix E.). The proteins significantly downregulated
in the COLGALT2 KO D21 compared to the WT D21 were overrepresented for GO terms
including extracellular structure and matrix organisation and assembly, cartilage
condensation, collagen activated signalling pathways, herpan sulphate and proteoglycan
metabolism (Figure 7.15A). The proteins significantly upregulated in the edited cells at D21
were overrepresented for GO terms including metabolic and biosynthetic processes (Figure

7.15B).
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Figure 7.14. Volcano plot of protein expression differences between the WT D21 and
COLGALT2 KO D21 cells. The plot displays the results of differential gene expression analysis.
Log?2 fold change (x-axis), indicates the magnitude of gene expression difference between the
experimental conditions. Proteins to the right of the plot show upregulation in the proteome
of COLGALT2 KO D21 cells compared to the WT D21 cells, while those to the left show
downregulation. The y-axis represents -Logl0 P-value. Higher values indicate greater
significance. Each dot represents an individual protein. The blue dots are proteins showing a
significant (P<0.05) downregulation in the proteome of COLGALT2 KO D21 cells compared to
the proteome of WT DO cells of more than 1.5FC. The red dots are proteins showing a
significant (P<0.05) upregulation in the proteome of COLGALT2 KO D21 cells compared to the
secretome of WT D21 cells of more than 1.5FC. The threshold lines indicate cut-offs for
significance levels (P<0.05 (y-axis)), and fold change FC > [1.5] (x-axis)). The P-values were
calculated using t-tests with Benjamin-Hochberg correction for multiple testing. The volcano
plots were produced in GraphPad Prism 9.0.

Figure 7.15. GO enrichment analysis of WT D21 vs COLGALT2 KO D21 cells. A. A dot plot
visualising the top 20 enriched GO biological processes for the proteins showing a decrease in
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COLGALT2 KO D21 cells compared to WT D21 cells. Each dot represents a distinct GO Biological
process (BP) term. The dot size is proportional to the fold change (from 6.5 to 19.8), indicating
the magnitude of protein expression change. Larger dots represent higher fold changes. The
colour represents the FDR-adjusted P-value (Fischer’s exact test with Benjamin-Hochberg
adjustment), according to the indicated heatmap gradient where yellow-green colours
represent less significant values and blue-purple colures show more significant values. R-
Studio was used for the analysis and data visualisation. B. A dot plot visualising the top 20
enriched GO biological processes for the proteins showing an increase in COLGALT2 KO D21
cells compared to WT D21 cells. Each dot represents a distinct GO Biological process (BP) term.
The dot size is proportional to the fold change (from 3.5 to 12.8), indicating the magnitude of
protein expression change. Larger dots represent higher fold changes. The colour represents
FDR-adjusted P-value (Fischer’s exact test with Benjamin-Hochberg correction), according to
the indicated heatmap gradient where yellow-green colours represent less significant values
and blue-purple colures show more significant values. R-Studio was used for the analysis and
data visualisation.

The cartilage biology-relevant proteins that show higher expression in the COLGALT2
KO compared to the WT cells before differentiation are collagens (I{2, Ill, V), lubricin, SMAD3,
and CD44 (Table 7.6). Among the proteins that are reduced in expression at DO in the edited
cells are many collagens (I{1, Il, IV, V, VI, VII, IX, XI, XII, XIV, XV, XVI, XVIII), ECM components
(aggrecan, COMP, matrillin-3) and SOX9 (Table 7.6).

Table 7.6. Proteins relevant to cartilage biology differentially expressed in WT D21 and
COLGALT2 KO D21 cells. The blue ones show increase between WT D21 and COLGALT2 KO D21
and the orange ones — a decrease.

Gene Name logFC Levels in COLGALT2 KO compared to WT cells Potential Role in Cartilage Biology
ACAN -5.339730978 significantly lower Aggrecan, critical for cartilage structure and resilience.
COL11A1 -3.438662045 significantly lower Type XI collagen, important for collagen fibril structure.
COL11A2 -3.71523082 significantly lower Type Xl collagen, important for collagen fibril structure.
coL12a1 -3.153346128 significantly lower Type XIl collagen, interacts with other collagens for structural support.
coL14A1 -1.49817908 significantly lower Type XIV collagen, involved in assembly and strength
COL15A1 -2.117842456 significantly lower Component ofcollagen XV, contributes ta structural integrity.
coL16A1 -0.892626978 significantly lower Type XVl collagen, associated with fibrillar collagens network
COL18A1 -4.161467556 significantly lower Type XVl collagen, associated with vascular and connective tissues.
COL1AL -1.582561949 significantly lower Type| collagen, provides tensile strength.
COL2A1 -6.009873928 significantly lower Typell collagen, primary collagenin cartilage, providestensile strength.
coLaal 2617613024 significantly lower Type |V collagen, part of basement membrane, influences development.
COoL4A2 3.461247862 significantly lower Type IV collagen, part of basement membrane, influences development.
COL6AL 0950967051 significantly lower Part of type Wl collagen, contributes to structure.
COLBA2 -0.8688974 significantly lower Part of type VI collagen, contributes to structure.
CoL7AL -2.392292329 significantly lower Part of type Vil collagen, role n cartilage biology not known
COLIA3 2.953737126 significantly lower Type X collagen, provides structural integrity.
comP -1.715269956 significantly lower Cartilage oligomeric matrix protein - involved in the structural integrity of cartil age.
MATN3 -2.4136553915 significantly lower Matrilin-3, involved in matrix formation and stability.
SOX8 -2.807484502 significantly lower Transcription factor critical for chondrogenesis and cartilage formation.
cbaa 1.383286583 significantly higher Cell surface marker which helps chondrocytesinteract with hyaluronic acid.
coL1A2 0.940424163 significantly higher Type collagen, provides tensile strength.
COL3A1 1.24766578 significantly higher Type Il collagen, supports connective tissue integrity.
COLSAL 1.479862406 significantly higher Part of type V collagen, regulates fibrillar collagen assembly.
LOX 3.12265417 significantly higher Lysyl oxidase - Involved in the crasslinking of collagen and elastin, important for cartilage strength.
PRG4 2.954128306 significantly higher Lubricates cartilage surfaces, protects against wear.
SMAD3 2.623232978 significantly higher Part of TGF-beta receptor, signaling pathway important in cartiage development.

Next, the influence of COLGALT2 KO upon chondrogenic differentiation was
investigated. A comparative analysis was conducted on the proteomic profiles of
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undifferentiated cells (COLGALT2 KO DO0) and fully differentiated cells (COLGALT2 KO D21).
Amongst the 8200 identified proteins, 1710 proteins exhibited statistically significant
differences in expression levels (FDR<0.05) (1021 down- and 689 upregulated) (Figure 7.16A)
(see Appendix E.).

The differentially expressed proteins were overrepresented for GO terms including
cellular component organisation, extracellular matrix organisation, collagen fibril assembly

and proteoglycan metabolism (Figure 7.16B).

Figure 7.16. Differential protein expression analysis of COLGALT2 KO DO and COLGALT2 KO
D21 cells. A. Volcano plot of protein expression differences between COLGALT2 KO DO and
COLGALT2 KO D21 cells. The plot displays the results of differential gene expression analysis.
Log?2 fold change (x-axis), indicates the magnitude of gene expression difference between the
experimental conditions. Proteins to the right of the plot show upregulation in COLGALT2 KO
D21 cells, while those to the left show downregulation. The y-axis represents -Log10 P-value.
Higher values indicate greater significance. Each dot represents an individual protein. The blue
dots are proteins showing a significant (P<0.05) downregulation in COLGALT2 KO D21 cells
compared to COLGALT2 KO DO cells of more than 1.5FC. The red dots are proteins showing a
significant (P<0.05) upregulation in COLGALT2 KO D21 cells compared to COLGALT2 KO DO
cells of more than 1.5 FC. The threshold lines indicate cut-offs for significance levels (P<0.05
(v-axis)), and fold change FC > [1.5] (x-axis)). The P-values were calculated using t-tests with
Benjamin-Hochberg correction for multiple testing. The volcano plots were produced in
GraphPad Prism 9.0. B. A dot plot visualising the top 20 enriched GO biological processes for
the differentially expressed proteins between COLGALT2 KO DO and COLGALT2 KO D21 cells.
Each dot represents a distinct GO term. The dot size is proportional to the fold change (from
1.3 to 11.3), indicating the magnitude of protein expression change. Larger dots represent
higher fold changes. The colour represents the FDR-adjusted P-value (Fischer’s exact test with
Benjamin-Hochberg correction), according to the indicated heatmap gradient where yellow-
green colours represent less significant values and blue-purple colures show more significant
values. R-Studio was used for the analysis and data visualisation.
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The differentially expressed proteins with known relevance to cartilage biology were
collagens (Type |, lll, V, VI, VIII, XI, Xll, XIV and XVI) and other ECM components (decorin,
aggrecan, lumican, biglycan) (Table 7.7). Their expression increased following the

differentiation.

Table 7.7. Proteins relevant to cartilage biology differentially expressed in COLGALT2 KO DO
and COLGALT2 KO D21 cells.

Gene name logFC Levelsat DO compared to D21 Potential Role in Cartilage Biology
ACAN -5.676891118 significantly lower Aggrecan, critical for cartilage structure and resilience.
BGN -7.051375435 significantly lower Biglycan, involved in collagen fibrillogenesis and matrix assembly.
CILP -2.859163936 significantly lower Cartilage intermediate layer protein, involved in cartilage matrix regulation.

COL11A2 -1.02699633 significantly lower Type Xl collagen, important for collagen fibril structure.

COL12A1 -2.629555445 significantly lower Type Xll collagen, interacts with otheér collagens for structural support.

COL14A1 -4.19292426 significantly lower Involved in collagen network assembly, supports cartilage integrity.

COL16A1 -2.936210544 significantly lower Type XVl collagen, associated with collagen network in cartilage.

COL1A1 4.277364388 significantly lower Fomms type | collagen, key for tensile strength in connective tissues.

COL1AZ2 -2.297247092 significantly lower Forms type | collagen, important for collagen structure.

COL1A2 -4.449748332 significantly lower Forms type | collagen, impaortant for collagen structure.

COL3IAL -4.228354679 significantly lower Type |l collagen, supports connective tissue integrity.

COL5A1 -3.131313898 significantly lower Part of type V collagen, regulates fibrillar collagen assembly.

COL5A2 -4.243584045 significantly lower Part of type V collagen, regulates fibrillar collagen assembly.

COL6AL -3.18821206 significantly lower Pait of type VI collagen, contributes to cartilage microfibrillar network.

COL6AZ -2.945042782 significantly lower Contributes to type VI collagen, important for cartilage matrix.

COL8A1L -4.429359206 significantly lower Part of type VIl collagen, important for vascular and cartilage tissues.
DCN -6.769540792 significantly lower Decorin, regulates collagen fibril formation, affects matrix organization.
LUM -7.657735168 significantly lower Lumican, regulates collagen fiber arangement, affects matrix structure.
PRG4 -3.079162785 significantly lower Lubricates cartilage surfaces, protects against wear.

SLC26A2 -1.284159198 significantly lower Sulphate transporter, important for cartilage development.

TGFBR1 0.763991951 significantly lower Part of TGF-beta receptor, signaling pathway important in cartilage development.

TIMP1 -0.692085198 significantly lower Another MMP inhibitor, regulates matrix tumover and homeostasis.

TIMP2 -1.684230845 significantly lower Inhibits MMPs, plays a role in extracellular matrix maintenance.

TIMP3 0.603077054 significantly lower Inhibits metalloproteinases, involved in extracellular matrix remodeling.

The effects of the knockout were further investigated through analysis of the
secretome of the COLGALT2 KO D21 chondrocytes compared to the WT. Chondrocytes
primarily serve the function of synthesizing and releasing ECM components. To assess the
secretome composition of the COLGALT2 KO chondrocytes, a comparison was made with WT
chondrocytes at D21. An examination of the expression levels of 572 secreted proteins
revealed that 112 exhibited significantly elevated expression in the secretome of WT D21
chondrocytes compared to COLGALT2 KO D21 chondrocytes, whereas 104 displayed reduced
expression (Figure 7.17A) (see Appendix G.). These differentially secreted proteins
demonstrated an enrichment in biological processes related to cell differentiation,
extracellular matrix organization, collagen fibril organization, and cartilage development

(Figure 7.17B).

Among the proteins that are of potential relevance to cartilage biology and exhibited

significant differences in secretion between WT D21 chondrocytes and COLGALT2 KO D21
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chondrocytes, the collagen chains of type | and V, as well as MMP1 and MMP3, displayed
notably increased secretion levels in COLGALT2 KO D21 chondrocytes. Conversely, collagen
chains of type IlI, VI, XI, XIl, and XVI, along with other crucial ECM components such as
aggrecan, biglycan, lubricin, and filamin B, were less abundant in the secretome of the

COLGALT2 KO D21 chondrocytes (Table 7.8).

Figure 7.17. Differential protein expression analysis of the secretome of WT D21 and
COLGALT2 KO D21 cells. A. Volcano plot of protein expression differences between the
secretome of WT D21 and COLGALT2 KO D21 cells. The plot displays the results of differential
gene expression analysis. Log2 fold change (x-axis), indicates the magnitude of gene
expression difference between the experimental conditions. Proteins to the right of the plot
show upregulation in the secretome of COLGALT2 KO D21 cells, while those to the left show
downregulation. The y-axis represents -Logl0 P-value. Higher values indicate greater
significance. Each dot represents an individual protein. The blue dots are proteins showing a
significant (P<0.05) downregulation in the secretome of COLGALT2 KO D21 cells compared to
the secretome of WT D21 cells of more than 1.5FC. The red dots are proteins showing a
significant (P<0.05) upregulation in the secretome of COLGALT2 KO D21 cells compared to the
secretome of WT D21 cells of more than 1.5FC. The threshold lines indicate cut-offs for
significance levels (P<0.05 (y-axis)), and fold change FC > [1.5] (x-axis)). The P-values were
calculated using t-tests with Benjamin-Hochberg correction for multiple testing. The volcano
plots were produced in GraphPad Prism 9.0. B. A dot plot visualising the top 20 enriched GO
biological processes for the differentially expressed proteins between WT D21 and COLGALT2
KO D21 cells. Each dot represents a distinct GO term. The dot size is proportional to the fold
change (from 1.6 to 19.4), indicating the magnitude of protein expression change. Larger dots
represent higher fold changes. The colour represents the FDR-adjusted P-value (Fischer’s exact
test with Benjamin-Hochberg correction), according to the indicated heatmap gradient where
yellow-green colours represent less significant values and blue-purple colures show more
significant values. R-Studio was used for the analysis and data visualisation.

242



Table 7.8. Proteins relevant to cartilage biology differentially secreted by WT D21 and
COLGALT2 KO D21 cells. The blue ones show increase between WT D21 and COLGALT2 KO D21
and the orange ones — a decrease.

7.4. Discussion

This chapter presents the results of a proteomic investigation into the role of the
COLGALT2 enzyme in chondrogenesis. To gain a comprehensive understanding of the
influence of this collagen galactosyltransferase in a biologically relevant in vitro model,
adipose-derived MSCs overexpressing SOX9 were differentiated into chondrocytes. These
cells were reported to produce elevated levels GAG and type Il collagen, and be responsive to
both mechanical and inflammatory stimuli, resembling in that regard the behaviour of native
human chondrocytes. The results presented in this chapter corroborate these observations.
Examination of gene and protein expression levels associated with chondrocyte biology
indicated that this cell model recapitulates the characteristics of healthy mature

chondrocytes (Figure 7.1 and 7.4).

The experimental design enabled the exploration of protein changes during the
chondrogenic differentiation of MSCs. Comparing the proteomic profiles of WT cells at
different time points during chondrogenesis revealed that substantial phenotypic changes
predominantly occur in the early stages of chondrogenesis. This phase is marked by significant
shifts in metabolic activities and cellular structural processes, critical for the transition toward
a chondrocyte-like phenotype (Figure 7.7 and Table 7.2). As differentiation progresses, there
is a noticeable shift in the cellular proteome, aligning with the primary role of chondrocytes
in ECM production and maintenance. This is evidenced by the increased expression of
collagens and other key components of cartilage ECM (Figure 7.8 and Table 7.3). In the final
stages of differentiation, chondrocytes exhibit mature/aged characteristics, with a notable

decrease in ECM component production compared to earlier stages (Figure 7.9 and Table 7.4).

Other reported proteomic investigations into MSC chondrogenesis have revealed that

the majority of altered proteins are associated with cellular metabolism, ECM production and
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regulation, cytoskeleton organisation, and stress response318, These results are in line with
our observations (Figure 7.7 and Table 7.1). It is important, however, to highlight that all these
studies differ in their experimental conditions by using different source of cells (bone marrow,
human umbilical cord stroma), duration of differentiation (from 7 to 28 days) and time point
collections. Such variations complicate the interpretation of comparisons between the

results.

In stark contrast to the WT chondrocytes, the phenotype of COLGALT2 KO cells
following the same 21-day differentiation period significantly differed from that of a healthy
chondrocyte. COLGALT2 KO cells fail to manifest the distinct features associated with fully
differentiated chondrocytes (Figure 7.5). Comparisons of the cells with depleted COLGALT2
levels and the unedited ASC52teloSox9 showed marked differences in the protein makeup
both before and after chondrogenic differentiation (Figure 7.12 and 7.14, respectively). In
particular the proteins that were downregulated in the knockout cells were overrepresented
in GO terms associated with ECM organisation and assembly, as well as proteoglycan
metabolism, cartilage condensation and collagen fibril assembly (Figure 7.13A and 7.13A).
The levels of various collagen types (I — XII, XIV, XV, XVI, XVIIl), collagen PTM enzymes (LOX,
PLOD1, PLOD 2, P3H3, P4HA2), ECM components such as aggrecan, lubricin and COMP, as
well as SOX9, the master-regulator of chondrogenesis, were differentially expressed between
the COLGALT2 KO and the WT cells (Table 7.5 and 7.6). This observation suggests a role of the
COLGALT2 enzyme in orchestrating the progression of chondrocyte-specific characteristics
and in modulating the biosynthesis of essential ECM constituents vital for cartilage's

structural integrity.

A comparative analysis of the proteomic profiles between undifferentiated COLGALT2
KO cells and those that had undergone full differentiation revealed that the affected proteins
predominantly encompass various collagen types (1, lll, V, VI, VIII, XI, XII, XIV, XVI) and other
ECM constituents such as decorin, aggrecan, lumican, and biglycan (Table 7.7). Notably,
during the differentiation process in WT cells, the expression of metalloproteases and their
inhibitors decreases from DO to Day 21 as the cells transitioned towards a more chondrocyte-
like phenotype (Table 7.1). Conversely, COLGALT2 KO cells exhibit increased expression of
metalloprotease inhibitors at Day 21 compared to DO (Table 7.7), suggesting that these cells

do not negatively regulate the function of metalloproteases. Metalloproteases play a crucial
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role in maintaining ECM homeostasis by clearing damaged ECM components. Reduced
COLGALT2 enzyme levels could lead to accumulation of collagen fibrils with aberrant
glycosylation patterns in the ECM. These fibrils would necessitate continuous degradation,
thus the need for unimpeded metalloprotease activity achieved through lower expression of
TIMPs. This hypothesis gains further support from the increased secretion of
metalloproteases (MMP1 and MMP3) from COLGALT2 KO D21 chondrocytes compared to WT
D21 chondrocytes (Table 7.8).

The results presented in this chapter provide valuable insights into the role of
COLGALT2 in chondrocyte biology and collagen biochemistry. While these findings do not
definitively identify the specific targets of the COLGALT2 enzyme, the differential expression
analyses of the secretome highlight collagens type Il, VI, XI, XII, and XVI as potential targets.
These collagens play crucial roles in cartilage biology, as detailed in Chapter |, where collagens
I, IX, and Xl form heteropolymers constituting a significant portion of the ECM collagen
networkiZ18, Collagen type VI has been implicated in regulating the pericellular matrix in
cartilagel229, Collagens Xl, Xl and XVI primarily ensure the integrity and stability of the
collagen fibril network2L. Aberrant glycosylation of any or all of these collagens could disrupt
the composition and structural integrity of the ECM secreted by chondrocytes, contributing
to the observed weakened chondrocyte phenotype in COLGALT2 KO differentiated cells
(Figure 7.4).

Given the pivotal roles of individual collagens and their post-translational
modifications in cartilage, further comprehensive investigations into their roles are warranted
and would contribute to the understanding of pathology of collagen rich tissues such as skin,
bone, cartilage, and blood vessels. In this chapter, we focused on one of two enzymes
involved in collagen glycosylation initiation, namely COLGALT2. While the expression pattern
of COLGALT2 suggests it is not the primary collagen galactosyltransferase in the body, our
study was unable to assess the effects of complete glycosylation loss on chondrocyte biology
due to incomplete depletion of the main enzyme, COLGALT1, in the ASC52teloSox9 cells.
Despite reduced protein and gene expression of COLGALT1 prior to differentiation in the
ASC52teloSox9 cells (Figure 7.3), the prolonged expansion of the culture required to obtain
necessary cell numbers might have given the unedited cells with a presumed selection

advantage an opportunity to dominate the population, resulting in the cells that were
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subjected to differentiation no longer having reduced levels of COLGALT1. Complete loss of
COLGALT1 activity results in embryonic lethality22. Due to the severe consequences of loss of
this protein, it is highly likely that the cells with the depleted protein in my experiment could
have had a growth disadvantage and been overcome by the unedited cells in the population
following a number of population doublings. Despite being unable to study the effects of
complete loss of galactosyltransferase activity or to compare the effects of COLGALT1 loss to
COLGALT2 loss, the striking differences in phenotype between WT chondrocytes and
COLGALT2 KO chondrocytes suggest that COLGALT2 is a key player in chondrocyte biology

and collagen biochemistry.

Proteomics data offers valuable insights into protein expression and function but
comes with several challenges. The complexity and dynamic nature of the proteome make it
difficult to achieve comprehensive coverage, with low-abundance proteins and post-
translational modifications often being overlooked. Data sensitivity to sample preparation,
detection bias, and limited dynamic range can skew results, while quantification and
reproducibility issues further complicate analysis. Advanced bioinformatics tools are needed
to handle large datasets, but technical artifacts and variability between experiments can
reduce reliability. Additionally, high costs and the need for specialized expertise limit
accessibility. Proteomics data frequently lack direct functional insights and are often difficult
to compare across studies due to methodological variability. These challenges underscore the
necessity of validating findings through complementary techniques such as Western blotting
for key targets, enzyme-linked immunosorbent assays (ELISA), immunohistochemistry, and
flow cytometry for surface and intracellular proteins. Additionally, unbiased replication in
independent proteomics experiments, incorporating a substantial number of biological and
technical replicates, is crucial for ensuring data reliability. Integrating proteomics with other

omics approaches further enhances the depth and breadth of biological understanding.

In previous chapters | described the effect common genetic variants associated with
OA have on the regulation of the expression of COLGALT2 in joint-relevant tissues from
development to old age. In light of the observations made in this chapter regarding the role
of the COLGALT2 enzyme in chondrocyte biology and collagen biochemistry, a possible

connection emerges between the genetic variants governing gene expression and the
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development and progression of osteoarthritic pathology through aberrant glycosylation p of

ECM collagens.
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Chapter 8. General Discussion

Exploring the intricacies involved in deciphering GWAS signals reveals a myriad of
hurdles!. The fundamental challenge resides in the essence of GWAS, which often pinpoints
genetic variations linked to traits or diseases without providing immediate insights into the
mechanisms through which these variations exert their effects. This enigma is compounded
by the frequent occurrence of GWAS hits in non-coding regions of the genome, complicating
the inference of their functional consequences?3. These regions might influence gene
regulation, but comprehending the precise mechanisms necessitates intricate investigations.
Furthermore, the polygenic character of many traits introduces an additional layer of
complexity®2. Numerous genetic variations, each contributing minimally, collectively shape
the trait, making it arduous to segregate the impact of individual variations. This polygenic
nature implies that the causal mechanisms can be diffuse and intricately interconnected,
involving complex gene networks rather than singular gene effects. In addition, the
phenomenon of linkage disequilibrium further complicates the interpretation of GWAS
signals2. Variants identified by GWAS are often in linkage disequilibrium with other variants,
meaning they are inherited together. Disentangling which variant or variants within a linked
group are genuinely causal represents a substantial challenge. Addressing this requires
meticulous fine-mapping approaches to narrow down the potential causal variants. Lastly,
the issue of population specificity presents itselfe. GWAS outcomes can significantly vary
across diverse populations due to disparities in genetic backgrounds and environmental
exposures. This underscores the necessity for diverse population studies to ensure the broad
applicability and comprehension of GWAS findings. These challenges highlight the complexity
of translating GWAS findings into a profound understanding of genetic influence on intricate
traits and diseases. Tackling these issues necessitates a blend of advanced genetic analysis

techniques, functional investigations, and a nuanced interpretation of genetic dataZ.

Given these challenges, there exists a compelling imperative for functional validation
studies to confirm and elucidate the biological significance of GWAS findings. Such studies
involve meticulous scrutiny of the identified genetic variants to ascertain their influence on
gene expression and functionZ. This encompasses assessing how these variants interact with

regulatory elements, impact transcription factor binding, and alter gene expression patternsZ-

249



1 Functional validation is indispensable not only to corroborate the roles of identified
variants but also to gain profound insights into the biological pathways and mechanisms
underpinning complex traits and diseases. Functional validation studies explore how these
variants affect gene expression, protein function, and ultimately, the phenotypical attributes

of cells and tissues.

The intricacy of genetic regulation necessitates a multifaceted approach to functional
validation studies. Distinct tissues and cell types can exhibit varying gene expression profiles
and regulatory mechanisms. Consequently, it is imperative to investigate GWAS-identified
variants across a spectrum of tissues and employ diverse methodologies. This comprehensive
approach enables a more precise comprehension of how variants contribute to traits or
diseases in a context-dependent manner. Techniques such as CRISPR-Cas9 gene editing, eQTL
mapping, and chromatin conformation capture methods are employed to explore the
regulatory landscapes across different tissues and decipher the intricate network of genetic
regulationiZ13, Expanding upon the multifaceted approach for functional validation of GWAS
signals, it is essential to underscore the amalgamation of cutting-edge technologies and
interdisciplinary methods#*12, Transcriptomic and proteomic analyses can provide insights
into the impact of genetic variants at the RNA and protein levels, respectively. Epigenome
interrogations help understand genetic regulation patterns and serve to connect the

knowledge of the environmental context and the genetic landscape of any disease?®.

All of these investigations are vital for translating the wealth of data generated by
GWAS into pragmatic applications, such as the development of novel therapeutic

interventions and enhancements in disease diagnosis and prognosis.

Given the global prevalence of OA, its economic and social burden, the complex nature
of the disease and the current lack of DMOADs, gaining further insight into any potentially
targetable-by-therapeutics biological pathways is of paramount importance for healthcare
systems worldwide. In this thesis | present the results from a detailed functional investigation

of two independent OA risk GWAS hits, rs11583641 and rs1046934.

The first of these two signals, rs11583641, was found to function as a mQTL at a
specific intronic CpG site, cg18131582, within the gene body of COLGALT2Y, an effect |
replicated in an independent cohort of patient samples. It was also confirmed that the effect
of the SNP on DNAm levels was not restricted to cg18131582 but affected 5 CpG sites within
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a 398bp DMR marked as an enhancer in joint-relevant tissues (Chapter 3, Figure 3.2A). The
effect allele (C) of the genetic variant rs11583641 associated with reduced DNAm at all
differentially methylated sites, particularly pronounced in knee cartilage at cg18131582 and
its neighbouring two CpG sites (Chapter 3, Figure 3.4B). Allele-specific expression analysis
confirmed that the effect allele of the SNP correlated with increased expression of the
COLGALT2 gene (Chapter 3, Figure 3.15A). Additionally, correlations between allele-specific
expression ratios and DNAm revealed an meQTL at 3 of the differentially methylated CpG sites
(Chapter 3, Figure 3.15C). The AEI effect reported for this locus was replicated by a
Netherlands research group using another SNP in LD with rs11583641, rs12023991 (r?=1.0,
GBR)%. The effect reported by the researchers was in the same direction as the effect
described in Chapter 3. In the Netherlands study, differences between AEl ratios were
reported between lesioned and preserved cartilage from the same patients with increase in
COLGALT2 being associated with lesioned cartilagel®. In my studies, | detected strong AEI
effects in some but not all cartilage samples from heterozygous patients (Chapter 3, Figure
3.15B). One way of interpreting this is by considering the potential effects of other variants
that could be masking or counteracting the effect. Additionally, in light of the differences in
AEI ratios between lesioned and preserved cartilage reported by the Netherlands group, it is
possible that the effect was masked by the fact that the cartilage tissue samples used in my
investigations were collected from the entire OA affected joint and the severity of cartilage

degradation between OA patients is known to differ.

To assess the regulatory function of the DMR, | used a reporter gene assay,
demonstrating its sensitivity to DNAm changes with lower DNAm at the enhancer leading to
higher reporter gene activity (Chapter 3, Figure 3.7B). Furthermore, genetic influence on
enhancer function was observed with rs734657, a SNP located within the enhancer and in
high LD with rs11583641, associating with different levels of expression of the reporter gene.
The SNP is a compelling target for further investigations as it is located in a regulatory region
and in open chromatin in both hip and knee cartilage from OA patients (Chapter 6, Figure
6.13A). While informative, reporter gene analysis has its limitations and in order to
comprehend the impact of the enhancer in its natural genomic context within TC28a2
chondrocytes, genome editing approaches were employed to delete the enhancer using

CRISPR-Cas9, confirming COLGALT2 as a target gene of the OA signal marked by rs11583641

251



(Chapter 3, Figure 3.11). Furthermore, the use of a catalytically inactive Cas9 fused to
DNMT3a or TET1 enzymes demonstrated a causal relationship between DNAm and COLGALT2
expression in this in vitro system (Chapter 3, Figure 3.13). These investigations consistently
confirmed the significance of the region surrounding CpGs 8, 9, and 10, highlighting the rare
instance where a causal gene has been identified at an OA risk locus through direct molecular
inquiry. This underscores the effectiveness of employing epigenome editing techniques to
unveil the functional roles of risk loci and their underlying mechanisms. However, it is
essential to acknowledge that a direct causal link between SNP genotype and DNAm in
primary cells from patient samples remains was not established. This remains a limitation of
the studies described in this thesis and many other such functional investigations into the

effects of GWAS signals.

A second genetically independent OA risk SNP, rs1046934, was also investigated®2. This
SNP resides within the gene TSEN15, in close proximity to COLGALT2 (Chapter 4, Figure 4.5A).
Although both rs1046934 and another SNP within the LD block are coding variants located
within TSEN15, computational mutagenesis analyses indicated a low probability of these
substitutions affecting the structure of the TSEN15 protein or the broader tRNA splicing
(TSEN) complex (Chapter 4, Figure 4.2).

The variant rs1046934, independently of the locus marked by rs11583641, was
observed to exert its influence by modulating the expression of COLGALT2 through alterations
in DNAm levels at two CpG sites, namely cg15204595 and ¢g21606956, which are located
within regions marked as enhancers in joint relevant tissues. Using Illumina DNA methylation
array data obtained from arthroplasty cartilage samples and pyrosequencing data from an
independent cohort of arthroplasty cartilage samples, it was determined that the risk allele
(A) of rs1046934 correlated with reduced DNAm levels at these two enhancer CpG sites
(Chapter 4, Figure 4.1 and 4.5B). An additional CpG site, cg01436608, was identified as
potentially impacted by the SNP, although it was excluded from further investigation due to
the absence of reliable pyrosequencing assays (Chapter 4, Figure 4.1). Nevertheless, the
proximity of cg01436608 to the transcription start site of COLGALT2 and its association with
the enhancer containing cg21606956 in MSCs (Chapter 4, Figure 4.5A) makes it a promising

subject for future interrogations.
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Moreover, apart from its association with reduced DNAm levels at ¢g15204595 and
€g21606956, the OA risk allele of rs1046934 was also linked to increased expression of both
COLGALT2 and TSEN15 in arthroplasty patients (Chapter 4, Figure 4.4). A further correlation
between DNAm and COLGALT2 expression was identified, marking meQTLs (Chapter 4, Figure
4.7). Reporter gene assays confirmed that the genomic regions housing c¢g15204595 and
€g21606956 function as enhancers in TC28a2 chondrocytes (Chapter 4, Figure 4.9) and
manipulation of the DNAm levels at these CpG sites using a dCas9 and TET1 fusion protein
complex led to increased COLGALT2 expression, confirming causal interactions between the

DNAm levels at these sites and COLGALT2 expression (Chapter 4, Figure 4.10A).

The in vitro findings on this locus presented in this chapter support the data collected
from arthroplasty cartilage samples, indicating that the enhancers regulate gene expression
and that the genotype at rs1046934 plays a role in this regulation. Both COLGALT2 and
TSEN15 appear to be affected by the OA-associated signal rs1046934 but the mechanisms
underlying the SNP's impact on the expression of these two genes are dissimilar. While the
regulatory mechanism governing TSEN15 expression through the enhancers remains
undetermined, our data provide support for a causal connection between DNA methylation
levels (correlated with the genotype at rs1046934) at the two enhancer CpG sites and

COLGALT2 expression, suggesting this as a potential regulatory mechanism.

In silico analyses revealed that cg15204595 and cg21606956 reside in open chromatin
regions within joint tissues and are in or near TF binding sites (Chapter 4, Figure 4.11).
Methylation of cytosines in CpG dinucleotides can alter the steric and hydrophobic properties
of the dinucleotide which can lead to structural changes in the DNA helix, including an
increased helix stiffness2222, The impact of DNA methylation on TF binding has been
extensively documented for various proteins, often resulting in the prevention of TF
bindingZ®22, This DNA methylation-dependent TF binding affinity may constitute the
mechanism by which COLGALT2 expression in chondrocytes is regulated by the OA-associated
signals rs11583641 and rs1046934.

The findings described in this thesis highlight the complexity of gene expression
regulation. Multiple SNPs from the same LD block or even from completely independent loci
can govern the expression of a single gene with studies showing that allelic heterogeneity

may be more common than originally anticipated2628, Similarly, a single genetic signal can
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have multiple targets and exert its effect in different ways28. To further complicate matters,
these effects are highly tissue specific, requiring scientists to consider multiple disease-
relevant tissues when drawing conclusions based on functional analyses carried out on GWAS

signals.

In my investigations | examined the effects of the two OA GWAS signals associated
with COLGALT2, rs11583641 and rs1046934, in cartilage and then in synovium derived from
arthroplasty patients. While the rs1046934 signal did not appear to be active in synovium
(Chapter 5, Figure 5.3 and 5.5), the rs11583641 was (Chapter 5, Figure 5.1 and 5.4). The mQTL
analysis for the CpGs associated with the genotype at rs11583641 revealed that in synovium,
the risk allele (C) of the SNP is associated with increased DNAmM compared to the non-risk
allele (T), which is the opposite of the observations made in cartilage (Chapter 5, Figure 5.2A).
This mQTL effect manifests at a greater number of CpG sites within the enhancer in synovium
(7 out of 12 investigated) compared to cartilage (5 out of 12 investigated), and the effect is
more pronounced at all differentially methylated CpGs. Furthermore, the average DNAm
levels at the enhancer are lower in synovium in comparison to cartilage (Chapter 5, Figure
5.2B). It is essential to note that the samples employed in these analyses were not matched,
and thus, direct comparisons between DNAm levels in different tissues within the same
patient were not feasible. AEIl analysis revealed that the risk allele corresponds to lower
COLGALT2 expression relative to the non-risk allele (Chapter 5, Figure 5.4A), unlike what is
observed in cartilage (Chapter 3, Figure 3.15A). This allelic imbalance is less prominent in

synovium when compared to cartilage.

To gain further insights, a reporter gene assay was carried out in the SW982 synovial
fibroblast sarcoma cell line (an in vitro model for synovium) using the same methylated and
unmethylated constructs with the different enhancer SNP haplotypes (rs943409 and
rs734657, residing within the DMR) as the ones used in the TC28a2 cells. Similar to the
findings in chondrocytes, the region housing the DMR was found to function as an enhancer
in the synovial fibroblasts (Chapter 5, Figure 5.6). Moreover, akin to observations in
chondrocytes, an allelic effect was evident. Constructs containing the C allele of rs734657,
corresponding to the C allele of rs11583641, exhibited heightened expression of the reporter
gene when compared to constructs containing the non-risk allele. The methylation status of

the regions also exerted an influence on gene expression, with lower DNAm levels leading to
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elevated reporter gene readings. These results were not corroborated by our observations in
patient samples, where the risk allele of rs11583641 was linked to increased DNAm at the
enhancer and reduced COLGALT2 expression. It is imperative to recognize that while reporter
gene analyses offer a cost-effective, expeditious, and sensitive means of assessing the
regulatory function of DNA elements, there are inherent limitations to this in vitro model. The
absence of three-dimensional conformation, as seen in vivo, can impact the accessibility of
the region to TFs. Furthermore, in vitro DNA methylation of constructs using enzymes results
in constructs that are uniformly unmethylated or methylated in all cells, whereas the DNAm

levels of a region within living cells is more nuanced.

To elucidate more accurately the impact of DNAm at the enhancer on gene expression
in SW982 cells, we executed a targeted RNA-guided methylation and demethylation of the
region using dCas9 coupled with DNMT3a and TET1, respectively. The results of this
experiment unveiled an antagonistic relationship between DNAm at the enhancer and
COLGALT2 expression, confirming the gene as a target of the enhancer (Chapter 5, Figure 5.8).
As with chondrocytes, the DNAm status of cg18131582 and its neighbouring CpGs emerged
as the most influential on COLGALT2 expression in synovial fibroblasts. DNAm levels at these
CpGs were lower in SW982 cells, and it is plausible that TFs that bind in a DNAm-dependent
manner to these CpGs govern COLGALT2 expression. Using the JASPAR TF database, TFs
predicted to bind to this region were identified and were found to be expressed in either
cartilage and/or synovium, with several exhibiting different levels of expression between the

two tissue types (Chapter 5, Figure 5.9).

The rs11583641/cg18131582 enhancer region, housing the differentially methylated
CpGs, was demonstrated to regulate COLGALT2 expression in both cartilage and synovium
from OA patients. Manipulation of CpG methylation using dCas9-DNMT3a or dCas9-TET1
proteins, in conjunction with six guide RNAs targeting the region, elucidated a causal
connection between DNAm at the enhancer and COLGALT2 expression in both TC28a2
chondrocytes and SW982 synovial fibroblasts. This suggests a common mechanism through
which the enhancer modulates COLGALT2 expression in cartilage and synovium. However, it
is pertinent to note that the mechanism by which the OA GWAS SNP influences DNAm at the
enhancer and gene expression appears to diverge between the two tissues. In patient

samples, we observed mQTL and eQTL effects that displayed opposing trends in cartilage as
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compared to synovium. In cartilage, the risk allele of rs11583641 correlated with decreased
DNAm at the enhancer and heightened expression of COLGALT2, while in synovium, the risk
allele was associated with increased methylation and diminished gene expression. |
hypothesised that these contrasting directions of mQTL and eQTL effects are a consequence
of disparities in TFs binding to the putative causal SNP between cartilage and synovium. These
differences may be quantitative, with specific TFs being more abundantly expressed in one
tissue relative to the other, or qualitative, with distinct repertoires of TFs expressed in
different cell types. Since the exact causal SNP(s) at the locus remains undiscovered, it is
currently not feasible to confirm the identity of TFs binding to the SNP and whether they are
differentially expressed in cartilage and synovium. While the impact of the alleles of the
disease-associated SNP on DNAm at the enhancer differs between the tissues, the mechanism
through which the enhancer influences COLGALT2 expression via DNAm remains consistent.
This statement is corroborated by the results obtained from targeted DNAm modulation of

the enhancer in TC28a2 chondrocytes and SW982 cells.

My comprehensive exploration of the functional repercussions of the COLGALT2 loci
marked by rs11583641 and rs1046934 in both cartilage and synovium has unveiled intriguing
insights. While one of the signals, rs1046934, appears to not be active and to not contribute
to changes in COLGALT2 expression in synovium tissue from OA patients, the other signal
exerts an influence on gene expression in both tissue types but via different mechanisms.
These findings underscore the importance of conducting targeted functional analyses of
GWAS signals across all pertinent disease-relevant tissues and comprehending the
mechanisms that underlie any effects on gene expression before contemplating potential

therapeutic targets.

Instances of risk variants exerting opposing effects in distinct tissues are infrequent, as
evidenced by a 2022 epigenome-wide study of OA risk signals in the synovium and the intact
cartilage from OA affected joints22. The authors found that in only 0.02% of instances where
mQTLs are detected in both tissues, they operate in opposing directions, making our findings
highly uncommon and underscoring the importance of conducting targeted functional
analyses across a spectrum of tissues to gain a holistic understanding of gene regulation

dynamics in health and disease for different signals.
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Since the effects of genetic variation on gene expression and/or epigenetic marks can
be contingent upon specific cell types and can manifest under divergent physiological
contexts or even during distinct developmental stages, the genetic and epigenetic regulation
of COLGALT2 was investigated in developmental cartilage samples. This inquiry aimed to
enhance our comprehension of the developmental underpinnings of OA. The QTLs associated
with both gene expression and DNAm at the rs11583641 and rs1046934 OA risk loci in aged
cartilage were also observed in cartilage and mixed tissue limb bud samples originating from
early developmental stages (Chapter 6, Figures 6.1, 6.5, 6.7 and 6.9). The AEl and mQTL effects
associated with the rs11583641 signal in arthroplasty cartilage, had a more pronounced
impact on DNAm levels at the enhancer containing cg18131582 in foetal cartilage compared
to aged cartilage (Chapter 6, Figure 6.3 and 6.7). According to my interpretation of the results
described in Chapter 6, during development DNAm levels at the rs11583641 associated
enhancer region undergo precise regulation in developmental cartilage, necessitating lower
methylation levels to tightly control COLGALT2 expression as the joint forms. As individuals
age, methylation levels at the enhancer increase to maintain appropriate collagen
glycosylation in aging cartilage. Conversely, in cartilage affected by OA, there is a partial
reversal of this process, with decreased DNA methylation levels compared to non-OA-
affected control samples, potentially indicative of chondrocytes attempting cartilage repair
and adopting a more developmental-like phenotype, a phenomenon reported in the

literature30-32,

The prevailing hypothesis suggests that the interplay between genetic variants,
epigenetic marks, and gene expression regulation is mediated by TFs. TF binding can be
influenced by DNA methylation, but it is chromatin accessibility that predominantly governs
TF binding2122242533-35 | ower DNAm levels in foetal cartilage imply that TFs may bind more
readily to the region. ATAC-seq data further supports this notion, indicating increased
chromatin accessibility in the region harbouring the differentially methylated rs11583641
CpGs in foetal samples compared to aged ones (Chapter 6, Figure 6.13A). This suggests that
the enhancer is more active in developmental cartilage and potentially subject to stricter
regulatory control by TFs. This accessibility in the chromatin at the location of the enhancer
in both aged and developmental cartilage also underscores the potential functional effect of

the rs734657 SNP highlighted by the reporter gene analysis (Chapter 3, Figure 3.6B).
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The mQTLs associated with this enhancer were found in foetal limb bud tissue but
were limited to specific CpGs (Chapter 6, Figure 6.1 and 6.3). This implies that the differential
methylation effect is primarily attributed to the cartilage component within the
heterogeneous limb bud tissue. CRISPR/Cas9 experiments targeting DNAm changes at these
specific CpGs in TC28a2 chondrocytes had the most substantial impact on COLGALT2
expression, reinforcing their significance. In contrast, the mQTL effect in other joint tissues
may operate differently, as we have seen in the synovium of aged OA patients, potentially
counterbalanced by the cartilage component in the mixture, with only the most pronounced
effects being detectable. It's important to note that the limb bud samples originated from
earlier developmental stages, and epigenetic influences on regulatory elements may differ

from those in later stages of development.

For the rs11583641 signal, the eQTL effect detected in developmental samples was
not consistently present in all foetal samples, similar to the observations made in aged
cartilage (Chapter 6, Figure 6.7), possibly due to additional unrelated genetic variation
affecting expression or the nature of the cartilage sample. While it was possible that the
sporadic presence of an effect in aged cartilage be attributed to the nature of the cartilage
samples obtained from the patients (namely being intact), this theory is undermined by the
observations made in developmental cartilage which does not have signs of OA- or age-
related degradation. This leaves the possibility that the lack of AEl effect is due to undetected

genetic variation in some patients.

The second OA locus associated with COLGALT2 expression, rs1046934, was also
examined in foetal samples, revealing mQTLs in both foetal cartilage and limb bud samples,
with consistent effects on COLGALT2 expression (Chapter 6, Figure 6.5). Differences in DNAm
levels and chromatin accessibility were observed between developmental and aged cartilage
samples at the two enhancers harbouring the differentially methylated CpGs, cg15204595
and cg21606956 (Chapter 6, Figure 6.13B and C). Based on these observations | hypothesise
that the enhancers associated with rs1046934 function redundantly, fine-tuning gene
regulation. In OA cartilage, however, dysregulation of epigenetic factors leads to both

enhancers being actively involved and contributing to higher COLGALT2 expression levels.

While the molecular studies carried out in cartilage and synovium samples from OA

patients and in cartilage from developmental samples shed light on the complex regulatory
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landscape in healthy and diseased joint tissues, the role of the protein encoded by the gene
regulated by these GWAS signals remained unclear. In order to build a more comprehensive
picture of how the GWAS signals associated with COLGALT2 regulation contributed to the
development of OA, | undertook a study exploring the role of the enzyme in chondrocyte
development. To acquire a more complete understanding of the impact of this collagen
galactosyltransferase in a biologically pertinent in vitro model, | induced the differentiation of
adipose-derived MSCs overexpressing SOX9 (ASC52teloSox9) into chondrocytes. The
evaluation of chondrocyte biology relevant genes and their protein expression levels
indicated that this model faithfully recapitulates the characteristics observed in healthy

mature chondrocytes (Chapter 7, Figure 7.1 and 7.4).

Our experimental design allowed for the investigation of protein alterations during the
chondrogenic differentiation of MSCs. Comparative analysis of the proteomic profiles of wild-
type (WT) cells at various time points during chondrogenesis unveiled significant phenotypic
alterations, primarily occurring in the early stages of chondrogenesis (Chapter 7, Figure 7.7
and 7.8). This phase is distinguished by substantial shifts in metabolic activities and cellular
structural processes, which are pivotal for the transition towards a chondrocyte-like
phenotype. As the differentiation process advances, there is a discernible transformation in
the cellular proteome, aligning with the primary role of chondrocytes in ECM production and
maintenance, substantiated by a heightened expression of various types of collagens and
other crucial constituents of cartilage ECM. In the later stages of differentiation, chondrocytes
exhibit mature/aged characteristics, marked by a notable reduction in ECM component

production compared to earlier stages (Chapter 7, Figure 7.10).

In stark contrast to WT chondrocytes, chondrocytes with depleted COLGALT2
(COLGALT2 KO) after the same 21-day differentiation period display a significant deviation
from the attributes of healthy chondrocytes (Chapter 7, Figure 7.5). Comparative assessments
of cells with reduced COLGALT2 levels and unmodified (WT) ASC52teloSox9 cells revealed
substantial differences in the protein composition both before (Chapter 7, Figure 7.11 and
7.12) and after chondrogenic differentiation (Chapter 7, Figure 7.13 and 7.14). Particularly,
the proteins downregulated in the knockdown cells were overrepresented in gene ontology
terms associated with ECM organization and assembly, proteoglycan metabolism, cartilage

condensation, and collagen fibril assembly. Diverse collagen types (I - XII, XIV, XV, XVI, XVIII),
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collagen post-translational modification enzymes (LOX, PLOD1, PLOD 2, P3H3, P4HA2), ECM
components such as aggrecan, lubricin, COMP, and SOX9, the master regulator of
chondrogenesis, exhibited differential expression between COLGALT2 KO and WT cells
(Chapter 7, Table 7.5 and 7.6). These findings suggest that the COLGALT2 enzyme plays a
pivotal role in orchestrating the progression of chondrocyte-specific characteristics and in
regulating the biosynthesis of essential ECM constituents crucial for the structural integrity of

cartilage.

A comparative analysis of proteomic profiles between undifferentiated COLGALT2 KO
cells and fully differentiated ones revealed that the affected proteins primarily encompass
various collagen types (I, Ill, V, VI, VI, XI, XII, XIV, XVI) and other ECM constituents like
decorin, aggrecan, lumican, and biglycan (Chapter 7, Figure 7.15 and Table 7.7). Notably,
during the differentiation of WT cells, the expression of metalloproteases and their inhibitors
decreases from Day 0 to Day 21 as the cells transition toward a more chondrocyte-like
phenotype. Conversely, COLGALT2 KO cells exhibit increased expression of metalloprotease
inhibitors at Day 21 compared to Day 0 (Chapter 7, Table 7.7). Metalloproteases play a critical
role in maintaining ECM homeostasis by degrading damaged ECM components. |
hypothesised that reduced levels of the COLGALT2 enzyme led to the accumulation of
collagen fibrils with abnormal glycosylation patterns in the ECM. These fibrils would require
continuous degradation, thus necessitating elevated levels of metalloproteases.
Accumulation of collagens with aberrant glycosylation patterns in the ER and the ECM of cells

has been reported following COLGALT1 depletion38, corroborating my hypothesis.

These findings provided valuable insights into the role of the COLGALT2 enzyme in
chondrocyte biology and collagen biochemistry. Although these results did not definitively
identify the specific targets of COLGALT2, the differential expression analyses of the
secretome highlight collagens type Il, VI, XI, XIlI, and XVI as potential targets (Chapter 7, Figure
7.16 and Table 7.8). These collagens play crucial roles in cartilage biology, as elaborated in
Chapter 1, where collagens I, IX, and XIl form heteropolymers constituting a significant
portion of the ECM collagen network3Z. Collagen type VI has been implicated in regulating the
pericellular matrix in cartilage3229, Collagens XI, XII, and XVI primarily ensure the integrity and
stability of the collagen fibril network®23, Aberrant glycosylation of any or all of these

collagens could disrupt the composition and structural integrity of the ECM secreted by
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chondrocytes, contributing to the observed weakened chondrocyte phenotype in COLGALT2
KO differentiated cells.

Considering the crucial roles played by individual collagens and their post-translational
modifications in cartilage, further comprehensive investigations into their functions are
warranted. Such investigations would contribute to a better understanding of the
pathophysiology of collagen-rich tissues such as skin, bone, cartilage, and blood vessels. Our
study was unable to evaluate the effects of complete glycosylation loss on chondrocyte
biology due to incomplete depletion of the universal galactosyltransferase, COLGALT], in the
ASC52teloSox9 cells (Chapter 7, Figure 7.3). Despite the reduced protein and gene expression
of COLGALT1 prior to differentiation in the ASC52teloSox9 (Chapter 7, Figure 7.2A), the
extended culture expansion required to obtain sufficient cell numbers may have provided any
unedited cells with a survival and growth advantage over COLGALT1 knock-out cells, resulting
in the cells subjected to differentiation no longer having reduced levels of COLGALT1. The
depletion of this protein has been shown to be embryonically lethal in mice? so a positive

selection of the cells with intact COLGALT1 function is plausible.

In this thesis, my investigation primarily focused on assessing the impact of common
genetic variants associated with OA on the regulation of COLGALT2 expression in tissues
relevant to joint health across various stages of development and aging. Additionally, | delved
into the role of the COLGALT2 enzyme within chondrocyte biology and collagen biochemistry
by employing an in vitro chondrogenesis model. The outcomes of these different types of
investigations underscore the significance of COLGALT2 as a promising target for the
development of OA therapeutics. This is substantiated by the confirmation that both genetic
and epigenetic factors differentially regulate COLGALT2 gene expression in patient samples.
Furthermore, proteomics data provide compelling evidence implicating the enzyme encoded

by the COLGALT2 gene as a pivotal contributor to chondrocyte biology.

Furthermore, my research into the regulation of COLGALT2 in developmental cartilage
samples has provided valuable insights into the origins of OA. These findings suggest that
genetic and epigenetic mechanisms operating on OA-risk loci during early development may
predispose individuals to OA later in life. Consequently, a focus on understanding the
developmental stages of disease onset holds promise for the development of more precise

and effective therapeutic strategies for managing OA.

261



In summary, while GWAS have proven invaluable in uncovering the genetic
foundations of complex traits and diseases, the interpretation of GWAS signals presents a
formidable challenge. It is crucial to implement a robust program of functional validation,
encompassing diverse tissues and methodologies, in order to unravel the intricacies of genetic
regulation. This effort is pivotal for advancing personalized medicine and formulating
targeted therapeutic strategies for complex diseases including OA. With the prevalence and
the burden of the disease predicted to only increase in the coming decades, the need for
comprehensive functional investigations into GWAS signals which identify causal pathways as

potential therapeutic targets is also on the rise.
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Appendix A. Primer sequences

Fape riment Locu Torget Torget genamic pesition(hgio] Forword E3] Revere 53] Sequencing (52
+11583641 chrl: 183305895 TGGGCAGTE AACTOARG AATTAG [Btr 106 GGTGGTGCTACA TACACAS TGGCTTAAAGTGTATCITAC
e 1 83450 chri: 133830299 [ Bt n] GTATAT COCTCCCGCAAGATT GOCT CACTCCAATTTOCTATTTA ACTCTCAACCOGT GAC
11583641 =75 22001 chrl: 133898790 CTTGTCTTCTTTGEACGTTTGTA [Et n] TOGARATAACTTTGLCTAGT GG GCATACAATACTGCTTTACG
502 chrl: 183887032 [ Bt n] AGTGATGGGATT T GCTCATTAAG TTCAAGCOCTTAT CCTCT CCTAC COCCT COAMGT CTACC
Geromypng ang Afl 1734657 chrl: 183912218 ACCTTAGA TTCTCTGGG CTCA GAAGCHGAAAGTTCCCAAGTA A
151046974 chil: @edzs TTAGATATAGG AGA TECOATCTH [Ben]CAG GTARACEA AG AACECTACATS 26646 ATECCACOOR
151046834 14661876 chrl: 182006548 GAGAGGAGCIGTAGCBACTAGS (Btn] AGCE AGGGGCTETGAGEG TGAGGELGGCEGEG
Iz chrl: 18402845 (841166 GAAGOGGAACTTATAG CCCTG AGGACGCCTGRAT TGTTECGCTTTEG
ot I [Bn]GGTTTTTTAAAGTETTGGGATTATAG TCTGA ATCCAA A4ACTAR ATTTTCAACTA AGTGTTGGEATTATAGE
cr6 2 chr183911374
€63 chrl 183911971 [Btn]AGGGGA TATTTTGATTTG A TTAA TTTE ACAACTTCACTTAA ACCTCATAAT ATTCCATANATACATTTCTCARAAC
Cre 4 ¢hri:183912000
e chriA83912015 AGGGGATATTTTGATITGATTAATTTGT [Etn]ACAACTTCACTTARACCTCATAATCA GETATTITGTTTTGAGAAATG
6 chrid83912021
nusEE €67 chrl 183912155
DHAm qus ntitcatian crcn T GTAGTTTTTAGGTTTETEAGE TTTTAATTA (B4n] COCTTA A A TCACTA TTTETTECTATAT AGGTTTGTGAGE TTTTAATTATA
L chrl 18391 2305 AGGGATTGTETAGAATETTAAATTARA [Btn]TCTA AACTCA 34 AAAA ACOTA ACAATARCT GGTATAGGTGTTTTATTATATAGTG
€56 10 chrl 183912398 TGETTTATTTITTGAGGGAATAAGTAT [BtnJCCCAACTATATATCAR A AACAATTCATE CCCAACTATATATCAAA AACAATTCATE
cett S [Btn ITTTTAATAGAGGAGTTTTTGGTTGATTT ACCATTTATTCAAACTCTAAAATCETAT TITGG TTGA TTTTITAATITTTTAT
€16 12 chridE91292
. cE15 204585 chr 484003184 TG TG TTGGTTTTGTAG A4 TGGATATT [Btn14ACACTCTA ATAA AASATAATACCTCAATT ATGAGAANTTAGAGGTAAGT
cg21606856 chrl 184211934 TITTGTATITATTITGTGGTTAATTTTTG [81tn]CA ATA ACTCTATACTA TAATARAATECTET TGTGGTTAA TITITGGTTT
1511583641 vegian cantaining CpGz 3-10 A CCTAGGTCA AG AGAACTG TTOTTCCTTCT ACTAGTCTGTCCOTGCTTETCECAG [
Repartergene ana bysis . vegian cantaining cg15 204595 [ ATGCATCAA AGTTCTGGE TCHCTCACA ACTAGTGAA TCTCTTTGGA AGTGCTEACT [
vegian cantining cg21606956 2] CCTAGGCTG CTG TTTACA ACCAGGET ACTAGTBAGTEECTCATE TE TG GG A
5‘""""‘d:;"‘:(i‘:n"]"”“"“”“' 111583541 tegian cantaining CpGs 3-10 nis O ACACTCOCTCAA TGATTCCA CCTCTGEEE TCETECTTTCTE na
Gename ed iting (COLG ALTE splicing) | re1L583641 Intran 10 af COLG ALT2 nis GCAGGAACTCATCCACTRGC AACATTG ACCAGGCTCAGCT [
Epigzname f}dr:e”'jn:]’“‘"s ghs 1511583641 regian cantaining Cpts 3-10 L12) ACAACTETTCTTCCTTCTTGEN CTETECCTGCTTCTCOCAT [
0 LGALTE 3 nd COLEALTZ KD (testing s COLBALTE Exan 2 s TCTCTCTGAGTACCOCEA A6 CAGACCTGCCTGTGATCCAT [
ERHA targzting] COLGALTE Exan 3 e ACACCTGAGATGACAG TTGTC GGACAGAGOCTEGTACATGT L)
0N synthesie [ HERL intran ¢ s TOG AAGAGTGAACCAG CTTT GAAGGCCAGE AR TTECACCATCC [

[Bnt] = biotinylated. Red sequences = overhangs for downstream cloning
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Appendix B. gRNA sequences

Format Experiment Locus gRNA name Sequence (5'-3')
@ gRNA 1 CCACCGAACTACATGTGACC
% gRNA 2 TGTCCACGTGACTTGTATAA
;;J— 111582641 gRNA 3 GCCTGTGAGGCCTTAACCAC
< Epigenetic gRNA 4 GCGGAGCCATCCATTGAGAA
% modulation gRNA S GCATTAGTTGAGCCATTGCT
&« gRNA 6 AGGGAACAAGTATTCCACCT
= 8RNA-cg15204595 TGGAATGTTGCATAGAGCTT
- 11046934 gRNA-cg21606956 GTTATTGTGGTCAGATTCAG
gRNA 1 FWD CACCGCCACCGAACTACATGTGACC
gRNA 1 REV AAACGGTCACATGTAGTTCGGTGGC
ZRNA 2 FWD CACCGTGTCCACGTGACTTGTATAA
gRNA 2 REV AAACTTATACAAGTCACGTGGACAC
gRNA 3 FWD CACCGGCCTGTGAGGCCTTAACCAC
gRNA 3 REV AAACGTGGTTAAGGCCTCACAGGCC
0 rs11583641
g gRNA 4 FWD CACCGGCGGAGCCATCCATTGAGAA
E Epigenetic gRNA 4 REV AAACTTCTCAATGGATGGCTCCGCC
= modulation gRNA 5 FWD CACCGGCATTAGTTGAGCCATTGCT
§n gRNA 5 REV AAACAGCAATGGCTCAACTAATGCC
G gRNA 6 FWD CACCGAGGGAACAAGTATTCCACCT
%: gRNA 6 REV AAACAGGTGGAATACTTGTTCCCTC
2 gRNA-cg15204595 FWD CACCGTGGAATGTTGCATAGAGCTT
g 11046934 SRNA-cg15204595 REV AAACAAGCTCTATGCAACATTCCAC
= gRNA-cg21606956 FWD CACCGGTTATTGTGGTCAGATTCAG
E ZRNA-cg21606956 REV AMACCTGAATCTGACCACAATAACC
g gRNA7 FWD CACCGCAACACTCCCTCAATGATTCCA
3 Genome editing re11583641 gRNAT7 REV AAACTGGAATCATTGAGGGAGTGTTGC
sRNA 8 FWD CACCGCCTCTGCCTCCTCCTITCTC
gRNA 8 REV AAACGAGAAAGGAGGAGGCAGAGGC
gRNA-T1 FWD CACCGGGTGGCTACGGACCACAACA
COLGALT1 and /A gRNA-T1 REV AAACTGTTGTGGTCCGTAGCCACCC
COLGALT2 KO RNA-T2 FWD CACCGCCATGTGATGAAACTACGAC
gRNA-T2 REV AAACGTCGTAGTTTCATCACATGGC

ssDNA - single-stranded DNA; gRNA — guide RNA; Red sequences = overhangs for

downstream cloning
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Appendix C. mQTL analysis using lllumina 450K array data

SNP

rs1046934
rsl046334
rsl046334
rsl046334
rsl046934
rs1046934
rsl046334
rsl046334
rsl046334
rsl046334
rs1046934
rsl046934
rsl046334
rsl046334
rsl046334
rs1046934
rs1046934
rsl046334
rsl046334
rsl046334
rsl046934
rs1046934
rsl046334
rsl046334
rsl046334
rsl046934
rs1046934
rsl046334
rsl046334
rsl046334
rsl046334
rs1046934
rsl046934
rsl046334
rsl046334
rsl046334
rsl046934
rs1046934
rsl046334
rsl046334
rsl046334
rsl046934
rs1046934
rsl046334
rsl046334
rsl046334
rsl046934
rs1046934
rsl046934
rsl046334
rsl046334
rsl046934
rs1046934
rsl046934
rsl046334
rsl046334
rsl046334
rs1046934

CpG

g21606956
gl5204595
g01436608
g22340762
gl7002156
g21404028
gl2222949
15111436
gl5777716
g13951632
g15569301
g27177158
g02314308
27444414
gl0312498
glEE55034
gl2136256
gla773259
g22400420
gl=8131532
cg00464025
gl910101s
21417627
gl4313310
09340311
gl6349459
g01063308
gl2073970
09624066
g25605307
gl1672039
glE716196
g03467001
03943177
g06315270
gl7357479
gl0807943
El2702671
g20942099
gN9013655
gl2792264
00044463
g24721630
g02290642
g27291258
gl2758231
15359501
26429856
glE1289236
05816006
gl1387897
gl2631766
gl1346030
g0E3795351
g23040305
gl5521745

pualue FDR Slope cpg.chr
0,002385789 0,1385498190,15891 7452 chrl
0,005077494 0,1472473450, 255571328 chrl
0,041280740 06272228550, 175202058 chrl
0,051489572 0,627222855-0,17776850: chrl
0,054070935 0,6272228550, 232924321 chrl
0,108366350 0,8483490350,0927 75988 chrl
0,113011900 0,8483400550, 160416090 chrl
0,133341488 0,848340055-0,104 19286 chrl
0,144 3896598 0,848349055-0,08006347: chrl
0,184925856 0,848349055 0, 120100660 chrl
0,187837515 0,848349035 0, 066228549 chrl
0,124193974 0,848342055 0, 100123680 chrl
0,1949575334 0,8483400550,110305009 chrl
0,230101786 0,8483490550,092115213 chrl
0,240591976 0,848349055-0,10911600: chrl
0,243080607 0,8483490350,081155104 chrl
0,248654027 0,848349035-0,1361 7857 chrl
0, 292969985 0,928585405 0, 085088592 chrl
0,304191770 0,928585405-0,08831 2671 chrl
0,363285827 0,965141685 0, 104087 734 chrl
0,381242494 0,965141685-0,04063193: chrl
0,385337955 0,965141685-0,0634024 71 chrl
0,447531052 0,965141685-0,06737686: chrl
0,485855458 0,96514 1685 0, 055906006 chrl
0,495887744 0,965141685-0,11007 747 chrl
0,514610056 0,965141685-0,04667025! chrl
0,530912365 0,965141685-0,07518952: chrl
0,542309516 0,965141685-0,05760377: chrl
0,558043452 0,96514 1685 0,031355577 chrl
0,560179746 0,965141685-0,042859901 chrl
0,580064206 0,96514 1685 0,041394927 chrl
0,595667485 0,9651416850,049572937 chrl
0,604461198 0,965141685-0,063457 98 chrl
0,611155154 0,96514 1685 0,052335755 chrl
0,642327728 0,96514 1685 0,027943554 chrl
0,658357979 0,965141685-0,03704078 chrl
0,689234255 0,965141685-0,02057012 chrl
0,711635426 0,9651416850,031402346 chrl
0,723326200 0,965141685-0,02379057! chrl
0, 754989126 0,965141685-0,03289700" chrl
0, 765265544 0,965141685-0,03532027" chrl
0, 766522435 0,9651416850,023787640 chrl
0,769637771 0,9651416850,027460413 chrl
0, 781538860 0,96514 1685 -0,02156065: chrl
0, 784525658 0,965141685-0,04348961: chrl
0, 787779995 0,9651416850,01991091F chrl
0, 792639164 0965141685 0,015547071 chrl
0,798737946 0,9651416850,013574528 chrl
0,821703244 0,966291552-0,02569492 chrl
0,839369641 0,966291552-0,01886 7471 chrl
0,849670158 0,966291552 0,01 2868174 chrl
0,887366795 0,989755269-0,01550591: chrl
0,9158417760,9902780200,009511507 chrl
0,921982984 0,990278020-0,005805731 chrl
0,969651660 0,9954180400,004039352 chrl
0,983100264 0,995418040 0,001355846 chrl

ch.1.18235950, 987854651 0,995418040 0,001960837 chrl

cg20271396

0,9954120400,995418040-0,00047325: chrl

©pE.pos

184211934 -
184003184 +
184005534 -
183823538 +
183995878 +
184020687 -
184005360 +
184195211 -
184006285 -
183897368 -
184197096 -
184121585 -
184006372 -
184122874 -
183957982 -
124005396 +
183952796 +
184021034 -
183851242 -
183912305 -
183907542 -
183925532 -
184003235 -
184006316 -
183901666 -
183891439 -
184007101 -
184006765 +
183891565 +
183965312 -
183241259 -
184195068 -
183857649 -
184021360 +
183891360 +
184005717 -
184021131 +
183885210 -
184007303 +
184005065 -
183971636 +
184006933 +
184006216 +
184017798 -
184173289 +
184020711 +
124006496 -
124005990 +
184009497 -
184042579 +
183914188 -
124025029 -
184090950 -
184020410 -
183846243 -
184133404 -
184092903 +
184020713 +
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cpgstand

cpgkland
OpenSea
M_shelf
Island
CpenSea
CpenSea
M_Shore
Island
OpenSea
Island
CpenSea
OpenSea
OpenSea
5 Shore
CpenSea
CpenSea
Island
OpenSea
Island
CpenSea
CpenSea
CpenSea
OpenSea
5 Shore
5 Shore
CpenSea
CpenSea
S Share
Island
OpenSea
CpenSea
CpenSea
OpenSea
OpenSea
5 Shore
CpenSea
Island

S Share
OpenSea
5 Shore
MN_Shore
CpenSea
S Share
Island
M_shelf
OpenSea
MN_Shaore
Island
Island
5_shelf
OpenSea
CpenSea
5_Shelf
OpenSea
M_shore
OpenSea
CpenSea
CpenSea
M_Shore

cpg.Group

Eody
Eody
Body
Body
TS5200; 55200, T=5200
Eody

1stExon
3UTR

T35200

Body

Body

Body
Body;Body;Eody
Eody

Body

3UTR

Body

T351500

S'UTR; LstExon

Body
T351500
S'UTR; LstExon
Eody

Body

Body

Eody
Body;Body;Eody
Eody

Body
Body,Body;Body
Body

T351500

Eody

Body

TS5200

Body

T55200; T55200; T55200
SWUTR;1sExon
Body

3'UTR; 3'UTR;Body
Body
Body,Body;Body

cpg.GeneSymbol

GLT25D2

GLT25D2

RGLL

GLT2E502

TSEMN1S; TSEN1S; TSEN1S
GLT25D2

GLT25D2
RGLL

GLT25D2

GLT25D2

GLT2502

GLT2502

TSEM1S; TSEN1S; TSENLS
RGLL

GLT25D2

GLT2E502

GLT2502

GLT25D2
GLT25D2;GLT2502

RiGLL

GLT2502
GLT25D2;GLT2502
RGLL

GLT25D2

RGLL

RGLL

TSEM1S; TSEN1S; TSENLS
RGLL

GLT25D2

TSEMN1S; TSENL1S; TSENLS
RGLL

GLT25D2

GLT25D2

GLT25D2

GLT2E502

GLT2502

TSEN15; TSEN1S; TSEN1S
GLT2502;GLT2502
GLT2502

TSEM1S; TSEN1S; TSENLS
GLT25D2
TSEMN1E; TSENL1S; TSENLS

T351500; TS51500; 55150 TSENLS; TSEM1S; TSENLS

Eody

TE5200;TS5200;Ts5200

RGLL

TSEM1S; TSEMLS; TSENLS



Appendix D. A list of all proteins detected in the cell pellets and the secretome of the
ASC52teloSOX9 differentiation and COLGALT2 KO experiments
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Appendix E. A list of all differentially expressed proteins detected in the ASC52teloSOX9
differentiation and COLGALT2 KO experiments
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Appendix F. List of proteins by cluster from the clustered heatmap of the top 3000
differentially expressed proteins in the COLGALT2 KO DO vs D21, WT DO vs WT D21, WT DO
vs COLGALT2 KO DO, and WT D21 vs COLGALT2 KO D21.
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Appendix G. A list of all differentially expressed proteins in the secretome of WT D21 and
COLGALT2 KD D21 cells
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