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Abstract

Osteoarthritis is a common multifactorial disease characterised by pathological
changes to multiple joint tissues, primarily cartilage. Millions are affected yet no disease-
modifying osteoarthritis drugs are available, highlighting a major clinically unmet need.
Osteoarthritis is polygenic, with genome-wide association studies reporting over 100
associated variants. Most osteoarthritis-associated variants reside within noncoding regions
of the genome, suggesting they confer pathogenicity via changes to gene expression. A
quarter of osteoarthritis-associated variants co-localise with DNA methylation (DNAm) at CpG
dinucleotides, forming methylation quantitative trait loci (mQTLs). mQTLs often act as
functional intermediaries between risk variant and effector gene.

This thesis investigates the osteoarthritis association signal rs34195470, mapping to
the E3 ubiquitin ligase gene WWHP2. Joint tissues from osteoarthritis patients were analysed
to detect mQTLs at a putative enhancer. Epigenetic editing of the enhancer was used to
establish causality between DNAmM and WWP2 expression in a chondrocyte cell line. In-silico
prediction of transcription factors (TFs) informed downstream TF-DNA interaction
experiments. To establish the causal variant, reporter assays and CRISPR/Cas9 editing were
employed.

The osteoarthritis risk allele of rs34195470 correlated with increased DNAm levels of
the enhancer in cartilage, marking a differentially methylated region (DMR). Epigenetic editing
to increase DNAm at the DMR resulted in higher WWP2 expression. HIF-1o. was predicted to
bind the DMR, with downstream studies demonstrating this TF exclusively binds
unmethylated DNA. rs34195470 exhibited allele-dependent regulatory function in the
reporter assay. CRISPR/Cas9 deletion of rs111837947, a variant in high linkage disequilibrium
with rs34195470, resulted in decreased WWP2 expression.

Specific isoforms of WWP2 are regulatory targets of the rs34195470 association signal,
modulated by the functional intermediary of DNAm at the DMR. Together, the work presented
in this thesis provides a framework for the molecular characterisation of osteoarthritis genetic
risk and the transition from associated variant to effector gene, revealing targets for future

clinical intervention.

[300 words]
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Chapter 1: Introduction



1.1 Synovial joint formation
1.1.1 Skeletogenesis

The development of the human skeletal system, comprising of bone, cartilage and
joints is a process known as skeletogenesis. This process begins when multipotent
mesenchymal stem cells (MSCs) arise from the mesoderm and organise themselves to form
the template of the human skeleton'. These mesenchymal condensates are densely populated
and begin to differentiate into chondrocytes to form cartilage anlage of future bones (via
endochondral ossification) or into osteoblasts to directly form bone (via intramembranous
bone formation)?. The former is responsible for the formation of most of the human skeleton,
including the appendicular skeleton, whilst the latter occurs in the membranous neuro- and
viscerocranium and in part of the clavicle?.

Skeletogenesis is controlled by several factors. Skeletal patterning is regulated by many
transcription factors (TFs) in the Homeobox and Paired-box families?, with mutations in these
factors resulting in skeletal abnormalities®*. Bone shape is regulated by the Transforming
Growth Factor Beta (TGF[3) superfamily, including Growth Differentiation Factors (GDFs) and
Bone Morphogenic Proteins (BMPs)?. Differentiation of MSCs into chondrocytes that form the
cartilage anlagen is driven by the master chondrogenesis TF SRY (Sex-Determining Region Y)-
Box 9 (SOX9) following activation by BMP signalling®>®. Other factors important for
skeletogenesis include Indian Hedgehog (IHH) and Parathyroid Hormone-related Peptide
(PTHrP), which control chondrocyte hypertrophy and bone formation by osteoblasts’, and the
Fibroblast Growth Factor (FGF) and Wnt/B-catenin signalling pathways, which are required for

endochondral ossification and the development of long bones?.

1.1.2 Synovial joint formation

In humans, the development of the synovial joint occurs between four- and eight-
weeks post-conception (pcw)®. Dense MSC condensations within the uninterrupted cartilage
anlagen become identifiable by their flattened morphology, marking the future joint site
known as the interzone®?. Loss of this region prevents the formation of limb synovial joints,
emphasising its pivotal role!!. In the early stages, the interzone is characterised by high
expression of GDF5 and low expression of the chondrocyte markers type Il collagen (COL2A1)
and Matrillin 1 (MATN1)¥'2, GDF5 is critically important to joint formation, with mutations

resulting in skeletal abnormalities'?. These GDF5-expressing progenitor cells are responsible



for the development of all mature joint structure lineages, including the menisci, ligaments,
and synovium, whilst the outer regions surrounding the interzone differentiate into
chondrocytes and begin synthesising the extracellular matrix (ECM) that forms articular
cartilage!®13,

Around 8pcw, joint cavitation takes place®. Historically, this process is thought to have
been driven by interzone cell apoptosis, however, studies suggest that activation of the MEK-
ERK pathway may also play a role®3. Activation of this pathway by mechanical stimulation
results in hyaluronan synthesis and loss of tissue cohesion#. Other factors such as SOX5 and
SOX6 are also necessary for cavitation, with their knockout in mice leading to incomplete joint
formation?®. As the interzone diminishes, the surrounding MSCs form major components of
the synovial capsule. The synovial capsule becomes filled with synovial fluid containing high
levels of lubricin and hyaluronic acid'®’, Other tissues such as the infrapatellar fat pad

develop later (18pcw)°.

1.1.3 Endochondral ossification

The replacement of the temporary cartilaginous anlagen into permanent bone is a
process known as endochondral ossification. The primary ossification site forms in the centre
of the bone, characterised by chondrocyte hypertrophy and vascular invasion. Secondary sites
of ossification develop, segmenting cartilage responsible for growth into two sites: the growth
plate (between the primary and secondary sites of ossification) and the articular cartilage
lining the end of the bone. The growth plate drives longitudinal extension of bones whilst the
articular cartilage shapes the epiphysis and continues until early adulthood. At skeletal
maturity, the growth plate is converted into bone as the primary and secondary sites of
ossification merge. Only articular cartilage remains, providing normal joint function®®.

Endochondral ossification is a complex and tightly regulated process requiring several
systemic factors, transcriptional regulators and secreted factors that work in synchronicity to
control the growth rate and morphology of long bones (Fig. 1.1). The expression and secretion
of these factors is driven by growth plate chondrocytes that are arranged in morphologically
distinct zones, reflecting their role in endochondral ossification®®. The ‘resting’ zone furthest
from the ossification front contains chondrocytes expressing the ECM components aggrecan
(encoded by ACAN) and type Il collagen®3. These cells mature into columnar, rapidly

proliferating chondrocytes that continue to express ECM components. Proliferative



chondrocytes undergo transition to a pre-hypertrophic phenotype, secreting IHH and PTHrP.
These control the rate of proliferation and hypertrophy (and therefore control the rate of
endochondral ossification), which determines bone dimension and length'®!®, These
chondrocytes eventually become fully hypertrophic as they reach the ossification front,
expressing high levels of RUNX Family Transcription Factor 2 (RUNX2), an osteogenic factor
and master regulator of chondrocyte hypertrophy driving terminal differentiation®®.
Hypertrophic chondrocytes also express the ECM-degrading enzymes Matrix
Metallopeptidase 13 (MMP13) and ADAM Metallopeptidase With Thrombospondin Type 1
Motif 5 (ADAMTSS5), which break down the cartilage matrix to allow for vascular invasion and
bone remodelling by osteoclasts and osteoblasts'®2°. This complex, interconnected process is
also regulated by members of the TGF3/BMP and the FGF signalling families as well as the
Hypoxia Inducible Factors (HIFs) HIF-1oo and HIF-2a, which have opposing anabolic and

catabolic roles, respectively’®21.
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Figure 1.1: The process of endochondral ossification. A) Endochondral ossification begins
with the cartilage model. B) Initiation of the formation of the primary centre of ossification
forms, creating a periosteal bone collar. This is accompanied by vascular invasion and
chondrocyte hypertrophy closer to the centre of the cartilage model. C) The primary centre of
ossification becomes well established, with some vasculature within the cartilage tissue at the
ends of developing long bones. D) Formation of the secondary centres of ossification, dividing



cartilage into growth cartilage (lining the developing articular joint surfaces) which shapes the
epiphysis; and the growth plate (between the primary and secondary centres of ossification).
The growth plate is responsible for longitudinal growth. E) In the adult bone, the metaphyseal
and epiphyseal bone have fused together, leading to the disappearance of the growth plate
cartilage. Permanent adult articular cartilage lines the ends of the bone. Adapted from Mackie
et al., 200818,

1.2 Synovial joint tissues and function
1.2.1 Articular cartilage

Articular cartilage is an avascular, aneural tissue lining the load-bearing surfaces of the
articular joint and is composed of a dense ECM secreted by chondrocytes, the sole cell type
found in cartilage??. Although they are responsible for depositing the ECM, healthy adult
articular chondrocytes remain in a non-proliferative, postmitotic state across life?3. Up to 80%
of articular cartilage wet weight is water, which facilitates diffusion of molecules necessary for
the survival of chondrocytes and confers its ability to withstand significant loading?*. Collagens
form the most abundant structural macromolecule present in the ECM, comprising of up to
60% of the dry weight. Of this, type Il collagen represents nearly 95%, forming fibrils and
bundles with proteoglycan aggregates. Other collagens, including types |, IV, V, VI, IX, and XI
are also present. Together, the collagen fibril network provides articular cartilage with tensile
strength to resist shear stress?*?°, Aggrecan, the most abundant proteoglycan of the ECM,
provides cartilage with its ability to resist compressive loading via its osmotic properties.
Other proteoglycans such as decorin, biglycan and fibromodulin contribute to the structural
network of collagen fibrils?%24,

The ECM of articular cartilage can be segmented into four distinct zones: (i) superficial;
(ii) transitional; (iii) radial; and (iv) calcified. The superficial zone is densely packed with
collagen fibrils arranged tangentially to the joint, surrounding flattened, ellipsoid-shaped
chondrocytes?2. Superficial zone chondrocytes secrete lubricin, a proteoglycan responsible for
maintaining low-friction movement of the articular joint surfaces?®?’. Moving deeper, the
transitional zone features spherical chondrocytes surrounded by bundles of thicker collagen
fibrils. The radial zone represents the deepest layer of non-mineralised cartilage, comprising
of the thickest collagen bundles??. Chondrocytes in this zone become hypertrophic as depth
increases until they reach the final zone, underneath the tidemark, and are characterised by
their expression of IHH, RUNX2 and COL10A1%’. This final zone is comprised of calcified

cartilage and acts as the final barrier between the cartilage and the underlying subchondral



bone?®2°, The morphological differences between the zone subpopulations of chondrocytes
are largely driven by the mechanical environment, whilst the arrangement of collagen fibres
between these layers confers tensile strength that protects the subchondral bone from
mechanical stress?2. The avascular nature of articular cartilage means that chondrocytes exist
in a hypoxic environment, with the O tension ranging from 10% at the surface to less than 1%
in the deep zones?2. Adaptation to hypoxia is provided by the HIFs, which mediate changes to
metabolism and transcription, contributing to the chondrocyte phenotype?!. An overview of

the articular joint and the zones of articular cartilage is depicted in Fig. 1.2.
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Figure 1.2: The healthy articular joint and the zones of articular cartilage. Left, schematic
representation of the articular joint and its core tissues: articular cartilage, the synovial
capsule and underlying subchondral bone. Right, schematic representation of the four zones
of articular cartilage: (i) superficial zone, (ii) transitional zone, (iii) radial zone, (iv) calcified
zone. The O; gradient moving from the superficial zone to the calcified zone is also shown.
Created in BioRender (available at https://biorender.com).

1.2.2 Subchondral bone
Subchondral bone refers to the bone found underneath the calcified cartilage layer
and can be split into two morphological compartments: a cortical plate directly beneath the

calcified cartilage, and a subchondral trabecular bone that is porous and less dense than the



cortical plate3°. Vasculature and nerves traverse the cortical plate from the subchondral bone
across to the calcified layer of cartilage, underlining the interactions between these tissue
types332, The subchondral bone acts as a shock absorber and provides joint stability3%32. The
maintenance and turnover of bone tissue is mediated by osteoblasts, which synthesise bone
matrix, and osteoclasts, which resorb bone tissue3. In addition, osteocytes reside within the
synthesised bone matrix and act as mechanosensors, signalling to osteoblasts and osteoclasts
to orchestrate bone remodelling®*3*, Several pathways are implicated in subchondral bone

homeostasis, including Wnt/B-catenin and TGFp signalling3°3¢,

1.2.3 Synovium

The joint capsule is lined with synovial tissue that can be categorised into the intima,
a layer of joint-facing cells (macrophages and fibroblast-like synoviocytes (FLS)) that synthesise
synovial fluid, and the outer subintima, a dense fibrous tissue consisting of collagen fibres,
nerves, lymph and blood vessels®’. The subintima is made up of various cell types, including
FLS, macrophages, monocytes, CD4* T cells and mast cells®’. FLS are the most abundant cell
type found in the synovium and are responsible for synthesising lubricin and hyaluronic acid
that is deposited into the synovial fluid, facilitating frictionless movement32, Vasculature of
the synovium facilitates the delivery of nutrients and cellular O, throughout the synovial
tissue3’. The synovium also nourishes chondrocytes via diffusion of nutrients from the synovial
fluid into the cartilage ECM?’. Innervation of the synovium promotes joint proprioception and

pain sensing, aiding in the detection of potential joint damage3°.

1.2.4 Other tissues of the articular joint

In addition to the articular cartilage, synovium and subchondral bone, the articular
joint comprises of menisci, tendons and ligaments. The menisci form fibrocartilaginous discs
that act to stabilise the joint and facilitate mechanical loading®. Tendons and ligaments also
contribute to joint stability, forming strong fibrous bands predominantly composed of type |
collagen that connect the bones spanning the joint site*!. These tissues, in addition to the
infrapatellar fat pad and the surrounding skeletal muscle, all contribute to articular joint

function and facilitate smooth movement of the human skeleton?2.



1.3 Osteoarthritis (OA)
1.3.1 Pathophysiology and molecular mechanisms of OA

OA is a disease of the whole joint characterised by complex pathophysiology,
manifesting primarily through molecular dysregulation and subsequent anatomical and
physiological changes that lead to cartilage degradation, bone remodelling, osteophyte
formation, synovial inflammation and eventually loss of normal joint function*®**, Although
OA can affect any joint site, it primarily affects the knee, the hand and the hip*. These changes
are illustrated in Fig. 1.3.

Articular cartilage degradation is widely considered to be the core hallmark of OA,
beginning primarily at sites of greater mechanical stress*?%¢. Chondrocytes transition from
their previous resting state into an active state of proliferation with increased production of
the ECM-degrading enzymes MMP3 and ADAMTS52%42, This transition drives matrix
remodelling and terminal hypertrophic differentiation, which in turn leads to calcification of
the cartilage??. Matrix degradation continues with the activation of MMP13, which degrades
type Il collagen®?. These changes appear to be irreversible as the once-intact collagen network
and interspersed proteoglycans become disorganised and degraded*’. Loss of articular
cartilage is accompanied by joint space width (JSW) narrowing. Magnetic resonance imaging
in OA patients indicates that higher JSW narrowing grades are linked with larger subchondral
bone areas, suggesting that an increase in subchondral bone area occurs in advanced OA%’.
Aberrant TGF3/SMAD signalling is associated with OA, with the SMAD2/3 pathway, which
prevents chondrocyte hypertrophy, downregulated. As a result, the SMAD1/5/8 pathway
becomes dominant, contributing to chondrocyte hypertrophy and calcification of the ECM*¢-
>0 Mutations in SMAD3 result in early-onset OA>>°2, whilst decreased Smad3 promotes
cartilage degradation in mice®3>4. Changes to TGF3/SMAD signalling exhibit pleiotropic effects
in early adult versus aged cartilage, with abundant TGFf} preventing chondrocyte hypertrophy
in the young, whereas increased TGF[} confers deleterious effects upon cartilage integrity in
the aged or OA joint*. This is primarily driven by a decrease in the expression of Activin
Receptor-Like Kinase 5 (ALK5), which promotes the SMAD2/3 pathway, resulting in a switch
towards activation of the ALK1-mediated SMAD1/5/8 pathway®. Three TGF( ligands are
present in mammals: TGFB1, TGFB2 and TGFB3, each exhibiting a high degree of sequence

homology and overlapping functional roles in cartilage development and homeostasis®.



However, distinct functional roles and expression patterns also exist between the three TGFf3
isoforms. TGFB1 is primarily responsible for cartilage ECM homeostasis, positively regulating
SMAD2/3 signalling and inhibiting chondrocyte hypertrophy>®>’. TGFB2 is required during
chondrogenesis and endochondral ossification, with Tgfb2 KO mice exhibiting
chondrodysplasia®®. TGFB3 also promotes chondrogenesis and inhibits terminal
differentiation in-vitro®. Age-related changes in TGFB expression have been observed in mice,
with a decrease in TgfB2 and TgfB3, but not TgfB1°.

Remodelling of subchondral bone in OA occurs following the formation of cracks and
subchondral lesions caused by excessive loading®?. Endochondral ossification is activated at
the site of the tidemark, resulting in the formation of multiple tidemarks and increased
mineralisation of cartilage as the subchondral bone encroaches, resulting in cartilage
thinning3%42. Angiogenesis and innervation at the osteochondral junction are accompanied by
Vascular Endothelial Growth Factor (VEGF) expression, which replaces bone marrow with
fibrovascular tissue and is also associated with the development of nerve fibres expressing
Nerve Growth Factor (NGF) that may be a driver of pain in OA patients®:-%3, Remodelling is
stimulated by TGF[3 and the inflammatory cytokines Interleukin-1 (IL-1) and IL-6, which are
also expressed in degraded OA cartilage®. The rate of remodelling leads to changes in
subchondral bone composition, with regions of high remodelling having reduced
mineralisation and decreased elastic modulus, and the inverse for regions of low remodelling,
resulting in brittle bones with increased elastic modulus®. Increased rates of bone
remodelling in early-stage OA may result in changes to joint morphology and the distribution
of loading that can predispose to cartilage degradation®°. This creates a feedback loop in which
overloading of the joint increases the rate of bone remodelling and the cycle continues. The
formation of osteophytes in OA accompanies changes in bone remodelling. Osteophytes
develop following recapitulation of the developmental process of endochondral ossification,
driven by TGFB and BMP2%. However, the functional role of osteophytes is not well
understood and may contribute to joint stabilisation rather than OA progression%©°,

Synovial inflammation (synovitis) has been reported in both early- and late-stage OA,
suggesting it is involved in disease progression®”t¢, as well as following joint injury®°. Injury to
the joint induces the release of many proinflammatory cytokines and MMPs into the synovial

fluid, which impact upon cartilage integrity’?. Synovitis is characterised by infiltration of



macrophages and lymphocytes, hyperplasia of the synovial membrane, fibrosis and increased
vasculature®?®®,  Cellular changes include FLS proliferation and higher numbers of
macrophages that induce hyperplasia of the synovial lining38. Abundance of proinflammatory
macrophages leads to higher MMP levels as well as ADAMTS4 and ADAMTSS5, which can lead
to cartilage degradation’?, whereas depletion of synovial macrophages can reduce cartilage
catabolism’2. OA synovial fluid has higher levels of proinflammatory cytokines including IL-1§3
and Tumour Necrosis Factor-a. (TNF-a), which signal chondrocytes within the articular
cartilage towards catabolic mechanisms??, and reduced levels of lubricin and hyaluronic acid’3.
Synovial fluid may also contain fragments of degraded bone and cartilage, which stimulate FLS
towards a chronic inflammatory state’4. VEGF is also increased in the synovial fluid and may
contribute to vascular changes observed at the osteochondral junction”. Early-stage OA has
markedly higher levels of IL-15 and is associated with progression of radiographic OA’®. IL-15
induces synthesis of MMP1 and MMP9, which are involved in cartilage degradation and OA
progression’”’8, |L-17 produced by synovial fibroblasts and articular chondrocytes can
contribute to synovial hyperplasia3®7°. Synovitis is one of the main drivers of pain in OA, with
upregulation of nociceptive pain signalling pathways and NGF expression®.

Changes to the menisci and ligaments are common in OA, and injury to these tissues
is a major risk factor for OA development?®?8L, Pathological changes include matrix synthesis
disruption and collagen fibre disorganisation as well as increased vascularity and neuronal
activity®2-84, Degenerative changes to these tissues have been observed with ageing and

following joint replacement surgery®>.
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Figure 1.3: Pathological changes to the tissues of the articular joint in OA. Left, the healthy
articular joint. Right, schematic representation of three pathological changes to the articular
joint, including the focal loss of cartilage, synovial inflammation, and subchondral bone
remodelling. Created in BioRender (available at https://biorender.com).

1.3.2 Epidemiology, risk factors, socioeconomic burden and treatment

More than 500 million people are affected by OA worldwide, with incidence rising by
48% between 1990 and 2019488, By 2050, the number of individuals with OA is estimated to
exceed one billion. Incidence of OA increases with age, peaking in individuals aged 70 and
above, and is a key factor driving the projected increase in OA incidence globally as the
worldwide population ages*. OA is more common in females than in males*. Other risk
factors include high body mass index (BMI > 30)*%, previous joint injury such as anterior
cruciate ligament rupture®!, and genetics®’%°.

OA confers great burden upon patients, causing pain, restricted movement and
disability, cumulatively reducing their quality of life?>86%, These factors contribute negatively
to fatigue, mood and sleep®. Because of the disabling nature of OA, many affected individuals
require assistance with their personal needs®°. Mortality rates are higher in patients with OA

in comparison to the wider population, though a direct mechanism is unclear®®. It has been
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suggested that lack of physical activity contributes to the association of OA with other
comorbidities**, including cardiovascular disease and dementia®!. The economic burden of OA
is substantial, costing between 1- and 2.5% of gross national product in several major market
economies, including the UK®2. These costs manifest from direct medical costs (e.g. pain relief,
physical therapy and surgery) as well as indirect costs from lost economic productivity®3. Loss
of economic productivity is driven by absenteeism from sickness, premature death
(compounded by comorbidities) and early retirement by the individual, but also from carers
who compensate upon daily household duties on behalf of OA sufferers®%%3,

Despite widespread prevalence and the significant burden conferred upon the
individual and the economy, OA is largely ignored in global health strategic planning®. There
are widespread misconceptions that OA is an inevitable part of ageing, with many patients
reporting that their concerns are dismissed by medical professionals®®4, Management of OA
is limited to nonpharmacological interventions such as exercise and weight management, and
pharmacological treatments such as nonsteroidal anti-inflammatory drugs (NSAIDs) and intra-
articular corticosteroid injections for pain relief°>°®, However, NSAIDs carry cardiovascular and
gastrointestinal risks whilst repeated intra-articular injections have been reported to be
associated with cartilage thinning and degradation®’~°°, Therefore, there is a major clinically
unmet need in developing disease-modifying OA drugs (DMOADs) for therapeutic
intervention*4,

End-stage OA, characterised by persistent pain and functional loss of joint mobility, is
treated by total joint replacement (arthroplasty)**. Arthroplasty has low rates of serious

100 and low rates of revision surgery01192 Typically,

complications resulting in patient mortality
patients who undergo arthroplasty surgery over the age of 70 are more likely to die with their
original implants than undergo revision!, Patient satisfaction following arthroplasty of the
hip or knee is high, with most reporting little to no pain®. However, arthroplasty incurs great
economic burden, costing the UK over £850 million in 2010, These costs are expected to

rise as global populations age and already high BMI rates continue to increase*>®,

1.4 OA as a polygenic disease
1.4.1 Genome-wide association studies (GWAS) and polygenic disease
Genetic variation can influence phenotype in two ways: protein-coding variants that

introduce nonsynonymous mutations, leading to altered protein function; or variants that

12



alter the regulation of gene expression leading to changes in mRNA levels and thus translated
protein abundance. Understanding of Mendelian (monogenic) diseases has benefitted greatly
from genetic studies investigating nonsynonymous mutations. However, for many common,
non-Mendelian (polygenic) diseases including cancer, Alzheimer’s disease, type 2 diabetes
and OA, risk is conferred by the inheritance of multiple genetic variants that each require
detailed investigation96:107,

Over the last two decades, genome-wide association studies (GWAS) have revealed an
enormous number of genetic variants associated with a plethora of traits. These studies
typically utilise very large cohorts of individuals with a particular trait (e.g. knee OA) and
controls (e.g. healthy individuals without OA) to determine which variants, commonly single
nucleotide variants (SNVs), are associated with the trait!®®-10, varjants associated with
polygenic traits tend to have small odds ratios (OR < 1.5), conferring small effects upon

phenotype!!!

. Stringent P-values are essential for the identification of truly associated
variants, accounting for the high number of statistical associations genome-wide identified by
multiple testing and therefore negating the high false discovery rate!'2'13, GWAS are biased
towards European populations, limiting understanding of genetic architecture across all
humans, though in recent years East Asian cohorts and others have contributed to GWAS
participant diversity'°!4 The number of disease-associated variants discovered has tripled
over the last five years, emphasising the highly polygenic nature of many common, complex
diseases?®®,

Most GWAS variants reside within noncoding regions of the genome, suggesting they
confer their pathogenic effects by modulating gene expression!®>. However, variants do not
always modulate the expression of the most proximal gene, interacting with physically
proximal but genomically distant target loci through the formation of enhancer-promoter
loops'®®. Variants reported by GWAS typically reside within large linkage disequilibrium (LD)
blocks with other co-inherited SNVs and act as a proxy for the causal variant'%’. Causal variants
with an OR < 1.5 are less likely to be reported as the lead signal, impeding their
identification!!!. Similarly, SNVs in LD blocks may exert haplotypic effects, acting in concert
rather than individually*'’. In LD blocks where more than one variant is associated with a trait,
conditional analyses are performed to determine whether association signals are
independent of one another!!®, Biological interpretation of GWAS variants is further impeded

by tissue-specificity and determining whether variants exert additive effects881%7,
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To increase confidence in the likelihood of reported GWAS variants being causal rather
than proxies of genetic association signals, fine-mapping is routinely applied post-GWAS!°,
The general strategy of fine-mapping partitions the genome into subregions that confer
independent effects upon the trait. These subregions are then subject to statistical fine-
mapping to determine a credible set of SNVs with a high probability of being causal®?°.
Genomic regions can then be annotated with functional genomic datasets to determine SNVs
likely to be functional''¥1%°,

All reported GWAS signals require functional follow-up laboratory studies to provide
evidence of a causal role and to elucidate their gene targets'®’. However, these are often time-
consuming and expensive to perform. These studies therefore rely upon informative fine-
mapping and functional annotation to allow for prioritisation of likely causal variants.
Functional follow-up studies can then be intelligently applied to elucidate the biological
mechanisms through which variants exert their trait-associated effects, without which
translation of GWAS discoveries into therapeutic candidates is limited®’. At present, the
number of functional studies lags far behind the number of SNV-trait associations, leading to

a bottleneck in their translation?’,

1.4.2 Genetics of OA

The heritability of OA is approximately 23% at any joint site, 15% for knee OA, and 52%
for hip OA*. To date, more than 100 independent OA association signals have been
reported®:121-124 Ag observed in other polygenic traits, most OA risk variants reside within
noncoding regions of the genome®’. Some variants are associated with all forms of OA, whilst
others are specific to a particular joint site or even one of the sexes. A signal associated with
hip arthroplasty (rs10282983, C8orf34 intronic variant) confers opposing OR directional
effects between females and males, highlighting sex-specific pleiotropy in OA%. Most OA risk
variants confer modest effect sizes (OR < 1.5). It is therefore hypothesised that the inheritance
of multiple risk alleles leads to an accumulation of gene dysregulation, resulting in OA
pathogenesis®’. This theory is known as the “liability threshold of polygenic disease”%.

Fine-mapping of OA GWAS data and integration with human and mouse
musculoskeletal data has identified many ‘high-confidence’ putative effector genes prior to
functional analysis, providing candidates for functional prioritisation. Many of these candidate

gene targets are associated with joint development and homeostasis, including several
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collagens (COL11A1, COL27A1, COL2A1); the osteoblastic TF RUNX2; members of the TGFf3
signalling pathway (SMAD3, TGFB1); growth factors (IGF1R, GDF5); the inflammatory cytokine
IL11; and proteins implicated in other important joint signalling pathways (FGF18; FGFR3;
WNT1)®. Causal variants have been reported for GDF5 (rs143383 and rs6060369), with the

risk alleles impacting upon transcriptional activity and joint development, respectively?6127,

1.4.3 Developmental origins of OA

An increasing body of evidence suggests that OA genetic risk is active during
development. Variants selectively conserved during evolution may promote joint shape that
is beneficial in those of reproductive age but confers detrimental effects during ageing?®.
Richard et al demonstrated that the OA risk variant rs6060369 alters knee morphology via
changes to Gdf5 expression in mice'?’. However, the modification is subtle enough to be
tolerated during development and early postnatal locomotion, suggesting that alterations in
joint shape in mice and humans may lead to OA as we age, accumulating deleterious effects
such as abnormal joint loading and resulting in excessive cartilage degradation?’. In this
scenario, it is probable that these variants have accumulated in the population due to no
selective pressure acting upon them during reproductive age, achieving noticeable frequency
via genetic drift'?’, or antagonistic pleiotropy, where phenotypic effects that are beneficial
during early adulthood have negative consequences as we age'?. The deleterious effects of
genetic drift and pleiotropic variants therefore has significant consequences as populations
age and the incidence of OA increases®’. In addition to the GDF5 locus, other OA association
signals have been reported to map to genes implicated in joint development and
skeletogenesis, including CHST3 (rs3740129), SOX5 (rs10842226) and WWP2 (rs34195470 and
rs6499244)%°,

1.5 Epigenetics and OA
1.5.1 Epigenetics

Epigenetics describes the mechanism through which changes to gene expression are
caused without changing the underlying genomic DNA sequence'®°. The three core epigenetic
mechanisms are DNA methylation (DNAm), post-translational histone modifications and
noncoding regulatory RNAs. These epigenetic mechanisms exert their effects upon gene

expression directly or indirectly, via changes to chromatin accessibility and TF binding, and are
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susceptible to change across life and in disease®®13!, Epigenetic alterations are considered one
of the key hallmarks of ageing, manifesting in multiple age-associated diseases including
OA88’131’132.

DNAm is the presence of a methyl group covalently attached to cytosine residues
(forming 5-methylcytosine, 5mC) most commonly at cytosine-guanine dinucleotides (CpGs)
and represents the most widely studied epigenetic mark®33. The establishment of CpG
methylation is performed by DNA methyltransferase (DNMT) enzymes that perform de novo
addition of methyl groups (DNMT3A and DNMT3B) whilst the maintenance of DNAm levels is
conducted by DNMT1 and DNMT3L!34, De-methylation of CpGs can be transient following
functional loss of DNAm machinery and during cell division, or as an active process mediated
by Ten-Eleven Translocation (TET) enzymes which oxidise 5mC, returning CpGs to their
unmodified, unmethylated state!3>. This process, known as DNA hydroxymethylation, is
implicated in both mammalian development and disease, acting as an intermediary step
during DNA de-methylation!3®137, CpGs are underrepresented across the genome but often
appear in high-density clusters known as CpG islands3¥13°, CpG islands are often found in
gene regulatory regions including promoters and enhancers'3°. DNAm in gene promoters is
associated with epigenetic silencing, whilst at enhancer regions the impact upon target gene
expression appears to be locus specific8 139140,

Post-translational histone modifications are diverse and play a key role in chromatin
structure and accessibility with functional consequences upon gene expression. Compact
chromatin with strong histone-DNA interactions (heterochromatin) prevents access for
transcriptional machinery whilst open, accessible chromatin (euchromatin) facilitates gene
expression mediated by TF binding!*!. Histone acetyltransferases (HATs) and deacetylases
(HDACs and Sirtuins, SIRTs) modulate acetylation of lysine residues, altering the charge affinity
between histones and DNA, therefore modulating TF binding potential'*’. Other
modifications, including histone phosphorylation, methylation and ubiquitylation, are also
present'®!, Specific modifications correlate with regulatory elements and can therefore be
used to determine chromatin state of genomic regions. For example, Histone 3 Lysine 4 mono-
methylation (H3K4mel) and H3K27 acetylation (H3K27ac) are typically associated with
enhancer activity, whilst H3K4 tri-methylation (H3K4me3) modifications signal promoter

activity, and H3K27me3 indicates transcriptionally repressed regions:142,
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Noncoding regulatory RNAs are functional molecules of several classes, including long
noncoding RNAs (IncRNAs) and microRNAs (miRNAs). IncRNAs are greater than 200
nucleotides in length, poorly conserved and have many diverse roles including gene
regulation!*3. miRNAs are short (~22 nucleotides in length), double-stranded RNA molecules
that are evolutionarily conserved and act to negatively regulate gene expression at the post-
transcriptional level by binding to specific target sequences within the mature mRNA%4,
miRNAs require processing from their longer primary miRNA transcript (pri-miRNA), initially
via Drosha in the nucleus, which removes the hairpin base of the pri-miRNA, before being
exported into the cytoplasm where it is cleaved by Dicer, producing a miRNA duplex that can
interact with Argonaute proteins. The strand is separated within the Argonaute complex,
retaining a single miRNA strand that represses mRNA targets complementary to the seed
sequence and forms the RNA-induced silencing complex (RISC)4>146, The retention of one of
the strands, referred to as -5p and -3p, is governed by sequence and structural features of the

miRNA duplex!¥’.

1.5.2 DNAm and OA

In MSCs and chondrocytes, changes in DNAm levels have been associated with
changes in the expression of ECM components (COL2A1, COL9A1, COL10A1)1%&143 ECM-
degrading enzymes (MMP13, ADAMTS4)*>%151 inflammatory markers (/IL1B)**?, chondrogenic
and osteogenic TFs (SOX9, RUNX2)'>3 and growth factor signalling proteins (BMP7,
GDF5)1>%155, Differentially methylated genes are also reported in OA subchondral bone,
including RUNX2 and TGFB1'®. In cartilage, distinct methylome signatures are present
between joint sites®®’, disease state'*® and in development®?®, suggesting these changes may
have functional consequences.

Differences in DNAm levels epigenome-wide mediated by changes in DNMT/TET
expression may contribute to OA risk. Cartilage-specific knockout of Dnmt3b in mice induces
early-onset OA whilst overexpression protected mice from surgically induced OA'®0, The same
study showed DNMT3B is downregulated in human OA chondrocytes in comparison to healthy
donors'®0, TET1 expression has also been reported to be downregulated in OA
chondrocytes'®’. Together, these findings suggest an important role for DNAm in the
maintenance of cartilage homeostasis. Most tissues exhibit global hypomethylation during

ageing driven by a loss of maintenance during cell division, but some loci become
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hypermethylated with age!®!. Interestingly, most of these changes affect noncoding regions of
the genome'®?,

Approximately 20% of DNAm is attributed to genetics®31%* with co-localisation
analyses revealing approximately one quarter of OA risk SNVs associate with DNAm at
proximal CpG sites®’. Correlations between DNAm and SNV genotype are known as
methylation quantitative trait loci (mQTLs). mQTLs have been reported in developmental and
OA cartilage, synovium, subchondral bone, infrapatellar fat pad, and blood**#165-70_ Cartilage
mQTLs are enriched in enhancer regions®, with several functional studies demonstrating that
these OA mQTL regions act as functional intermediaries through which OA risk variants exert
their regulatory effects (Fig. 1.4)%5171-173 More recently, Mendelian randomisation has been
used to estimate the causal effect of DNAmM upon OA at mQTL sites in cartilage, synovium and
infrapatellar fat pad, revealing nearly 100 CpGs where changes in DNAm levels are likely to be

implicated in OA pathogenesis>81°,
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Figure 1.4: The relationship between OA risk variants, their associated mQTLs and target
gene expression. A) Schematic representation of DNAm as a functional intermediary between
an OA association signal, a proximal CpG site where DNAm levels correlate with the OA-
associated variants genotype (an mQTL), and a target gene whose expression is modulated by
changes to DNAm levels at the CpG site. Genes are represented as blue boxes, intergenic space
is represented by black lines. B) An example of an mQTL box-plot, where DNAm levels at a
particular CpG site are stratified by an OA-associated variants genotype. C) The proposed
mechanism for how variants drive changes to DNAm levels at proximal CpGs. Top, the A allele
leads to no changes in DNAm levels at the unmethylated CpGs. Bottom, the T allele facilitates
TF binding. The TF recruits DNMTs as co-factors, increasing the levels of DNAm at proximal
CpGs. D) The proposed mechanism for mQTLs as functional intermediaries, modulating target
gene expression. Top, the T allele correlates with increased DNAm levels at the CpG region.
TFs preferentially bind methylated CpGs (in this example), increasing transcriptional activation
potential and increased target gene expression. Bottom, the A allele correlates with decreased
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DNAm levels. TF binding is not facilitated, resulting in decreased transcriptional activation
potential and decreased target gene expression. Wavy lines represent mRNA transcripts.

1.5.3 Post-translational histone modifications and OA

Histone modifications are required for normal cartilage development, with in-vivo
murine studies demonstrating that knockout of Hdac3, Hdac4, Hdac5 and Hdac7 impairs
endochondral ossification!’4176, Expression of HDAC4 is decreased in OA patients compared
to healthy cartilage samples!’”’. Mechanistically, HDAC4 is required for inhibition of RUNX2-
mediated activation of MMP13, increased expression of COL2A1 and ACAN, and suppression
of the inflammatory cytokine IL-1f3, highlighting an important role of HDACs in cartilage
homeostasis!’’. SIRTs are also required for cartilage homeostasis. In chondrocytes with
mitochondrial dysfunction (a hallmark of ageing and senescence3?), increased SIRT1
expression can reverse loss of mitochondrial biogenesis capacity?’®. Sirt6 knockout mice
exhibit skeletal defects whilst Sirt6 overexpression in mice protects against surgically induced
OA'7%18_|n humans, SIRT6 depletion is associated with cellular senescence and increased
MMP1 and MMP13 expression*él,

OA risk variants map to post-translational histone modification proteins, including the
histone acetylation/de-ubiquitination enzyme SUPT3H and the histone methyltransferase
DOT1L*?*'82_ Upregulation of SUPT3H is observed with the OA risk allele in the cartilage,
synovium and trabecular bone of OA patients!’®. Loss of H3K79mel mediated by DOTIL
reduced the expression of COL2A1 and ACAN in human chondrocytes, whilst intra-articular
injection of a DOTIL inhibitor into the knees of mice resulted in cartilage degradation88183,
Dysregulation of post-translational histone modifications, which in turn alter chromatin state

and accessibility, therefore contributes to OA development and progression®S.

1.5.4 Noncoding RNAs and OA

miRNAs are crucial for skeletogenesis and cartilage homeostasis, with their
dysregulation associated with OA and disease progression'®. Conditional knockout of the
mMiRNA processing machinery Dicer and Drosha in limb mesenchyme and the growth plate
reduces chondrocyte proliferation and increases hypertrophy, resulting in skeletal growth
defects and smaller limbs!®-187. miRNAs are important in chondrogenesis, with miR-455-3p

inhibiting RUNX2 expression in-vitro during early chondrogenesis and miR-140 knockout mice
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exhibiting skeletal defects'®189 |nteractions between the TGFP signalling pathway and
miRNAs have been reported. miR-29 and TGF3 downregulate one another, whilst miR-455
expression can be induced by TGFf} in chondrocytes which in turn inhibits TGF[3 signalling by
SMAD?2, highlighting feedback loops and suggests miRNAs aid in regulating steady-state levels
of TGFP components®190.191 miRNAs are also implicated in chondrocyte senescence and may
be used as a biomarker for OA due to their stability in the circulatory system%271% Many

miRNAs are reported to be differentially expressed between young adult and aged cartilage®®>,

1% In the synovium,

and between OA and non-OA cartilage samples from aged donors
differential expression of miRNAs has been reported between early- and late-stage OA'’,
whilst intra-articular injection of miR-26a into the knee joints of rats has been shown to reduce
synovitis'®®, Several OA risk SNVs map within or close to the host genes of miRNAs and to
their processing machinery, including miR-455 (rs1078301, rs919642; host gene COL27A1),
miR-140 (rs34195470, rs6499244; host gene WWP2), miR-8068 (rs17659798, intergenic) and
DICER1 (rs28929474)8:121,123,

Many IncRNAs are differentially expressed in cartilage samples taken from healthy
adults and OA patients'®®. Deletion of the cartilage-specific INcRNA ROCR in MSCs prevents
chondrogenesis via inhibition of SOX9 expression?®. IncRNA-HIT promotes histone acetylation
for normal skeletal development in mice?°!. Intra-articular injection of the IncRNA HOTAIR into
the knees of rats induced ECM degradation via modulation of the Wnt/B-Catenin signalling

pathway?%2. A single OA risk SNV has been mapped to a IncRNA (rs11105466, LINC02399)%21,

though this was not replicated in the largest OA GWAS to date®°.

1.6 Functional follow-up studies
1.6.1 From GWAS signals to effector genes

Whilst variants within coding regions of the genome can easily be linked to effector
genes due to changes in the amino acid sequence, variants residing within noncoding regions
of the genome are harder to interpret. Noncoding variants are thought to confer their
pathogenicity via changes to target gene expression®’. However, their target gene is often not
the one genomically closest to the variant due to the 3D topography of the genome. Variants
may in fact alter the expression of genes that are physically proximal yet genomically distal

due to chromatin looping®. To further complicate the identification of effector genes, some
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variants only exert their pathogenic effects in particular tissues®”88, This is problematic for OA
risk signals, where multiple tissues are affected*?. Furthermore, tissues such as synovium and
subchondral bone consist of multiple cell types, where some may exert the observed
pathogenic effect upon OA risk whilst others are benign. Single-cell approaches provide an
emerging strategy to demarcate tissues and cell types that play an active role in OA
pathogenesis?32%4 |n addition, some variants confer their pathogenicity during development
rather than in later life, for example during joint development®”!27, meaning that the variants
functional timepoint must be considered®’'%>, To alleviate these issues, researchers should
utilise three tools: functional genomic datasets, QTL analyses and downstream functional

follow-up laboratory studies®.

1.6.2 Utilisation of functional genomic datasets

Integration of GWAS variants with functional genomic datasets (in-silico analysis) can
aid in characterising their putative regulatory role in multiple cell types relevant to OA. For
noncoding variants that likely exert their functional effects via modulation of gene expression,
understanding the local chromatin context in OA-relevant tissues is crucial®”8. Segmentation
of the genome into regulatory states depending on post-translational histone modifications
data derived from Chromatin Immunoprecipitation with high-throughput Sequencing (ChIP-
Seq), provided by the epigenomics projects ENCODE and FANTOM, can be used to identify
regions associated with promoter or enhancer activity?®>2%, Integration with Assay for
Transposase Accessible Chromatin with high-throughput Sequencing (ATAC-Seq) identifies
regions of open chromatin that are accessible to transcriptional machinery, suggestive of a
functional role!>208209  Utilising chromatin conformation capture technologies such as
Capture Hi-C can aid in understanding the 3D spatial organisation of the genome and
determine whether OA-associated variants are within close physical proximity to a gene

promoter?19-212 Together, these data can inform downstream in-vitro laboratory studies.

1.6.3 QTL analyses

To determine tissues where OA risk variants are likely to be functional, gene expression
data from available patient samples or healthy donors can be stratified by OA risk signal
genotype® 8, Significant correlations represent expression QTLs (eQTLs) and demonstrate a

relationship between OA risk variants and putative effector genes, although causality must
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still be established by functional laboratory experiments. Unfortunately, there is a dearth of
large-scale eQTL datasets available for OA-relevant tissue types. Furthermore, detecting eQTLs
using gene expression data can be limited by interindividual variability that masks correlations
in smaller sample cohorts®’. Databases like GTEx therefore require very large sample cohorts
to detect eQTLs?!3. Allelic expression imbalance (AEI) analysis, which determines the relative
ratio of mMRNA transcripts produced by each allele of a SNV, is a complementary and highly
sensitive approach that overcomes this problem®’. Where variants reside within intronic or
intergenic DNA regions, proxies in high LD (r? > 0.8) and within the mRNA transcript sequence
of the gene can be used to determine the effects of OA risk variants upon gene expression.
AEIl analyses have been performed in multiple OA-relevant tissue types, including cartilage,
subchondral bone, fat pad and synovium, aiding in the identification of several OA effector
genesi60171-173.214215 ' mQTL analyses also provide an informative strategy for determining
effectors of OA genetic risk, where mQTL sites act as functional intermediaries (see Section
1.5.2)%66,168,170-173  pNAm data can also be correlated against expression data, revealing
methylation-expression QTLs (meQTLs)®®171216 The presence of an meQTL is suggestive of a
functional mechanism for DNAm in driving changes to gene expression mediated by an OA

risk variant®’.

1.6.4 Functional laboratory experiments

Following in-silico and QTL analyses of an OA risk locus, a credible set of putative
effector genes can be identified. Functional follow-up studies can then be performed to
establish a causal relationship between the risk variant and its target gene®. These
experiments are routinely performed using cartilage cell lines, although studies are now
expanding to include cell lines of other OA-relevant tissues such as synovium®®’. To determine
the regulatory function of DNA regions housing OA risk variants or their associated mQTLs,
reporter gene assays can be performed. These have been used to demonstrate the
transcriptional effects of OA risk alleles as well as the effects of DNAm at mQTL sites, providing
evidence that these regions are capable of modulating gene expression in an allele- or DNAm-
dependent manner127'171‘173'217'218.

Targeted editing of the genome and epigenome has been revolutionised in the last
decade following the advent of the CRISPR/Cas9 toolbox?!°. CRISPR/Cas9 deletion of putative

regulatory elements associated with OA has led to the identification of several effectors of OA
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genetic risk, including COLGALT2Y3, PLEC*®®, RUNX2'° and TGFB1'’!. More recently, the
development of epigenetic editors which fuse catalytically inactive ‘dead’ Cas9 (dCas9) to
enzymes that can modulate DNAm levels at proximal CpGs, namely dCas9-DNMT3A and
dCas9-TET1, have been utilised to identify effectors of OA genetic risk?'6220, Targeted
epigenetic editing to methylate or de-methylate CpGs previously identified as OA-associated
mQTLs has been used to identify several effector genes in which DNAm levels act as a
functional intermediary of OA genetic risk!66171-173,

Once target genes are established, researchers may choose to focus upon the
mediators that facilitate changes to gene expression, such as TFs. The presence of a SNV can
either create or destroy a TF binding site, or modulate binding affinity, resulting in changes to
transcriptional potential®. Similarly, the addition of a methyl group to CpG sites can affect TF
binding via steric hindrance, highlighting a possible mechanism through which mQTLs exert
their effects (Fig. 1.4D)?%%. Computational prediction of TF binding sites (TFBS) using tools such
as JASPAR and SNP2TFBS is therefore beneficial??>223, TFs abundantly expressed in relevant
tissue types may point towards a functional role'®’. Following identification of TFs predicted
to bind OA risk variants or their associated mQTL sites using available databases, their binding
affinity can be validated using focussed electrophoretic mobility shift assays (EMSAs) or
genome-wide TF ChIP-Seq'?”224, EMSAs, which study interactions between nuclear protein
and DNA probes matching sequences of interest, have been used to demonstrate preferential

allelic binding of TFs expressed in chondrocytes for several OA risk variants’%225226,

1.7 WWP2 and miR-140
1.7.1 WWP2

WWP2 encodes WW Domain Containing E3 Ubiquitin Protein Ligase 2, an enzyme
active in protein ubiquitination cascades that result in the post-translational addition of
ubiquitin to target proteins??’. Ubiquitin ligase (E3) enzymes work in conjunction with
ubiquitin-activating (E1) and ubiquitin-conjugating (E2) enzymes to mediate the transfer of
ubiquitin to substrates, altering their cellular localisation or marking them for proteasomal
degradation??8. By regulating steady-state levels of target proteins, the ubiquitin-proteasomal
pathway controls many cellular processes, including the cell cycle, apoptosis and the immune
response??’.229-231 E3 ligases can be categorised into two main classes: RING domain E3

ligases, which represent the majority of this group of enzyme and act as substrate scaffolds,
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and HECT domain E3 ligases??°. The HECT domain possesses intrinsic ligase activity and directly
mediates the covalent attachment of ubiquitin to substrate proteins??°, WWP2 is a member
of the NEDD4 superfamily subdivision of HECT E3 ligases, which are characterised by an N-
terminal C2 domain which facilitates E2 binding, WW domains that confer substrate
specificity, and a C-terminal HECT domain??°. The WW domains bind proteins containing PPxY
(double proline-X-tyrosine) or similar motifs?32. The specificity of HECT E3 ligases is further
refined by variant protein isoforms produced by alternative splicing or distinct promoter
sequences?33:234,

Three common isoforms of WWP2 protein have been characterised of varying amino
acid (aa) length and encoding differing combinations of protein domains (Fig. 1.5). Full-length
WWP2 (WWP2-FL, 870aa, RefSeq ID: NM_007014) contains three functional components: the
C2 domain, four WW domains (WW1-WW4), and the catalytic HECT domain. The N-terminal
isoform (WWP2-N, 336aa, RefSeq ID: NM_001270455) encodes the C2 and WW1 domains,
whilst the C-terminal isoform (WWP2-C, 440aa, RefSeq ID: NM_199424) encodes the WW4
and HECT domains?3!. The generation of WWP2-N is thought to be the result of a splicing
failure at intron 9-10 resulting in an alternate polyA site, whilst WWP2-C is generated from a

distinct internal promoter within intron 10-11%34,

C2 domain WW1-WW4 domains HECT domain
Facilitates E2 Confers substrate Mediates the direct
binding specificity transfer of ubiquitin

to substrates

WWP2-FL

WWP2-N

WWP2-C

Figure 1.5: Protein domains encoded by WWP2-FL, WWP2-N and WWP2-C. Protein domains
(C2, WW1-WW4, HECT) are represented by coloured boxes.

WWP?2 is a regulator of TGFJ signalling. In the absence of TGF3, WWP2-N and WWP2-
FL complex to facilitate the rapid degradation of unstimulated SMAD2 and SMAD3. In the
presence of TGF3, SMAD2 and SMAD3 are phosphorylated and become the preferred binding
partner of WWP2-N. This blocks WWP2-FL mediated degradation of SMAD2/3 and re-directs
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WWP2-FL to act in concert with WWP2-C to rapidly degrade the inhibitory SMAD?7,
subsequently maintaining TGFp signalling 231234235, The levels of each isoform are therefore
required to fine-tune TGFp signalling (Fig. 1.6), influencing cellular phenotype?39.231,234-236,
Wwp2 knockout in mice induces an OA-like phenotype with articular cartilage degradation?¥’.
WWP2 is required for polyubiquitination and subsequent degradation of RUNX2 in
chondrocytes, targeting the PY motif of RUNX2%¥. Interestingly, WWP2 is capable of mono-
ubiquitinating RUNX2 in osteoblasts but this does not lead to protein degradation, instead
leading to augmentation of its activity and positively regulating osteogenesis®38. Other E3
ligases, including the NEDD4 family members SMURF1, SMURF2 and WWP1 are also capable
of polyubiquitination and subsequent degradation of RUNX2%3%240, Another target of WWP2
is Goosecoid (GSC)?*!, a paired-like homeobox protein required for craniofacial development,
though the impact of WWP2 upon craniofacial development has since been rebutted in favour
of a role for miR-140%*2. In humans, upregulation of the WWP2-FL isoform in 3D pellet cultures
of OA chondrocytes induces downregulation of COL2A1 and ACAN, suggesting a loss of

cartilage integrity?*3.
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A B WWP2-N disrupts the WWP2-FL auto-inhibitory complex.
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Figure 1.6: WWP2 isoforms target SMAD signalling proteins for degradation. A) In the
absence of TGF3, WWP2-FL forms an auto-inhibitory complex via interaction between the N-
terminal C2 domain and the C-terminal HECT domain. B) WWP2-N disrupts the WWP2-FL
auto-inhibitory complex, facilitating WWP2-FL-mediated ubiquitination of unstimulated
SMAD2/3 and subsequent degradation. C) In the presence of TGFJ, SMAD2/3 are
phosphorylated. WWP2-N preferentially binds phosphorylated SMAD2/3 instead of WWP2-
FL, reducing their degradation. WWP2-FL is released by WWP2-N to target its preferred
substrate, the inhibitory SMAD7. WWP2-FL and WWP2-C work in concert to rapidly degrade
SMAD7, maintaining downstream TGF[3 signalling. P, phosphorylation. Ub, ubiquitin. Adapted
from Soond et al., 201134,

1.7.2 miR-140

WWHP2 is the host gene of miR-140, residing within an intron shared between WWP2-
FL and WWP2-C (Fig. 1.7). miR-140 is co-expressed with WWP2-C and widely recognised to be
a cartilage-specific marker, suggesting important roles for cartilage homeostasis!®*244,
Processing of the pri-miRNA-140 transcript by Drosha and Dicer produces two mature strands

(miR-140-5p and miR-140-3p), which are differentially expressed and have differing targets in

cartilage?*24¢, These targets include regulators of TGFB and Wnt signalling (SMAD3,
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FZD6)?47248 the histone deacetylase HDAC4?%°, and the ECM-degrading enzyme ADAMTS58,
miR-140-5p is required for chondrogenesis, indicating an important role during
development?*82°0, miR-140 expression is directly regulated by SOX9, in combination with
SOX5 and SOX6, during chondrogenesis?*®2°1, miR-140 has also been reported to be regulated
by DNAm, with higher levels of DNAm at CpGs in the miR-140 upstream regulatory region
decreasing SMAD3-mediated transcriptional activation?>2.

Small animal studies have shown that miR-140 knockout in mice results in craniofacial
truncation due to impaired chondrogenesis®2°3, whilst in zebrafish aberrant miR-140
expression results in palatogenesis defects?>*. In the articular joint, loss of miR-140 in mice
leads to cartilage degradation?®’. Double knockout of miR-140 and Wwp2 exacerbates loss of
cartilage, suggesting they act cooperatively to maintain cartilage integrity?®’. A gain-of-
function mutation within miR-140-5p has been reported for a human skeletal dysplasia®®>.
miR-140 has also been highlighted as a potential biomarker of OA, with circulating miR-140-
3p downregulated in OA patients compared to healthy individuals as observed in articular

193

cartilage'”>. miR-140 may be protective against OA, with intra-articular injection of miR-140-

5p decreasing incidence of OA in rats2®.

1.7.3 OA risk variants mapping to the WWP2/miR-140 locus

In 2018, a GWAS meta-analysis of Icelandic and UK datasets reported a knee OA
association signal mapping to the WWP2/miR-140 locus'?3. The lead variant, rs34195470 (A >
G), is located within an intron of WWP2, with the G allele conferring increased OA risk (OR =
1.07)123. In 2019, a GWAS of the UK Biobank and arcOGEN datasets reported another OA
association signal close to the WWP2/miR-140 locus, this time with knee or hip OA®?!, The
lead variant, rs6499244 (T > A), resides upstream of WWP2 within the 3’ untranslated region
(UTR) of NFAT5. The A allele of rs6499244 confers increased OA risk (OR = 1.06)%2%. The
pairwise LD between the two variants is modest in European ancestry cohorts but sufficiently
high to suggest they are marking the same association signal (r>=0.22, D’ = 0.51). In 2021, the
largest OA GWAS also reported rs34195470 and rs6499244 as associated variants®.
rs34195470 was highlighted as the lead one of the two, and a potentially causal variant
following conditional analyses, with an association P-value of 3.13 x 103, Several GWAS
signals map to genes encoding members of the TGF[ signalling pathway, suggesting that this

pathway, and regulators of it (including WWP2 and miR-140) are targets of OA genetic risk®°.
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rs34195470 is in high LD (r> > 0.8) with two other variants: rs9746247 and
rs111837947.rs9746247 (C > G) has never been identified to associate with any trait, whereas
the indel rs111837947 (insertion of GT, insGT) has previously been reported to associate with
surgical and nonsurgical (radiographic) knee OA'?2. The insGT allele of rs111837947 confers
increased OA risk (OR = 1.05-1.09)%?2. Both variants are housed within the same intron as
rs34195470 and therefore do not alter the amino acid coding sequence of WWP2 or the
sequence of miR-140, implying that the genetic signal mapping to this locus mediates its effect
via changes to gene expression.

In 2019, AEl analysis reported several WWP2 transcript SNVs that associated with AEI
of the gene in OA cartilage?!*. The most significant imbalance was at rs1052429 (G > A), with
a relative increased expression of allele A (56% of this allele versus 44% for allele G),
equivalent to an A/G ratio of 1.27%'4, rs1052429 has a pairwise r? and D’ of 0.41 and 0.91 with
rs34195470 respectively, which means that the OA risk-conferring allele G of rs34195470
nearly always occurs on a haplotype containing allele A of rs1052429 in European ancestry
cohorts. The OA risk allele of rs34195470 therefore correlates with increased WWP2
expression in cartilage. Schematic representation of the genomic region housing WWP2 and

miR-140 and their proximity to rs34195470, rs6499244 and rs1052429 is shown in Fig. 1.7.
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Figure 1.7: The genomic region encompassing WWP2 and miR-140. A) Schematic
representing Chromosome 16. The region ¢g22.1, which houses WWP2 and miR-140, is
expanded to show all neighbouring genes across 400Kb. Protein-coding genes are represented
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by arrows. Arrowheads denote orientation of transcription (pointing left, antisense; pointing
right, sense). The miRNAs miR-1538 and miR-140 and the small nucleolar RNA SNORD13H are
represented by vertical bars. Two OA risk SNVs mapped to the WWP2 locus (rs6499244, 3’
UTR of NFAT5; rs34195470, distal end of WWP2) and the proxy transcript SNV used previously
in AEIl analysis (rs1052429, 3’ UTR of WWP2) are also shown, represented by vertical bars. B)
The three core WWP2 transcript isoforms and miR-140 are shown. Half-height vertical bars =
5" and 3’ UTRs; full-height vertical bars = exons; horizontal bars = introns.

1.7.4 OA cartilage mQTLs at the WWP2/miR-140 locus

Using genome-wide DNAm array data created from OA arthroplasty patient cartilage
samples, my principal investigator’s research group has previously reported that genotype at
rs34195470 and rs6499244 correlates with DNAm levels of CpGs located within the gene body
of WWP2, forming mQTLs®”2>’. Both variants associate with DNAm levels of the same CpGs,
€g26736200 and cg26661922, and for each CpG the OA risk-conferring alleles of rs34195470
and rs6499244 associate with increased DNAm levels®/2%7, ¢g26736200 and cg26661922 are
115bp apart, less than 4Kb from rs34195470, and reside within a region marked as
transcriptionally active?®’. This implies that DNAm may be a functional intermediary between
the rs34195470 association signal and changes in target gene expression, with the causal
variant altering DNAm levels of the transcriptional regulator which then alters expression of

the target gene.

1.8 Aims and hypotheses

In this thesis, | conducted a detailed molecular genetic and epigenetic analysis of OA
risk marked by the rs34195470 association signal. The risk-conferring G allele of rs34195470
has previously been reported to correlate with increased WWP2 expression in OA cartilage?*4.
In addition, the risk-conferring G allele of rs34195470 has previously been reported to
correlate with increased DNAm levels at two CpGs within the gene body of WWP2%. The
biological relevance of WWP2 and miR-140 in cartilage development and homeostasis make
the rs34195470 association signal a particularly compelling target for further investigation.
Based on the previous reports and the available literature, the following hypothesis is

proposed:

“Increased DNAm levels at the two OA cartilage mQTL sites results in higher levels of

WWP2 and/or miR-140 expression in chondrocytes”
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To test this hypothesis, human joint tissues from OA patients who had undergone
arthroplasty and from foetal donor samples were subject to molecular genetic and epigenetic
analyses to replicate and expand on the previous findings. Then, in-vitro functional follow-up
studies and in-silico data analyses were performed to further characterise the rs34195470
association signal. Finally, experiments were undertaken to decipher the TFs responsible for
mediating the effects of the rs34195470 association signal on gene expression and to

determine the causal variant.
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Chapter 2: Materials and Methods
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2.1 Reagents

Table 2.1. Details of reagents used in the methods.

Reagent Supplier Product code
Agar BD 213000
Agarose Sigma-Aldrich A9539
AllPrep DNA/RNA/miRNA Universal kit Qiagen 80224
Ammonium persulphate (APS) Sigma-Aldrich A3678
Ampicillin Sigma-Aldrich A9393
Anti GAPDH monoclonal antibody (mAb) Merck MAB374
Antarctic Phosphatase NEB M0289S
Avrll NEB R0174S
Bbsl NEB R0O539S
Bis-acrylamide (40%) Invitrogen HC2040
Casein hydrolysate Sigma-Aldrich 22090-100G
Chloroform Sigma-Aldrich 650498
Cobalt(ll) chloride hexahydrate (CoCl,) Merck 255599-5G
CpG methyltransferase (M. Sssl) NEB MO0226S
dCas9-DNMT3a-EGFP vector Addgene 71666
Dulbecco’s Modified Eagle Medium/Nutrient Mixture Gibco 11320033
F12 medium (DMEM:F12)
DNase | Invitrogen 18068015
DNA/RNA kit Norgen Bio-Tek 48700
dNTPs Invitrogen 18427089
Dual-Luciferase Reporter Assay System Promega E1910
Ethylenediaminetetraacetic acid (EDTA) Merck 819040
Ethanol VWR 20821.330
EPIXTRACT Nuclear Protein Isolation kit Enzo Life Sciences ENZ-45016-0100
EZ DNA Methylation kit Zymo Research D5002
E.Z.N.A. DNA/RNA Isolation kit Omega Bio-Tek R6731
E.Z.N.A. Tissue DNA kit Omega Bio-Tek D3396
Foetal bovine serum (FBS) Merck F7524
Glycine Sigma-Aldrich G7126
GT115 competent E. coli Invivogen GT115-11
Haell NEB R0107S
Hank’s Balanced Salt Solution (HBSS) Gibco 14170112
HIF-1aw XP Rabbit mAb Cell Signaling Technology 36169
Hydrochloric acid (HCl), 30% VWR 20251.365
IgG from rabbit serum Sigma-Aldrich 15006
Immobilon Western Chemiluminescent HRP Substrate Merck WBKLS
Isopropanol Sigma-Aldrich 34863
Lipofectamine™ 2000 Invitrogen 1168500
LB Broth (Lennox) Sigma-Aldrich 19234
Methanol VWR 6712-25
Mlul NEB R3198S
MultiScribe™ Reverse Transcriptase kit Invitrogen 4311235
NuPAGE™ Bis-Tris Mini Protein Gels, 4-12% Invitrogen NP0321BOX
NuPAGE™ MOPS SDS Running Buffer (20X) Invitrogen NP0001
Nystatin Sigma-Aldrich N1638
Odyssey EMSA kit LI-COR Biosciences 82907910
One Shot™ TOP10 Chemically Competent E. Coli Invitrogen C404010
PageRuler™ Plus Prestained Protein Ladder Thermo Scientific 26619
pCpG-free Lucia Basic vector Invivogen pcpgf-bas
pCpG-free Lucia Promoter vector Invivogen pcpgf-prom
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pCR-Blunt-TOPO-II vector Invitrogen K280002
Penicillin-Streptomycin Gibco 15140122
pGL3-Promoter (Firefly luciferase) vector Addgene 212939
Phire Il Hot Start DNA polymerase Thermo Scientific F122L
Polyclonal Goat Anti-Mouse Immunoglobulins/HRP Dako P0447
Polyclonal Goat Anti-Rabbit Immunoglobulins/HRP Dako P0448
pRL-TK (Renilla luciferase) vector Promega E2241
Protein Quantification Assay kit Macherey-Nagel 740967
Protein Solving Buffer - tris(2-carboxyethyl)phosphine Macherey-Nagel 740941
(PSB-TCEP) solution
PureYield™ Plasmid Miniprep kit Promega A1222
Puromycin Sigma-Aldrich P7255
PVDF Transfer Membrane Thermo Scientific 88518
pX462 Cas9 vector Addgene 62987
PyroMark PCR kit Qiagen 978705
Pyromark Q24 Advanced kit Qiagen 970902
PyroMark Wash Buffer Qiagen 979008
QlAquick Gel Extraction kit Qiagen 28506
QuikChange Lightning Site-Directed Mutagenesis kit Agilent 210518
Random primers Invitrogen 48190011
RNase H NEB MO0297S
RNaseOUT™ Invitrogen 10777019
RNeasy kit Qiagen 74104
Roswell Park Memorial Institute (RPMI) 1640 medium Gibco 11875093
S-adenosylmethionine (SAM) NEB B9003S
Semi-Skimmed Powdered Milk Tesco N/A
SF Cell Line 4D X Kit L Lonza V4XC-2012
Sodium chloride (NaCl) Fisher Scientific 447302500
Sodium dodecyl sulphate (SDS) Sigma-Aldrich L3771
Sodium hydroxide (NaOH) Fisher Scientific $/4880/60
Spel NEB R3133S
Streptavidin Sepharose™ High Performance beads Sigma-Aldrich GE17-5113-01
SuperScript™ |V Reverse Transcriptase Invitrogen 18090010
TagMan™ Fast Advanced PCR Master Mix for gPCR Applied Biosystems 4444558
TBE Buffer (Tris-borate-EDTA, 10X) Thermo Scientific B52
Tetramethylethylenediamine (TEMED) Thermo Scientific 17919
Trizma base Sigma-Aldrich T1503
TRIzol™ Reagent Invitrogen 15596026
Trypsin-EDTA (0.05%), phenol red Gibco 25300104
Tween 20 Sigma-Aldrich pP2287
T4 DNA Ligase NEB M0202S
Xhol NEB RO146S
Zeocin Invivogen ant-zn-05
Zero Blunt™ TOPO™ Cloning kit Invitrogen 451245

2.2 Methods

2.2.1 In silico analyses

This project utilised several databases, tools, and published datasets to characterise
the regulatory capacity of the WWP2 locus and inform downstream experimental studies.

Details of publicly available databases and tools used are listed in Table 2.2. Four datasets
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providing ATAC-Seq and RNA-Seq data in OA-relevant tissues were utilised and are listed in

Table 2.3. Functional data was mapped to the human genome (hg19) assembly using UCSC

Genome Browser?38,

Table 2.2. List of online databases and tools used.

Database / Tool Utility Source Reference
Agilent Design of primers for site-directed https://www.agilent.com N/A
QuikChange mutagenesis. /store/primerDesignProg
Primer Design ram.jsp
CRISPR Targets Design of gRNAs for CRISPR/Cas9 deletions. Available on UCSC 259
Genome Browser (hg19).
GTEx Portal Identification of eQTLs associated with https://www.gtexportal. 213
rs34195470. org/home/
IDT gRNA Design Design of gRNAs for dCas9-DNMT3a https://eu.idtdna.com/si N/A
epigenetic editing. te/order/designtool/inde
x/CRISPR_SEQUENCE
JASPAR Core 2022 Transcription factor (TF) motif prediction. https://jaspar.elixir.no 223
JASPAR Core 2024 TF motif prediction. https://jaspar.elixir.no 260
ReMap Atlas of Identification of TF ChIP-Seq data in the Available on UCSC 261
Regulatory following biotypes (all TFs): cartilage, Genome Browser (hg19).
Regions chondrosarcoma, fibroblast, hESC, hMSC,
osteoblast, SW1353, U20S.
Identification of TF ChIP-Seq data for HIF-1a.
and HIF-2a (all biotypes).
ROADMAP Identification of regulatory elements using https://egg2.wustl.edu/r 262
histone ChIP-Seq data (Primary ChromHMM) oadmap/web_portal/
in the following cell types: EO06 H1-derived
MSCs (MSCs); E049 MSC-derived chondrocyte
cultured cells (chondrocytes); E129 osteoblast
primary cells (osteoblasts).
SNP2TFBS TF motif prediction. https://epd.expasy.org/s 222
np2tfbs/
UCSC Genome Visualisation of genomic loci and mapping https://genome.ucsc.edu 258
Browser (hg19) functional elements.
3D Genome Identification of long-range chromatin http://3dgenome.fsm.no 263
Browser interactions (looping) using Capture Hi-C data. | rthwestern.edu/chic.php
Table 2.3. List of published datasets used.
Dataset Data Type GEO Accession Reference
Chromatin accessibility (foetal ATAC-Seq GSE214394 165
chondrocytes and OA chondrocytes)
Chromatin accessibility (Saos-2 cell line) ATAC-Seq GSE120755 264
Chromatin accessibility (OA fibroblast- ATAC-Seq GSE112658 265
like synoviocytes, FLS)
Gene expression (OA chondrocytes) RNA-Seq GSE111358 199
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2.2.2 OA patient arthroplasty and foetal donor samples

Cartilage, synovium and subchondral bone tissue samples were collected from
patients undergoing total joint arthroplasty of the knee and hip for advanced primary OA by
the Newcastle upon Tyne NHS Foundation Trust. Ethical approval was granted by the NHS
Health Research Authority with each donor providing written consent (REC reference number
19/L0/0389). Foetal cartilage taken from the developing ends of the femur and tibia was
provided by the Human Developmental Biology Resource (HDBR) at Newcastle University
(project number 200363). Samples were provided with full maternal written consent and
approval from the Newcastle and North Tyneside NHS Health Authority Joint Ethics
Committee. Summary data is shown in Table 2.4. Full patient sample details and their use in

molecular genetic and epigenetic analyses are available in Appendices A, B, C and D.

Table 2.4. Summary details for OA patient arthroplasty and foetal donor samples.

OA cartilage Foetal cartilage OA bone OA synovium
n 55 50 61 71
Female 30 23 33 41
Male 25 27 28 30
Hip 25 N/A 61 4
Knee 30 N/A 0 67
Femur N/A 3 N/A N/A
Tibia N/A 25 N/A N/A
Femur and Tibia N/A 22 N/A N/A
Age range 41-93 years 8-17 pcw 51-86 years 45-91 years
Appendix A B C D

2.2.3 Nucleic acid extraction from OA patient arthroplasty and foetal donor samples

Following arthroplasty surgery, patient samples were transferred to pots containing
HBSS (Gibco) supplemented with 10,000U/mL penicillin-streptomycin  (Gibco) and
10,000U/mL nystatin (Sigma-Aldrich) and stored at 4°C. Tissues were isolated from samples in
a sterile laminar flow hood, then frozen on dry ice and stored at -80°C. Samples were ground
using the MM400 Tissue Grinder (Retsch) with grinding receptacles cooled in liquid N3 to
inhibit DNase and RNase activity.

Nucleic acids from synovium samples (300-400mg) were extracted using the E.Z.N.A.
DNA/RNA Isolation kit (Omega Bio-Tek) according to manufacturer protocol. DNA from
cartilage (200-500mg) was extracted using the E.Z.N.A. Tissue DNA kit (Omega Bio-Tek)
according to manufacturer protocol. DNA from bone (50mg) was extracted using the E.Z.N.A.

DNA/RNA Isolation kit (Omega Bio-Tek) according to manufacturer protocol. RNA from
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cartilage (250mg) was extracted using phenol-chloroform phase separation and the RNeasy
kit (Qiagen). Briefly, 1mL TRIzol™ Reagent (Invitrogen) was added to cartilage and
homogenised by vortexing. Samples were incubated at room temperature for 15 minutes and
then centrifuged. The supernatant was homogenised with 200uL chloroform (Sigma-Aldrich)
and centrifuged. The RNA fraction (upper aqueous phase) was then transferred to an RNeasy
spin column (Qiagen) and the manufacturer protocol was followed to purify RNA. RNA from
bone (200-220mg) was extracted using phenol-chloroform phase separation as previously
described. Then, the RNA fraction was homogenised with 500uL isopropanol (Sigma-Aldrich)
to precipitate RNA and centrifuged. The supernatant was aspirated and washed with 1mL ice-
cold 75% ethanol (VWR) before final resuspension in RNase-free water. Nucleic acids from
foetal cartilage samples were extracted by the HDBR using the QlAcube Automated DNA/RNA
isolation instrument (Qiagen) and the AllPrep DNA/RNA/miRNA Universal kit (Qiagen)
according to manufacturer protocol.

Quantification of nucleic acids from OA arthroplasty samples was performed using the
Nanodrop 1000 (Thermo Scientific). Quantification of nucleic acids from foetal cartilage
samples was performed using the 2100 Bioanalyzer (Agilent). DNA was stored at -20°C and
RNA was stored at -80°C.

2.2.4 Bisulphite conversion of DNA

To quantify DNAm levels at CpGs of interest, DNA from human samples or cultured
cells was bisulphite-converted using the EZ DNA Methylation kit (Zymo Research) according
to manufacturer protocol. Briefly, DNA (200-500ng) was incubated at 50°C for 16 hours in the
presence of sodium bisulphite. This converts unmethylated cytosine nucleotides to uracil,
whilst methylated cytosines remain unchanged. Bisulphite-converted DNA was then
desulphonated and purified. Downstream analyses can therefore quantify the ratio of

unmethylated to methylated cytosine residues.

2.2.5 Genotyping

Samples were genotyped at rs34195470 and rs1052429 using the PyroMark Q24
Advanced pyrosequencer (Qiagen). Genotyping assays were designed using the PyroMark
Assay Design 2.0 software (Qiagen) and primers were ordered from Integrated DNA

Technologies (IDT) as single-stranded DNA oligonucleotides. The complementary strand for
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the sequencing primer to bind was ordered with 5’ biotin modifications for Streptavidin
Sepharose™ High-Performance bead (Sigma-Aldrich) binding. Primer sequences are available
in Appendix E.

For rs1052429 genotyping, 1uL DNA (50ng/uL) was amplified using the PyroMark PCR
kit (Qiagen) in a 20pL reaction consisting of 10uL PyroMark Master Mix (containing HotStart
Taq polymerase, dNTPs and 1.5mM MgCl;), 2L CoralLoad dye, 1L forward primer and 1pL
reverse primer (10mM each), and 5uL nuclease-free water. For rs34195470 genotyping, Q-
solution (Qiagen) was added to increase amplification specificity: 1uL DNA (50ng/uL), 10uL
PyroMark Master Mix, 2L CoralLoad dye, 1ul forward primer and 1pulL reverse primer (10mM
each), 4uL Q-Solution and 1L nuclease-free water. The following PCR parameters were used:
95°C, 15 mins; 45 cycles of 94°C, 30 seconds, 60°C, 30 seconds, 72°C, 30 seconds; and a final
extension of 72°C, 10 minutes. PCR products were run on a 1% agarose-TBE gel and visualised
using the GelDoc-It Imaging System (UVP).

The PCR product (10uL) was mixed with 70uL binding mix (containing 40uL Binding
Buffer (Qiagen), 1.5uL Streptavidin Sepharose™ High-Performance beads (Sigma-Aldrich) and
28.5ulL nuclease-free water) in the wells of a 0.2mL 24-well PCR plate (Starlab). The mixture
was agitated for 10 minutes at room temperature. The PyroMark Q24 Vacuum Workstation
(Qiagen) was used to prepare DNA samples bound to streptavidin sepharose beads. Briefly,
the binding solution was aspirated by vacuum with beads bound to filter probes. Then, beads
were washed in 70% ethanol, 5 seconds; 1M NaOH, 5 seconds; PyroMark Wash Buffer
(Qiagen), 10 seconds. The vacuum was released, and beads were transferred to Q24 plates
containing 25uL sequencing mix (24.25uL annealing buffer (Qiagen) and 0.75uL 10mM
sequencing primer). Plates were incubated at 80°C for 5 minutes and then transferred to the
PyroMark Q24 Advanced (Qiagen) for pyrosequencing. The PyroMark Q24 Cartridge (Qiagen)
was pre-loaded with reagents from the PyroMark Q24 Advanced kit (Qiagen), including
reaction substrate, reaction enzyme and dNTPs. Analysis was performed using the PyroMark

Q24 software (Qiagen).
2.2.6 DNAm quantification

To quantify DNAm levels at CpGs of interest, CpG assays were designed using the

PyroMark Assay Design 2.0 software and primers ordered from IDT as single-stranded DNA
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oligonucleotides. Primers captured 16 CpGs in total, including cg26736200 (CpG8) and
€g26661922 (CpG13). Primer sequences are available in Appendix E.

Bisulphite-converted DNA was amplified using the PyroMark PCR kit in duplicate. The
20uL PCR reaction consisted of 1uL bisulphite-converted DNA, 10uL PyroMark Master Mix,
2uL CoralLoad dye, 1ulL forward primer and 1ul reverse primer (10mM each), and 5uL
nuclease-free water. The following PCR parameters were used: 95°C, 15 mins; 45 cycles of
94°C, 30 seconds, 56°C, 30 seconds, 72°C, 30 seconds; and a final extension of 72°C, 10
minutes. PCR products were run on a 1% agarose-TBE gel and visualised using the GelDoc-It
Imaging System.

Samples were prepared for analysis on the PyroMark Q24 Advanced as described in
Section 2.2.5, with each sample run in duplicate. The DNAm level quantified at each CpG
analysed for duplicates was subject to a 5% quality control threshold. Sample duplicates that

were outside of the 5% quality control threshold were excluded from downstream analyses.

2.2.7 Complementary DNA (cDNA) synthesis

To quantify AElI and gene expression in human samples and cultured cells, total RNA
was reverse transcribed using two methods to capture standard-length RNAs (>200
nucleotides) and small RNAs (<200 nucleotides in length) including miRNAs and small nuclear
RNAs (snRNAs).

For standard-length RNAs, RNA (1ug) was reverse transcribed using SuperScript™ IV
Reverse Transcriptase (Invitrogen). RNA was incubated with DNase | (Invitrogen) for 15
minutes at room temperature. 1uL EDTA (25mM) was added, then DNase | was denatured by
incubating samples for 10 minutes, 65°C. 1uL random primers (Invitrogen) and 1uL 10mM
dNTPs (Invitrogen) were added, then incubated for 5 minutes, 65°C, then 1 minute, 4°C. Next,
1uL DTT (0.1M), 1uL RNaseOUT™ (Invitrogen), 1uL SuperScript™ IV, and 4uL SuperScript™
IV buffer were added to each sample and reverse transcription was performed using the
following thermocycler parameters: 23°C, 10 minutes; 55°C, 50 minutes; 80°C, 10 minutes.
1uL RNase H (NEB) (diluted 2:3) was added and incubated at 37°C, 20 minutes. cDNA samples
were stored at -20°C.

To detect DNA contamination and confirm that cDNA synthesis was successful, cDNA

was amplified using the PyroMark PCR kit and primers spanning exons 4 and 5 of the HBP1
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gene. Primer sequences are available in Appendix F. Briefly, 1uL cDNA was amplified in a 20uL
reaction consisting of 10uL PyroMark Master Mix, 2L CoralLoad dye, 1L forward primer and
1ulL reverse primer (10mM each), and 5pl nuclease-free water. The following PCR parameters
were used: 95°C, 15 mins; 45 cycles of 94°C, 30 seconds, 60°C, 30 seconds, 72°C, 30 seconds;
and a final extension of 72°C, 10 minutes. PCR products were run on a 1% agarose-TBE gel and
visualised using the GelDoc-It Imaging System. In the presence of DNA contamination, a PCR
product of 570bp would be amplified, incorporating the intron between exons 4 and 5 of
HBP1. If the cDNA remained uncontaminated, a single band 152bp in length would be visible
on the gel.

For small RNAs including miRNAs and snRNAs, reverse transcription was performed
using MultiScribe™ Reverse Transcriptase (Invitrogen) to manufacturer protocol using primers
specific to miR-140-5p, miR-140-3p and the snRNA U6 (Appendix F). Briefly, 0.15uL dNTPs
(100mM), 1uL MultiScribe™ (50U/uL), 1.5uL RT Buffer, 0.188uL RNase Inhibitor, 4.162uL
RNase-free water and 3uL RT Primer were combined and mixed with 5uL RNA (20ng/uL).
Reverse transcription was performed using the following parameters: 16°C, 30 minutes; 42°C,

30 minutes; 85°C, 5 minutes. cDNA samples were stored at -20°C.

2.2.8 AEl analysis

To determine the ratio that heterozygotes expressed each allele of the transcript SNV
rs1052429, samples were first genotyped at rs34195470 and rs1052429 as described in
Section 2.2.5. Only patient arthroplasty and foetal donor samples that were compound
heterozygotes at rs34195470 and rs1052429 were used in the AEl analysis.

Matched DNA and cDNA samples were PCR amplified using the PyroMark PCR kit using
primers targeting rs1052429 in triplicate and allelic ratios quantified by pyrosequencing as
previously described (Section 2.2.5). Allelic quantification ratios for triplicates were subjected
to a 5% quality control threshold. Sample triplicates that were outside of the 5% quality
control threshold were excluded from downstream analyses. The mean cDNA allelic ratio of
each sample was normalised to the mean DNA allelic ratio of the same sample. The results
were plotted as a ratio of the risk allele to non-risk allele. The presence of AEl was determined

by a ratio significantly different to 1:1.
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2.2.9 Gene expression analysis

For standard mRNA, cDNA was diluted 1:20. 2.5uL diluted cDNA and 7.5uL master mix
(containing 5uL TagMan™ Advanced Master Mix for qPCR (Applied Biosystems), 1.5uL
nuclease-free water and 1ulL primer-probe mix (either pre-designed by IDT (PrimeTime qPCR
Assays) or designed in-house, see Appendix F for details)) was combined in the wells of a
MicroAmp Fast 96-Well Reaction Plate (Applied Biosystems). Individual samples were run in
triplicate.

For the miRNA strands miR-140-5p and miR-140-3p and the snRNA U6, cDNA was
diluted 1:6. 4uL diluted cDNA and 6uL master mix (containing 5uL TagMan™ Advanced
Master Mix for gPCR (Applied Biosystems), 0.5uL nuclease-free water and 0.5uL primer-probe
mix (pre-designed by IDT, see Appendix F for details)) was combined in the wells of a
MicroAmp Fast 96-Well Reaction Plate (Applied Biosystems). Individual samples were run in
duplicate.

Gene expression was quantified using reverse transcription quantitative PCR (RT-qPCR)
and performed on the QuantStudio 3 (Applied Biosystems) using the following parameters:
95°C, 20 seconds; then 40 cycles of 95°C, 1 second and 60°C, 20 seconds. Analysis was
performed using the QuantStudio Design and Analysis software (Thermo Fisher Scientific).
Expression of genes of interest for standard mRNAs was normalised to the housekeeping
genes 18S, HPRT1 and GAPDH. Expression of miR-140-5p and miR-140-3p were normalised to
the snRNA U6. Normalisation was performed using the 22 method. Sample replicates were
subject to a quality control threshold of 1 cycle (Ct), with any outside of the threshold excluded

from downstream analyses.

2.2.10 TC28a2 cell culture and passaging

The TC28a2 human immortalised chondrocyte cell line2%® (Sigma-Aldrich) was cultured
in DMEM:F12 medium (Gibco), supplemented with 10% (v/v) heat-inactivated FBS (Merck)
and 1% (v/v) 10,000U/mL penicillin-streptomycin (Gibco) — hereafter referred to as ‘complete
medium’. Cells were handled in sterile conditions under a laminar flow hood and cultured in
a HERAcell 150i incubator (Thermo Scientific) at 37°C, 5% CO..

Once cells reached 70-80% confluence, they were dissociated from culture flasks using

0.05% trypsin-EDTA (Gibco) for 10 minutes at 37°C. Following detachment using gentle

41



tapping, cells were re-suspended in 10x (v/v) complete medium and transferred into
centrifuge tubes. Cell suspensions were centrifuged at 500 x g, 5 minutes, the supernatant
aspirated, and cells were re-suspended into complete medium. Cells were then seeded at a
density of 1.6x10* for subculturing every 4-5 days and incubated at 37°C, 5% CO,. The range
of passage numbers for all TC28a2 chondrocytes used for functional laboratory experiments

was between 7 and 20.

2.2.11 Construction of Lucia reporter vectors

The region encompassing CpGs 1-16 was PCR amplified from 50ng pooled blood DNA
using Phire Hot Start || DNA Polymerase (Thermo Scientific) and primers that contained
additional Avrll and Spel restriction site sequences for downstream cloning (Appendix G).
Briefly, 1uL DNA was combined with 19uL mastermix (4uL 5x Buffer, 1uL forward primer
(10uM), 1uL reverse primer (10uM), 0.5uL dNTPs (10mM), 0.4uL Phire Hot Start Il DNA
Polymerase, 12.1ulL nuclease-free water) and PCR amplified using the following parameters:
98°C, 30 seconds; then 25 cycles of 98°C, 5 seconds, 65°C, 5 seconds, 72°C, 10 seconds; and a
final extension of 72°C for one minute. PCR products were run on a 1% agarose-TBE gel and
visualised using the GelDoc-It Imaging System.

The amplified regions were cloned into the pCR-Blunt-TOPO Il vector (Invitrogen)
according to manufacturer protocol and transformed into One Shot™ TOP10 chemically
competent E. coli (Invitrogen) using the heat-shock method. 100uL bacterial transformation
solution was plated onto LB-agar plates supplemented with zeocin (25ug/mL) and cultured
overnight at 37°C. Individual colonies were picked and cultured in LB broth supplemented with
zeocin (25ug/mL) for 16 hours, 37°C, 225 rpm. Plasmid DNA was purified using the PureYield™
Plasmid Miniprep kit (Promega) according to manufacturer protocol. Successful ligation of the
region of interest into pCR-Blunt-TOPO |l vectors was confirmed by Sanger sequencing (Source
Bioscience).

Following confirmation of successful ligation, 1ug plasmid construct was digested with
Avrll (NEB) and Spel (NEB) to manufacturer protocol. The pCpG-free-Lucia-Basic (Invivogen)
and pCpG-free-Lucia-Promoter (Invivogen) vectors were linearised using Avrll and Spel using
the same parameters, then treated with Antarctic Phosphatase (NEB) to prevent self-ligation.

All digested products were run on a 0.8% agarose-TBE gel. Gel bands of interest (linearised
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pCpG-free-Lucia vectors and the region of interest free from its TOPO backbone) were excised
and purified using the QIAquick Gel Extraction kit (Qiagen). The region of interest
encompassing the 16 CpGs was then ligated into the pCpG-free-Lucia-Basic and pCpG-free-
Lucia-Promoter vectors using T4 DNA Ligase (NEB) for 16 hours, 16°C.

SuL ligation reaction was transformed into GT115 chemically competent E. coli
(Invivogen) and cultured overnight at 37°C on LB-agar plates supplemented with zeocin
(25pug/mL). Individual colonies were picked and cultured in LB broth supplemented with
zeocin (25ug/mL) for 16 hours at 37°C, 225rpm. Plasmid DNA was purified using the
PureYield™ Plasmid Miniprep kit (Promega) according to manufacturer protocol. Successful
ligation of the region of interest into pCpG-free-Lucia-Basic and pCpG-free-Lucia-Promoter

vectors was confirmed by Sanger sequencing (Source Bioscience).

2.2.12 Methylation and mock-methylation of Lucia reporter constructs containing the region
of interest

Lucia reporter constructs containing the region of interest (4ug) were methylated
using the CpG methyltransferase M. Sss/ (NEB) by incubating at 37°C for 4 hours in the
presence of 1,600uM S-adenosylmethionine (SAM). An unmethylated control (mock-
methylation) was performed using the same parameters in the absence of M. Sssl. Plasmid
DNA was purified by ethanol precipitation. Confirmation of methylation status was performed
by digesting Lucia reporter constructs with the methylation-sensitive restriction enzyme Haell
(NEB). Unmethylated plasmids are therefore linearised, whilst methylated plasmids remain
intact. Digested products were run on a 1% agarose-TBE gel and visualised using the GelDoc-

It Imaging System.

2.2.13 Lucia reporter assays in TC28a2 cells

TC28a2 cells were seeded in 96-well plates at a density of 5,000 cells/well and
incubated at 37°C, 5% CO,. Twelve biological replicates with six technical replicates per
condition were seeded. After 24 hours, cells were transfected with 100ng Lucia reporter
construct and 10ng pGL3-Promoter using 2uL Lipofectamine 2000 (Invitrogen) per well

according to manufacturer protocol.
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24 hours post-transfection, cells were lysed in 1X Lysis Buffer (Promega) and the levels
of Lucia and Firefly luciferase were measured using the GloMax Luminometer (Promega) with
the Dual-Luciferase Reporter Assay System (Promega). Lucia readings were normalised to
Firefly luciferase to correct for differences in transfection efficiency between wells. For

analysis of regulatory activity, readings were normalised to empty vector controls.

2.2.14 Construction of dCas9-DNMT3a plasmids for epigenetic editing

Guide RNAs (gRNAs) targeting up- and downstream of the 16 CpGs were designed
using the IDT gRNA Design tool (IDT). For the control, a nontargeting scrambled gRNA was
designed. gRNA sequences are available in Appendix G. gRNAs were ordered as single-
stranded complementary DNA oligonucleotides and annealed using T4 DNA Ligase by
incubating at 37°C, 30 minutes, then 95°C, 5 minutes and gradually cooled to 25°C at a rate of
-6°C/min. The dCas9-DNMT3a plasmid (Addgene) was linearised using Bbs/ (NEB) to
manufacturer protocol. Annealed gRNAs were ligated into the linearised dCas9-DNMT3a
plasmid using T4 DNA Ligase for 16 hours, 16°C. Samples were cloned into One Shot™ TOP10
E. coli using the heat-shock method. 100uL bacterial transformation solution was plated onto
LB-agar plates supplemented with ampicillin (100ug/mL) and cultured overnight at 37°C.
Individual colonies were picked and cultured in LB broth supplemented with ampicillin
(100ug/mL) for 16 hours at 37°C, 225rpm. Plasmid DNA was purified using the PureYield™
Plasmid Miniprep kit (Promega) according to manufacturer protocol. Successful ligation of
gRNAs into the dCas9-DNMT3a plasmid was confirmed by Sanger sequencing (Source

Bioscience). The vector map for dCas9-DNMT3a is shown in Fig. 2.1.
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Figure 2.1: Vector map for dCas9-DNMT3a. Vector map taken from https://addgene.com and
created using SnapGene™ by the depositor.

2.2.15 dCas9-DNMT3a epigenetic editing in TC28a2 cells

TC28a2 cells were cultured in monolayer to 70-80% confluence, then treated with
trypsin-EDTA (0.05%, 10 minutes, 37°C) and counted. 10° cells per biological replicate were
incubated with 5ug plasmid DNA (gRNA-dCas9-DNMT3a constructs) in 1mL nucleofection
cuvettes and nucleofected using the SF Cell Line kit (Lonza) and the 4D-Nucleofector X System
(Lonza) using the pulse code EH-100. Post-nucleofection, cells were incubated at room
temperature for 15 minutes, then 400uL RPMI medium supplemented with 10% (v/v) FBS was
added, and cells were incubated for 10 minutes at 37°C, 5% CO,. Cells were seeded in 6-well
plates containing 2mL pre-warmed complete medium and incubated for 24 hours, 37°C, 5%
COs.

Successful nucleofection of dCas9-DNMT3a plasmids into TC28a2 cells was confirmed
by enhanced green fluorescent protein (EGFP) imaging using the Axiovert M200 fluorescent
microscope (Zeiss). 72 hours post-nucleofection, TC28a2 cells were dissociated from 6-well

plates and harvested as described in Section 2.2.10. Pellets were snap-frozen on dry ice and
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stored at -80°C. Nucleic acids were extracted using the Norgen DNA/RNA kit (Norgen Bio-Tek)
according to manufacturer protocol. DNA was stored at -20°C and RNA at -80°C. The RNA
collected included small RNAs including miRNAs and snRNAs. Samples were quantified using
the Nanodrop 1000.

To determine whether dCas9-DNMT3a epigenetic editing successfully modulated
DNAm levels at the CpG region, DNA was bisulphite-converted as described in Section 2.2.4.
DNAm levels were then quantified as described in Section 2.2.6. RNA was reverse transcribed
into cDNA as described in Section 2.2.7. The effect of epigenetic editing on WWP2 and miR-
140 expression was measured by RT-qPCR as described in Section 2.2.9. The expression of
genes of interest in the dCas9-DNMT3a epigenetically edited samples were normalised to the

control samples using the 222t method?®’.

2.2.16 Stabilisation of HIF-1¢ in TC28a2 cells

HIF-10, protein is unstable in normoxic conditions due to the degrading activity of
prolyl hydroxylases (PHDs)?!. To inhibit the action of PHDs, 200uM CoCl, was added per 1mL
complete media. HIF-1a stability was determined by Western blot 24 hours post-CoCl,
treatment (see Section 2.2.18).

For functional studies, TC28a2 cells were transferred into complete medium
supplemented with 200uM CoCl, 24 hours before seeding of cells (for Lucia reporter gene
assays) or 24 hours before nucleofection (for dCas9-DNMT3a epigenetic editing). Cells were
continuously cultured in CoCly-supplemented complete medium until the end of these

experiments.

2.2.17 Nuclear protein extraction

Nuclear protein was extracted from TC28a2 cells using the EPIXTRACT Nuclear Protein
Isolation kit (Enzo Life Sciences) according to manufacturer protocol. Briefly, up to 107 cells
were cultured to 80% confluence and dissociated as described in Section 2.2.10. Cells were
pelleted by centrifugation (1000rpm, 5 minutes) and the supernatant was aspirated. Cells
were resuspended in ice-cold 1x Pre-Extraction Buffer (supplemented with DTT and protease
inhibitor cocktail) to a concentration of 107 cells/mL. Cells were vortexed vigorously and

centrifuged at 12,000rpm, 1 minute. The cytoplasmic extract was aspirated from the nuclear
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pellet. To lyse nuclei, Extraction Buffer (supplemented with DTT and protease inhibitor
cocktail) was added at a concentration of 107 cells/mL and incubated on ice for 15 minutes
with frequent vortexing. Cells were centrifuged for 10 minutes, maximum speed at 4°C. The
supernatant containing isolated nuclear proteins was transferred to a fresh 1.5mL microtube
and stored at -80°C.

Nuclear protein extracts were quantified using the Protein Quantification Assay kit
(Macherey-Nagel) according to manufacturer protocol. Absorbances were measured at
595nm using the Varioscan LUX plate reader (Thermo Fisher). Protein concentrations were
determined using a calibration curve created by serial dilution of bovine serum albumin (BSA,

supplied with the Protein Quantification Assay kit).

2.2.18 Western blotting

10ug nuclear protein was diluted in 30uL Protein Solving Buffer-Tris-(2-carboxyethyl)
Phosphine Hydrochloride (PSB-TCEP, Macherey-Nagel) and reduced for five minutes at 95°C.
Protein samples were loaded on a NUPAGE™ 4-12% Bis-Tris gel (Invitrogen) alongside 4uL
PageRuler™ Plus Prestained Protein Ladder (Invitrogen) and resolved by running in 1X
NuPAGE™ MOPS SDS Running Buffer (Invitrogen) for 90 minutes at 120v. A transfer stack
containing two sheets of blotting paper saturated with transfer buffer (containing 39mM
glycine, 48mM Tris base, 0.0325% (w/v) SDS and 20% (v/v) methanol), one sheet of methanol-
activated PVDF membrane (Thermo Scientific), the pre-cast gel containing the protein
samples, and two more sheets of transfer buffer-saturated blotting paper was assembled on
a V20-SDB semi-dry blotter (Scie-Plas) and run at 80mA (1mA/cm?) for 90 minutes.

Following protein transfer from gel to PVDF membrane, the blot was blocked for one
hour to prevent nonspecific protein binding using Tris-buffered saline (10mM Trizma base
(Sigma-Aldrich), 150mM NaCl (Fisher Scientific)) with 0.02% (v/v) Tween-20 (Sigma-Aldrich)
(TBS-T) containing 5% (v/v) milk powder (Tesco). The blot was then incubated with 1:2,000
HIF-1a primary antibody (Cell Signaling Technology) in TBS-T containing 5% (v/v) milk powder
overnight at 4°C in the dark on a rocking platform (Stuart Scientific). Post-incubation, the blot
was washed in TBS-T (3 x 10 minutes). The polyclonal goat anti-rabbit horseradish peroxidase
(HRP)-conjugated secondary antibody (Dako) was added at 1:5,000 in TBS-T containing 5%

(v/v) milk powder and incubated for one hour at room temperature. Post-incubation, the blot
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was washed in TBS-T (3 x 10 minutes). HIF-1ca. protein chemiluminescence was detected by
incubation of the blot with Immobilon Western Chemiluminescent HRP Substrate (Millipore)
and the Azure c¢600 Gel Imaging System (Thermo Fisher Scientific).

As a loading control, blots were washed in TBS-T (3 x 10 minutes), then incubated for
one hour at room temperature with 1:40,000 GAPDH primary antibody (Merck) in TBS-T
containing 5% (v/v) milk powder for one hour at room temperature. Post-incubation, the blot
was washed in TBS-T (3 x 10 minutes). The polyclonal goat anti-mouse horseradish peroxidase
(HRP)-conjugated secondary antibody (Dako) was added at 1:5,000 in TBS-T containing 5%
(v/v) milk powder and incubated for one hour at room temperature. Post-incubation, the blot
was washed in TBS-T (3 x 10 minutes). GAPDH protein chemiluminescence was detected by
incubation of the blot with Immobilon Western Chemiluminescent HRP Substrate and the

Azure c600 Gel Imaging System.

2.2.19 Electrophoretic mobility shift assays (EMSAs)

Single-stranded complementary DNA oligonucleotides 31bp in length containing the
DNA sequence up- and downstream of CpG7 and CpG8/cg26736200 were ordered with 5’
DY682 fluorescent modifications in an unmethylated or methylated state from Eurofins.
Oligonucleotide sequences are available in Appendix G. Complementary oligonucleotides
were annealed as EMSA probes by combining 10uL forward strand (100uM), 10uL reverse
strand (100uM), 10uL annealing buffer (containing 100mM Tris HCl, 500mM NaCl, 10mM
EDTA; pH 8.0), and 70puL nuclease-free water. The reaction was heated to 95°C for five minutes,
then cooled gradually to room temperature to anneal the probes. Probes were diluted in
nuclease-free water to a working concentration of 100fmol and stored at -20°C.

A 25mL gel mastermix containing 19.1mL distilled H,0, 2.6mL 5X TBE, 3.2mL 40% bis-
acrylamide (Invitrogen), 88uL 20% (w/v) APS (Fisher Scientific) and 25uL TEMED (Thermo
Scientific) was poured between two 16cm x 16cm plates with a rubber seal and a 20-well comb
to cast EMSA gels. The gel was left to polymerise for one hour at room temperature. Once set,
the EMSA gel was transferred to a protein electrophoresis chamber (Atto) filled with 0.5X TBE
and run for 30 minutes at 100v, 4°C to remove traces of APS.

An EMSA reaction containing 2L 10X Binding Buffer (Tube 1 of Odyssey EMSA kit), 2L
25mM DTT/2.5% Tween 20 (Tube 2 of Odyssey EMSA kit), 0.5uL 1ug/uL Poly(dl.dC) (Tube 3 of
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Odyssey EMSA kit), 1uL NP-40 (Tube 6 of Odyssey EMSA kit), 2uL DY682-labelled probe
(unmethylated or methylated), 12ug nuclear protein and nuclease-free water to a final
volume of 20uL was incubated for 20 minutes in the dark. For EMSA super-shift reactions, the
EMSA reaction volume was increased proportionally to 25uL to accommodate the addition of
5uL 100ng/uL antibody specific to HIF-1aw or 5uL 100ng/uL 1gG from rabbit serum (Sigma-
Aldrich) for controls. Samples were then loaded with 1X Odyssey Loading Dye and run for four
hours at 100v, 4°C in the dark. Once run, the gel was imaged using the Odyssey CLx infrared
imager (LI-COR) using the following parameters: resolution, 169um; quality, medium; focus

offset, 4mm; channel, 700; intensity, 8.0.

2.2.20 Construction of CRISPR/Cas9 vectors

gRNAs targeting up- and downstream of rs34195470, rs9746247 and rs111837947
were designed using the CRISPR Targets track?>® on UCSC Genome Browser (hg19)2°8. gRNA
sequences are available in Appendix G. gRNAs were ordered from IDT as complementary
single-stranded DNA oligonucleotides with Bbs/ (NEB) restriction site overhangs and annealed
with the reverse complementary strand (95°C-25°C, A-6°C/min) using T4 DNA Ligase. The
annealed gRNAs were ligated into the Bbsl-linearised pSpCas9n(BB)-2A-Puro (pX462) vector
(Addgene) using T4 DNA Ligase for 16 hours, 16°C.

gRNA-pX462 constructs were transformed into One Shot™ TOP10 chemically
competent E. coli to manufacturer protocol and cultured overnight at 37°C on LB-agar plates
supplemented with ampicillin (100ug/mL). Individual colonies were selected and cultured in
3mL LB broth supplemented with ampicillin (100ug/mL) overnight in a shaking incubator at
37°C, 225rpm. gRNA-pX462 constructs were purified from bacterial cultures using the
PureYield™ Plasmid Miniprep kit (Promega) according to manufacturer protocol. Successful
ligation of the gRNA into pX462 vectors was confirmed by Sanger sequencing (Source

Bioscience).

2.2.21 CRISPR/Cas9 deletion of SNVs in TC28a2 cells

TC28a2 cells were cultured in monolayer to 70-80% confluence, then treated with
trypsin-EDTA (0.05%, 10 minutes, 37°C) and counted. 10° cells per biological replicate were
incubated with 5ug plasmid DNA (2.5ug of each gRNA for paired gRNA deletions) in 1mL
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nucleofection cuvettes and nucleofected using the SF Cell Line kit and the 4D-Nucleofector X
System using the pulse code EH-100. Post-nucleofection, cells were incubated at room
temperature for 15 minutes, then 400uL RPMI medium supplemented with 10% (v/v) FBS was
added, and cells were incubated for 10 minutes, 37°C, 5% CO,. Cells were seeded in 6-well
plates containing 2mL pre-warmed complete medium and incubated for 24 hours, 37°C, 5%
CO,. Successfully nucleofected cells were selected using puromycin (1ug/mL) for 48 hours and
then transferred into complete medium. Cells were expanded into 25cm? flasks and cultured
until confluent before harvesting and snap-frozen on dry ice. Nucleic acids were extracted
using the DNA/RNA kit (Norgen Bio-Tek) according to manufacturer protocol.

Successful deletion of the target region was verified by using primers specific to each
SNV region (Appendix G) and the PyroMark PCR kit. 1uL DNA (50ng/uL) was amplified in a
20uL reaction consisting of 10uL PyroMark Master Mix, 2uL CoralLoad dye, 1ulL forward
primer and 1L reverse primer (10mM each), and 5uL nuclease-free water. The following PCR
parameters were used: 95°C, 15 mins; 45 cycles of 94°C, 30 seconds, 60°C, 30 seconds, 72°C,
30 seconds; and a final extension of 72°C, 10 minutes. PCR products were run on a 1% agarose-
TBE gel and visualised using the GelDoc-It Imaging System. For Cas9-targeting of rs34195470
and rs9746247, an observed deletion of 476bp was expected. For Cas9-targeting of
rs111837947, an observed deletion of 66bp was expected.

RNA was reverse transcribed into cDNA as described in Section 2.2.7. To determine
whether the intronic SNV deletion had affected splicing, primers spanning exons 10-13 of
WWP2-FL were designed (Appendix G) and were used to amplify cDNA using the PyroMark
PCR kit (Qiagen). Briefly, 1uL cDNA was amplified in a 20uL reaction consisting of 10puL
PyroMark Master Mix, 2L CoralLoad dye, 1l forward primer and 1L reverse primer (10mM
each), and 5uL nuclease-free water. PCR products were run on a 1% agarose-TBE gel and
visualised using the GelDoc-It Imaging System. The expected band size if splicing was
unaffected is 291bp. The effect of SNV deletion on WWP2 expression was measured by RT-
gPCR as described in Section 2.2.9. The expression of each isoform in the deletion samples
was normalised to the control samples using the 224 method?®’.

To determine whether SNV deletion affected DNAm levels at the CpG region, DNA was
bisulphite-converted as described in Section 2.2.4. DNAm levels were then quantified as

described in Section 2.2.6.
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2.2.22 Construction of luciferase reporter vectors and site-directed mutagenesis

The region encompassing rs34195470, rs9746247 and rs111837947 was PCR amplified
from 50ng pooled blood genomic DNA using Phire Hot Start || DNA Polymerase. Briefly, 1uL
DNA was combined with 19uL mastermix (4uL 5x Buffer, 1uL forward primer (10uM), 1ul
reverse primer (10uM), 0.5uL dNTPs (10mM), 0.4l Phire Hot Start Il DNA Polymerase, 12.1puL
nuclease-free water) and PCR amplified using the following parameters: 98°C, 30 seconds;
then 25 cycles of 98°C, 5 seconds, 65°C, 5 seconds, 72°C, 10 seconds; and a final extension of
72°C for one minute. PCR products were run on a 1% agarose-TBE gel and visualised using the
GelDoc-It Imaging System. Primer details are available in Appendix G.

The amplified region was cloned into the pCR-Blunt-TOPO Il vector to manufacturer
protocol and transformed into One Shot™ TOP10 chemically competent E. coli (Invitrogen)
using the heat-shock method. 100uL bacterial transformation solution was plated onto LB-
agar plates supplemented with zeocin (25ug/mL) and cultured overnight at 37°C. Individual
colonies were picked and cultured in LB broth supplemented with zeocin (25 pg/mL) for 16
hours, 37°C, 225 rpm. Plasmid DNA was purified using the PureYield™ Plasmid Miniprep kit
according to manufacturer protocol. Successful ligation of the region of interest into pCR-
Blunt-TOPO Il vectors was confirmed by whole plasmid sequencing using Oxford Nanopore
technology (Plasmidsaurus).

To generate alternative alleles, site-directed mutagenesis was used to mutate each
SNV individually using primers designed using the Agilent QuikChange Primer Design tool
(Appendix G) and the QuikChange Lightning Site-Directed Mutagenesis kit (Agilent) to
manufacturer protocol. Briefly, 5puL 10x QuikChange Lightning Buffer, 1uL plasmid template
(50ng/uL), 1uL forward primer (100ng/uL), 1uL reverse primer (100ng/uL), 1uL dNTP mix,
1.5pL QuikSolution reagent, 38uL nuclease-free water and 1uL QuikChange Lightning enzyme
were combined in a PCR tube. The mutagenesis thermocycler parameters were 95°C, 2
minutes, then 18 cycles of 95°C, 20 seconds, 60°C, 10 seconds, 68°C, 3.5 minutes, and a final
extension of 68°C for 5 minutes. Template plasmid DNA was digested by the addition of 2uL
Dpnland incubation at 37°C, 5 minutes. Amplification products were transformed into XL-Gold
ultracompetent cells according to manufacturer protocol. 100uL bacterial transformation
solution was plated onto LB-agar plates supplemented with zeocin (25ug/mL) and cultured

overnight at 37°C. Individual colonies were picked and cultured in LB broth supplemented with
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zeocin (25ug/mL) for 16 hours, 37°C, 225 rpm. Plasmid DNA was purified using the PureYield™
Plasmid Miniprep kit according to manufacturer protocol. Successful site-directed
mutagenesis of each SNV was confirmed by whole plasmid sequencing (Plasmidsaurus).

Each SNV was PCR-amplified individually using specific primer pairs (Appendix G) with
Milul and Xhol restriction sites for downstream cloning using Phire Hot Start || DNA
Polymerase. Briefly, 1uL plasmid DNA was combined with 19uL mastermix (4uL 5x Buffer, 1uL
forward primer (10uM), 1ul reverse primer (10uM), 0.5uL dNTPs (10mM), 0.4uL Phire Hot
Start Il DNA Polymerase, 12.1uL nuclease-free water) and PCR amplified using the following
parameters: 98°C, 30 seconds; then 25 cycles of 98°C, 5 seconds, 65°C, 5 seconds, 72°C, 10
seconds; and a final extension of 72°C for one minute. The PCR products were then digested
using Mlul (NEB) and Xhol (NEB) according to manufacturer protocol. The pGL3-Promoter
vector (Addgene) was linearised using Mlul and Xhol to manufacturer protocol, then treated
with Antarctic Phosphatase to prevent self-ligation. All digested products were run on a 0.8%
agarose-TBE gel. Gel bands were excised and purified using the QlAquick Gel Extraction kit
according to manufacturer protocol. Each SNV region was then ligated into the linearised
pGL3-Promoter vector using T4 DNA Ligase for 16 hours, 16°C. Ligation reactions were
transformed into One Shot™ TOP10 chemically competent E. coli to manufacturer protocol
and cultured overnight at 37°C on LB-agar plates supplemented with ampicillin (100ug/mL).
Individual colonies were selected and cultured in 3mL LB broth supplemented with ampicillin
(100pug/mL) overnight in a shaking incubator, 37°C, 225rpm. pGL3-Promoter constructs
containing the SNV region were purified from bacterial cultures using the PureYield™ Plasmid
Miniprep kit to manufacturer protocol. Successful ligation of each SNV was confirmed by

whole plasmid sequencing (Plasmidsaurus).

2.2.23 Luciferase reporter gene assays in TC28a2 cells

TC28a2 cells were seeded in 96-well plates at a density of 5,000 cells/well and
incubated at 37°C, 5% CO,. Six biological replicates with six technical replicates per condition
were seeded. After 24 hours, cells were transfected with 100ng pGL3-Promoter construct and
10ng pRL-TK (Renilla transfection efficiency control) using 2L Lipofectamine 2000 (Invitrogen)

per well according to manufacturer protocol.
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24 hours post-transfection, cells were lysed in 1X Lysis Buffer (Promega) and the levels
of Firefly and Renilla luciferase were measured using the GloMax Discovery luminometer
(Promega) and the Dual-Luciferase Reporter Assay System (Promega). Firefly luciferase
readings were normalised to Renilla luciferase to correct for differences in transfection
efficiency between wells. For analysis of regulatory activity, readings were normalised to

empty vector controls.

2.2.24 Statistical analyses
All statistical analyses were performed using Prism 10 (GraphPad). For statistical
analysis of DNAm levels, B-values were converted to M-values?®®, Details of statistical analyses

are listed in Table 2.5.

Table 2.5. Summary of statistical analyses used in this thesis.

Analysis Chapter Statistical Test Applied
mQTL analysis 4 Least squares linear regression
Sex and joint comparisons 4 Mann Whitney U
Age stratification 4 Simple linear regression
AEl analysis 4 Wilcoxon’s matched-pairs signed
rank
meQTL analysis 4 Simple linear regression
eQTL analysis 4 Simple linear regression
Gene expression analysis 4 One-way ANOVA with Tukey’s
multiple comparisons test
Lucia reporter assays 5and 6 Mann Whitney U with Holm-Sidak
multiple test correction
dCas9-DNMT3a epigenetic editing 5and 6 Paired t-test with Benjamini-
(gene expression analysis) Hochberg multiple test correction
Gene expression analysis 6 Paired t-test
Luciferase reporter assay 7 Mann Whitney U
CRISPR/Cas9 deletion of SNVs 7 Paired t-test

(gene expression analysis)
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Chapter 3: In-silico analysis of the WWP2 locus
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3.1 Introduction

Determining the effects of OA risk SNV genotype upon gene expression is one useful
strategy towards identifying the targets of noncoding risk loci. Where differential gene
expression correlates with genotype (eQTLs), this is indicative of a functional relationship®’.
Post-GWAS analyses often integrate eQTL data to prioritise candidates for functional follow-
up analysis®®, though many of the larger scale eQTL data cohorts are not available in OA-
relevant tissue types?!3. Nevertheless, the identification of an eQTL in one tissue is suggestive
of a functional regulatory mechanism that may apply in other tissues too.

Using genome-wide DNAm array data from OA cartilage patient samples, our research
group has previously reported that genotype at rs34195470 associates with DNAm levels of
two CpGs at the WWP2 locus (cg26736200 and cg26661922), forming mQTLs®’. The risk-
conferring G allele of rs34195470 correlates with increased DNAm at both CpGs. Several
studies have shown that DNAm at CpGs marking OA cartilage mQTLs can act as functional
intermediaries of OA risk SNVs, modulating target gene expression®171-173 However, certain
factors such as tissue specificity and the life stage that OA risk SNVs and mQTLs operate can
impede downstream experimental studies®”8. For example, an OA risk SNV and/or mQTL that
is active in cartilage may not be active in synovium (tissue specificity); whilst a variant and/or
mQTL active in adulthood may not mediate its pathogenic effects during development (life-
stage specificity).

OA risk loci should be integrated with (epi)genomic datasets to provide evidence of
putative regulatory activity that can be used to prioritise and inform functional follow-up
studies®”%8, The GTEx Portal?®2 provides a resource for eQTL identification in multiple tissues,
albeit not in OA-relevant tissue types, providing a starting point for prioritisation of putative
gene targets. Histone ChlIP-Seq data that has been categorised into specific regulatory
elements by the NIH Roadmap Epigenomics Project?®? can inform whether loci reside within
enhancers or repressors, whilst ATAC-Seq data can determine chromatin accessibility and
therefore regions accessible for TF binding?®. Understanding chromatin conformation allows
researchers to understand physically proximal interacting regions of DNA that are genomically
distal, providing evidence of enhancer-promoter loops®27°, Additionally, because OA risk loci
and their associated mQTLs may operate at specific time points across life (e.g. during
development or in later life) or in different tissue types, other tissues of the synovial joint such

as subchondral bone and synovium should be investigated in addition to cartilage3”/8165,
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Using functional genomic and epigenomic datasets and publicly available online tools,

this chapter aims to:

1)
2)

3)

4)

Identify rs34195470-eQTLs using the GTEx Portal in all available tissues.

Identify whether rs34195470, cg26736200 and cg26661922 reside within regions of
open, accessible chromatin.

Identify whether rs34195470, cg26736200 and cg26661922 reside within active
regulatory elements.

Determine which joint tissues and life stages (foetal, adult) rs34195470, cg26736200
and cg26661922 are likely to exert functional effects upon gene regulation.
Characterise the 3D conformation of the WWP2 locus and identify chromatin looping

in relevant cell types.

3.2 Results

3.2.1 Identification of rs34195470-eQTLs

The GTEx Portal®'® was searched for rs34195470-eQTLs reported in all available

tissues, identifying seven genes, two pseudogenes and three IncRNAs, all of which were within

1Mb of rs34195470 (Appendix H). In tibial artery, the risk-conferring G allele correlates with

decreased WWP2 expression (P = 9.8x10°®, n=584). The expression in OA cartilage of the 12

transcripts associating with rs34195470-eQTLs in GTEx was plotted, revealing WWP2 as the

most abundantly expressed gene (Fig. 3.1).
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Figure 3.1: Expression of genes identified as rs34195470-eQTLs using GTEx in OA cartilage.
Expression levels (TPM, transcripts per million) of the GTEx rs34195470-eQTL genes in ten OA
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hip cartilage samples (available on GEO: GSE111358)'%°. Line inside the box represents the
median, the box shows the interquartile range, the whiskers show the minimum and
maximum values.

3.2.2 Chromatin accessibility and regulatory state at the region of interest

rs34195470 resides at the distal end of the locus within intron 11 of WWP2-FL and
approximately 3.2Kb upstream of the WWP2-C TSS (Fig. 3.2A, in black). ¢g26736200 and
€g26661922 are approximately 3.7Kb upstream of rs34195470 and span an exon-intron
boundary: cg26736200 is within exon 11 of WWP2-FL and ¢g26661922 is within intron 11 of
WWP2-FL (Fig. 3.2A, in red).

To determine chromatin accessibility at the region encompassing rs34195470 and the
two CpGs, ATAC-Seq data was mapped to the region using the UCSC Genome Browser (hg19).
Both cg26736200 and cg26661922 were identified to reside within ATAC-Seq peaks in foetal
and OA (adult) chondrocytes of the hip and the knee as well as OA fibroblast-like synoviocytes
(FLS, Fig. 3.2B). Additionally, cg26661922 was also found within an ATAC-Seq peak from the
osteosarcoma cell line Saos-2. rs34195470 was not found within any ATAC-Seq peaks,
indicating that it resides within closed, inaccessible chromatin.

To determine whether the region encompassing rs34195470 and the array CpGs were
known to reside within putative regulatory elements, Roadmap regulatory elements were
mapped to the region using the UCSC Genome Browser (hg19). rs34195470 is within a region
marked as weak transcription in MSCs and as an enhancer in chondrocytes and osteoblasts
(Fig. 3.2C). In MSCs, cg26736200 resides within an enhancer whilst cg26661922 is within a
region of weak transcription. Both CpGs are marked as flanking an active TSS in chondrocytes

and osteoblasts.
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Figure 3.2: Chromatin accessibility and regulatory elements in relevant cell types at the
WWP2 locus. A) Schematic representation to show the gene structure of the WWP2 isoforms
WWRP2-FL, WWP2-N and WWP2-C. Horizontal lines represent introns, full height vertical bars
represent exons, and half-height vertical bars represent 5’ and 3’ UTRs. Arrows pointing right
indicate direction of transcription (sense strand). miR-140 is also shown. The grey box region
is expanded to show the proximity of rs34195470 (in black, right) and CpGs cg26736200 and
€g26661922 (in red, left) to the WWP2-FL isoform. Coordinates from UCSC hg19. B) ATAC-Seq
peaks generated from foetal hip and knee chondrocytes, OA hip and knee chondrocytes, Saos-
2 cells, and OA FLS. Open chromatin regions are marked by black boxes. C) Chromatin
regulatory state data from ROADMAP for MSCs (E006 H1-derived MSCs), chondrocytes (E049
MSC-derived chondrocyte cultured cells), and osteoblasts (E129 osteoblast primary cells).
Colours corresponding to different regulatory elements are shown in the key at the bottom of
the figure.

3.2.3 Chromatin looping at the region of interest

The 3D Genome Browser was searched for Capture Hi-C data in MSCs to identify long-
range chromatin interactions at the region of interest?®3. A single chromatin loop was
identified between the coordinates encompassing the WWP2-FL/WWP2-N shared TSS and the
region harbouring rs34195470 and CpGs cg26736200 and cg26661922 (Fig. 3.3). The CpGs
and rs34195470 are therefore brought to within close physical proximity to the WWP2-
FL/WWP2-N TSS and may therefore be capable of regulating the expression of these transcript

isoforms.
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Figure 3.3: Chromatin looping at the WWP2 locus. Schematic representation to show the
gene structure of the WWP2 isoforms WWP2-FL, WWP2-N and WWP2-C. Horizontal lines
represent introns, full height vertical bars represent exons, and half-height vertical bars
represent 5 and 3’ UTRs. Arrows pointing right indicate direction of transcription (sense
strand). The location of CpGs cg26736200 and cg26661922, rs34195470 and miR-140 are also
shown. Capture Hi-C chromatin interactions identified at the CpG region in MSCs using the 3D
Genome Browser, represented as an orange loop with anchors spanning the width of the
interacting regions extending across the schematic of the WWP2 locus. The genomic distance
between the anchors of the chromatin loop (154,803bp) is represented by an arrow at the top
of the figure. The interacting region coordinates in UCSC hgl9 are Chr16:69,793,806-
69,801,037 (WWP2-FL/WWP2-N TSS) and Chrl16:69,948,024-69,955,840 (CpGs and
rs34195470).

3.3 Discussion

Deciphering regulatory mechanisms and effector genes targeted by GWAS-reported
OA risk SNVs can be aided through integration and fine-mapping of functional genomic and
epigenomic datasets at regions of interest®”®%, Several studies have demonstrated that
understanding the local chromatin context of regions housing OA risk SNVs and their
associated mQTLs can be a valuable tool informing downstream experiments to establish
effector genes and putative molecular mechanisms!66:171-173,212,

Open, accessible chromatin facilitates the binding of TFs that can modulate target gene
expression, whilst closed, inaccessible chromatin diminishes these interactions?®°. In the cell
types investigated, rs34195470 was identified to reside within closed chromatin, suggesting
TF binding would be impeded by steric hindrance and therefore unlikely to modulate target
gene expression?3°, However, rs34195470 was also identified within a Roadmap enhancer in
chondrocytes and osteoblasts, suggesting a potential role for transcriptional regulation in
these cell types.

Using GTEx in all tissues, 12 genes were reported as rs34195470-eQTLs including

WWP2, which exhibited tenfold greater expression than the next most abundant gene in OA
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cartilage. Using an alternative approach, WWP2 AEIl in OA cartilage has been reported using
the transcript SNV rs1052429, where the A allele of rs1052429 correlates with increased
WWP2 expression®'®. The A allele of rs1052429 nearly always occurs on a haplotype with the
OA risk-conferring G allele of rs34195470. Therefore, the OA risk allele of rs34195470
correlates with increased WWP2 expression in OA cartilage and operates inversely to the
observation made using tibial artery GTEx data. These findings suggest rs34195470 is capable
of regulating WWP2 in a genotype-dependent manner.

€g26736200 and cg26661922 reside within open chromatin in almost all the tissue
types investigated, except for the former in the osteosarcoma Saos-2 cell line. In
chondrocytes, this effect was not restricted to a particular joint site (hip, knee) or life stage
(foetal, adult). It has been suggested that OA chondrocytes revert to a developmental
phenotype, exhibiting increased expression of TFs associated with chondrocyte hypertrophy
such as RUNX2 and HIF-2a.23. However, it is equally plausible that this region may be accessible
across the entirety of the life course. At present, there are no available datasets bridging these
timepoints in cartilage to support either scenario. In chondrocytes and osteoblasts, both CpGs
reside within a region marked as flanking an active TSS, indicating they are physically proximal
to an active gene promoter. This is supported by chromatin looping observed in MSCs between
the CpGs and the WWP2-FL/WWP2-N TSS. Together, these data imply cg26736200 and
€g26661922 are within an active regulatory element and are accessible to TF binding in all cell
types investigated in this chapter.

Enhancers typically reside within noncoding regions of the genome and are often distal
to the target gene promoter they modulate. The most widely accepted theory on the
mechanism driving enhancer activity is the formation of chromatin loops that bring enhancers
and promoters into close physical proximity, facilitating transcriptional activity by RNA Pol
1188270 The region of DNA harbouring rs34195470 and CpGs ¢g26736200 and cg26661922
loops to interact with an upstream region containing the promoter of WWP2-FL and WWP2-
N in MSCs, suggesting these transcript isoforms may be targets of OA risk marked by
rs34195470, the CpGs, or both. However, the WWP2-C and miR-140 shared promoter also
resides within intron 11 of WWP2-FL?*4?51 indicating they are also valid candidate transcripts
for further analysis.

The main limitation of this chapter is the lack of available OA-relevant tissue datasets.

Regulatory elements in synovium were not characterised due to no available datasets on
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Roadmap. There are also no available ATAC-Seq datasets for subchondral bone, therefore the
Saos-2 cell line dataset was used. This cell line may not reflect the true state of chromatin
accessibility at the locus in subchondral bone yet remained the most biologically relevant
dataset available for this study.

In summary, all the investigated loci show indicators of regulatory capacity using ATAC-
Seq and Roadmap data. Chromatin accessibility and regulatory state is not limited to a
particular time pointin chondrocytes, nor is it limited to one particular adult tissue type. These
findings warrant expanding the OA cartilage mQTL study into other tissues to determine
whether the mQTLs operate during development and whether the mQTL effect is cartilage-

specific.
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Chapter 4: mQTL analysis and WWP2 expression analysis in synovial joint

tissues

62



4.1 Introduction

€g26736200 and cg26661922 are the CpG sites whose methylation levels in OA
cartilage DNA associate with genotype of the knee OA SNV rs34195470 (A > G), forming
mQTLs?’. The OA risk-conferring G allele of the SNV correlates with increased DNAm at the
CpGs. WWP2 AEI has also been reported using rs1052429 (G > A), a WWP2 transcript SNV in
moderate LD with rs34195470 in European populations (r? = 0.41, D’ = 0.91), where the A
allele of rs1052429 correlates with increased WWP2 expression?!4. The A allele of rs1052429
nearly always occurs on a haplotype with the OA-risk conferring G allele of rs34195470.
Together, these reports imply that the OA risk allele of rs34195470 associates with increased
DNAm at the CpGs and with increased WWP2 expression in cartilage. In the previous chapter,
€g26736200 and cg26661922 were identified within a region of open chromatin marked as an
active transcriptional regulator, suggesting they may be an intermediary between rs34195470
and its target gene. DNAm as a functional intermediate between a risk-conferring SNV and
expression of the target gene is relatively common?’+272, with experimental perturbation of
DNAm at OA cartilage mQTLs revealing several effector genes of OA genetic risk166:171-173,

mQTLs that were first identified in OA cartilage have also been reported to be present
during skeletogenesis'®. In development, OA risk loci have been shown to demonstrably alter

127" whilst OA chondrocytes exhibit the developmental phenotype of

joint morphology
hypertrophy!3. OA mQTLs may contribute to disease susceptibility during development, with
their effects manifesting in later life?”. Therefore, the utilisation of foetal donor samples as
well as OA patient samples can aid in pinpointing when mQTLs exert their functional effects.
mQTLs have also been reported in other articular joint tissues using epigenome-wide
arrays®1%° These findings emphasise the need to investigate tissues other than cartilage,
which has been the sole focus of many OA studies to date. Whilst mQTLs commonly present
in the same direction across joint tissues*®1%6 inverse relationships have also been identified
with pleiotropic effects upon the expression of OA effector genes such as COLGALT267:171,
eQTLs can also be used to identify effector genes in complex disease. However, eQTL
analyses require large sample cohorts to overcome interindividual variability in gene
expression®’. There is also a dearth of OA-relevant tissue eQTL datasets available. AEl analysis,
which determines the relative ratio of allelic expression in heterozygotes using a much smaller

sample size, has been proven to be a useful tool in elucidating effectors of OA risk SNVs!72173,

Correlations between DNAm levels at CpGs and expression of genes of interest may also be
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used to detect tissues in which mQTLs may be functional and regulate gene expression,
forming methylation-expression QTLs (meQTLs)5173,
Using a range of molecular genetic and epigenetic analyses in foetal donor and OA
patient samples, this chapter aims to:
1) Replicate the previously reported WWP2 mQTLs and AEl using an independent cohort
of OA cartilage samples.
2) Determine whether the mQTLs and AEl are active during development using foetal
cartilage samples.
3) Determine whether the mQTLs and AEl are cartilage-specific by expanding the study
to include OA synovium and subchondral bone samples.
4) Perform an meQTL analysis using DNAm and AEIl data in the four tissue types studied.
5) Quantify WWP2 expression in these tissues.
6) ldentify eQTLs associating with rs34195470.

4.2 Results
4.2.1 mQTL analysis in foetal cartilage and OA cartilage

Using genome-wide DNAm array data created from the cartilage of patients who had
undergone total joint arthroplasty surgery, our research group has previously reported that
rs34195470 genotype correlates with DNAm levels at cg26736200 and cg26661922, forming
two mQTLs?”. The risk-conferring allele (G) of rs34195470 correlates with increased DNAm at
these CpGs. Here, | repeated the mQTL analysis of cg26736200 and cg26661922 in an
independent cohort of OA cartilage DNA samples (Appendix A), simultaneously expanding the
study to encompass nearby CpGs. A total of 16 CpGs were captured by pyrosequencing:
€g26736200 (CpG8 in Fig. 4.1A) and cg26661922 (CpG13); the four CpGs between these two
(CpG9-CpG12); the three CpGs immediately downstream of ¢g26661922 (CpG14-CpG16) and
seven of the eight CpGs immediately upstream of ¢g26736200 (CpG1-CpG7; data could not be
collected for a single CpG located between CpG1 and CpG2).

Fourteen of the 16 CpGs showed a significant association (P = 0.0010-0.0476) between
their DNAm levels and rs34195470 genotype, with the risk-conferring G allele of rs34195470
correlating with increased DNAm (Fig. 4.1B). This replicated the original discovery®” and
highlighted the presence of a differentially methylated region (DMR) in OA cartilage spanning
228bp. The OA cartilage patient samples range in age from 41-93 years (Appendix 1). The
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DNAm levels for CpG11l and CpG13 showed a modest but significant reduction with age
(CpG11, r? =0.0967, P = 0.0376; CpG13, r>=0.0909, P = 0.0495; Appendix J). Stratification by
sex or joint site revealed that the mQTL was not restricted to a particular stratum (Appendix
K and L). Stratification of the DNAm data by joint site or sex irrespective of rs34195470
genotype (Appendix L and M) revealed only one significant difference in DNAm levels, with
CpG12 being slightly more methylated in hip compared to knee cartilage (P = 0.0416).

It has been reported that some OA cartilage mQTLs are also present in foetal cartilage,
implying that a proportion of OA genetic risk may be functionally active during
skeletogenesis'®>216, The rs34195470 mQTL was therefore investigated in foetal cartilage DNA.
Five of the 16 CpGs showed a significant association (P = 0.0096-0.0266) between DNAm and
rs34195470 genotype, and as seen for the OA cartilage samples, the OA risk-conferring G allele
correlated with increased DNAm (Fig. 4.1C). The cartilage DMR is therefore active during
development and in OA. Foetal cartilage samples ranged in age from 8-17 pcw (Appendix ).
No significant correlations between age and DNAm levels were observed (P = 0.1479-0.8827;
Appendix J). None of the mQTLs were identified to be sex-specific (Appendix K, P = 0.0671-
0.9724). There were also no differences in DNAm levels between females and males when
foetal DNAm data was stratified irrespective of rs34195470 genotype (Appendix M, P =
0.2799-0.9699).
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Figure 4.1: mQTL analysis in OA cartilage and foetal cartilage. A) Schematic representation
of the 16 CpGs analysed in this study across a 228bp region. c¢g26736200 (CpG8) and
€g26661922 (CpG13) are highlighted in grey. B) OA cartilage mQTL analysis (in grey, n=51). C)
Foetal cartilage mQTL analysis (in orange, n=48). For panels B and C, DNAm levels at the 16
CpGs were stratified by rs34195470 genotype (GG, GA, AA). Methylation data is plotted in the
form of B-values ranging from 0 (no methylation) to 1 (complete methylation) and expressed
as a percentage. In the truncated violin plots, solid and dashed horizontal lines represent the
median and interquartile range. P-values calculated by least squares linear regression. * = P <
0.05; ** = P<0.01; *** = P <0.001; ns = not significant (P > 0.05).
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mQTLs first reported in cartilage have also been found to be present in other synovial
joint tissues'®®167.171 The mQTL analysis was therefore expanded to include two other OA-
relevant tissues: subchondral bone and synovium provided by OA patients undergoing
arthroplasty. Eight of the 16 CpGs showed a significant correlation (P = 0.0178-0.0460)
between DNAm levels and rs34195470 genotype in OA bone (Fig. 4.2B). The risk-conferring G
allele of rs34195470 associated with the highest levels of DNAm at each CpG. However,
heterozygotes (GA) had demonstrably lower DNAm levels at each CpG site than homozygotes
of the non-risk allele (AA). The OA bone samples range in age from 51-86 years (Appendix 1).
One correlation between age and DNAm levels was identified at CpG2 (Appendix N, P =
0.0192, r? = 0.1160), with DNAm levels decreasing slightly with increasing age. Interestingly,
stratification by sex revealed the mQTL effect observed was driven by males and absent in
females (Appendix O), with all 16 CpGs significantly correlating with rs34195470 genotype in
males (P < 0.0001-0.0183; the risk-conferring G allele of rs34195470 correlates with increased
DNAm) whilst none of the CpGs were mQTLs in females (P = 0.0795-0.9641). DNAm levels at
each CpG irrespective of genotype were comparable between sex (Appendix M, P = 0.0935-
0.9352).

In OA synovium, none of the 16 CpGs were mQTLs (P = 0.1217-0.8587, Fig. 4.2C). The
OA synovium samples range in age from 45-91 years (Appendix I). No correlations between
age and DNAm levels were identified (Appendix N, P = 0.2502-0.9411). Stratification by sex
did not reveal an mQTL effect specific to males or females (Appendix O, P = 0.2375-0.9856).
Stratification of the DNAm data by sex irrespective of rs34195470 genotype (Appendix M)
revealed slightly higher DNAm levels in females compared to males at three CpGs: CpG12 (P
=0.0120), CpG15 (P =0.0431), and CpG16 (P = 0.0458). mQTL data was not stratified by joint

site due to the low number of hip samples in the cohort (n = 4).
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Figure 4.2: mQTL analysis in OA bone and OA synovium. A) Schematic representation of the
16 CpGs analysed in this study across a 228bp region. cg26736200 (CpG8) and cg26661922
(CpG13) are highlighted in grey. B) OA bone mQTL analysis (in teal, n=61). C) OA synovium
mQTL analysis (in maroon, n=70). For panels B and C, DNAm levels at the 16 CpGs were
stratified by rs34195470 genotype (GG, GA, AA). Methylation data is plotted in the form of 3-
values ranging from 0 (no methylation) to 1 (complete methylation) and expressed as a
percentage. In the truncated violin plots, solid and dashed horizontal lines represent the
median and interquartile range. P-values calculated by least squares linear regression. * = P <
0.05; ns = not significant (P > 0.05).
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Mean DNAm levels at the 16 CpGs were compared between the four tissues
investigated in this mQTL analysis (Fig. 4.3). Foetal cartilage was comparatively
hypomethylated compared to the three OA tissues (mean DNAm range = 4.7-38.7%), whilst
OA bone and OA synovium had comparably similar DNAm levels across the DMR and exhibited
the highest levels of DNAmM (mean DNAm range: OA bone = 25.2-81.6%; OA synovium = 29.8-
83.6%). OA cartilage mean DNAm levels ranged from 11.0-72.5%.

100 )
== QA synovium

o 8 == OAbone
E 60 == OA cartilage
=z Foetal cartilage
2 4
=
[
QO
= 20
od
1 1 1 1 1 I I I I 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16
CpG Site

Figure 4.3: Mean DNAm levels across the DMR. Methylation data is plotted in the form of 3-
values ranging from 0 (no methylation) to 1 (complete methylation) and expressed as a
percentage.

Linear regression was used to calculate the percentage contribution of rs34195470
genotype to differences in DNAm in all four tissues (Fig. 4.4). For 12 of the 16 CpGs
investigated, the largest genotypic effect was observed in OA cartilage. Two of the four
remaining CpGs had the same genotypic effect in OA cartilage and foetal cartilage (CpG2 and
CpG14). At CpG12 and CpG16, the highest genotypic effect was in foetal cartilage. OA

synovium showed the least genotypic contribution to DNAm levels at 14 of the 16 CpGs.

30

Foetal cartilage -

OA cartilage
15 r2(%)
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OA synovium= 1 2 2 8
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Figure 4.4: Genotypic effect upon DNAm levels across the DMR. Heatmap showing the
influence of the rs34195470 genotype on DNAm levels at the 16 CpGs in the four tissues
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investigated. r? values determined by least squares linear regression and expressed as a
percentage.

4.2.2 AEl analysis

Traditional eQTL analyses typically require hundreds of samples to detect correlations
between gene expression and SNV genotype due to interindividual variability?”. Therefore, AEI
analysis was used to detect differences in the relative ratio of mRNA transcript produced by
patients heterozygous at the OA risk SNV. As rs34195470 resides within an intron, the proxy
SNV rs1052429 was used (r> = 0.41, D’ = 0.91 in European populations) which resides within
the 3" UTR of WWP2-FL and WWP2-C.

Before performing AEl analyses, assay validation was performed using a serial dilution
of DNA with known ratios of A allele to G allele at rs1052429 (0-100%, in 10% increments).
The expected and observed allelic ratios of A:G were highly congruent (r? = 0.98, P < 0.0001),
validating the designed assay (Fig. 4.5).

-@ Allelic ratio (A:G)

Observed ratio A:G (%)

or~rTTT"TTTTT
0 10 20 30 40 50 60 70 80 90 100

Expected ratio A:G (%)

Figure 4.5: AEIl assay validation. The designed AEl assay was validated using a serial dilution
of known ratios of A allele and G allele at rs1052429. The measured ratios are shown, with the
ratio of G allele plotted (blue dots and joining line). The expected ratio is plotted on the x-axis,
and the observed ratio is plotted on the y-axis. P-value and r? value calculated using simple
linear regression. The line of best fit (solid black line) and 95% confidence interval bands
(dashed black lines) are shown, spanning the grey shaded area.

Significant AEI (P = 0.0195) was observed in nine OA cartilage samples heterozygous at

rs1052429, with a mean A/G ratio of 1.15 (Fig. 4.6A). This is equivalent to the A/G ratio of 1.27
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previously reported?’* and confirms that the OA risk-conferring G allele of rs34195470

associates with increased expression of WWP2 in OA cartilage. No significant AEl was detected

in foetal cartilage (P = 0.8438), OA bone (P = 0.0781) or OA synovium (P = 0.5333).
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Figure 4.6: AEI analysis in synovial joint tissues. A) AEl analysis in OA cartilage samples (in
grey, n=9). B) AEl analysis in foetal cartilage samples (in yellow, n=7). C) AEl analysis in OA
bone samples (in teal, n=8). D) AEl analysis in OA synovium samples (in maroon, n=15). All left
panels, allelic (A/G) ratios are plotted as triangles, representing the mean of three replicates
normalised to DNA values (represented by the dotted line at y=1). All right panels, mean cDNA
values for all samples represented as a box plot normalised to their corresponding DNA values,
as above. Line inside the box represents the median, the box shows the interquartile range,
the whiskers show the minimum and maximum values. P-values calculated by Wilcoxon
matched-pairs signed rank test. * = P < 0.05; ns = not significant (P > 0.05).

4.2.3 Multi-tissue meQTL analysis

The OA risk-conferring allele (G) of rs34195470 correlates with increased DNAm and
increased WWP2 expression in OA cartilage, as previously reported®”?4 and replicated in
Section 4.2.1 and Section 4.2.2. To identify correlations in OA patient and foetal donor samples
between DNAmM and WWP2 expression, DNAm data for the 16 CpGs was plotted against AEI
data for matched samples (Fig. 4.7 and 4.8). In OA cartilage, no meQTLs were detected (Fig.
4.7A, P =0.0511-0.9634). In foetal cartilage, a single meQTL was identified at CpG1 (Fig. 4.7B,
P =0.0397) in which increased DNAm levels correlated with decreased WWP2 expression. This
correlation was observed despite CpG1 not being an mQTL and no observable AEl in this
tissue. The remaining 15 CpGs were not meQTLs in foetal cartilage (P = 0.0849-0.9277). No
meQTLs were identified in OA bone (Fig. 4.8A, P =0.3309-0.9852) or in OA synovium (Fig. 4.8B,
P =0.4759-0.9114).
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Figure 4.7: meQTL analysis in OA cartilage and foetal cartilage. A) meQTL analysis in OA
cartilage (in grey, n=4-6). B) meQTL analysis in foetal cartilage (in yellow, n=5-7). For both
panels, rs1052429 allelic ratios were plotted against matched DNAm data. Dotted line at y=0



represents 50% DNAm. DNAm levels were plotted as M-Values and AEl data was Log2
transformed. Coloured circles represent individual samples. Differences in numbers (n) due to
variable number of patient samples per CpG with matched AEl and DNAm data. P-values and
r? values calculated using simple linear regression. * = P < 0.05; ns = not significant, (P > 0.05).
The solid line represents the regression line with 95% confidence intervals represented by
dashed lines.
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Figure 4.8: meQTL analysis in OA bone and OA synovium. A) meQTL analysis in OA bone (in
teal, n=4-8). B) meQTL analysis in OA synovium (in maroon, n=10-14). For both panels,
rs1052429 allelic ratios were plotted against matched DNAm data. Dotted line at y=0
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represents 50% DNAm. DNAm levels were plotted as M-Values and AEl data was Log2
transformed. Coloured circles represent individual samples. Differences in numbers (n) due to
variable number of patient samples per CpG with matched AEl and DNAm data. P-values and
r? values calculated using simple linear regression. * = P < 0.05; ns = not significant, (P > 0.05).
The solid line represents the regression line with 95% confidence intervals represented by
dashed lines.

4.2.4 Multi-tissue WWP2 expression profiling and eQTL analysis

Expression of the three WWP2 transcript isoforms was quantified by RT-gPCR in each
of the tissue types investigated. Comparisons of each isoform across all tissues revealed that
WWRP2-FL and WWP2-N are more abundantly expressed in OA cartilage compared to all other
tissues (Fig. 4.9A; WWP2-FL, P < 0.0001; WWP2-N, P < 0.0001-0.0424). No other significant
differences in tissue expression were detected for WWP2-FL and WWP2-N (P = 0.0510-
0.9988). WWP2-C is more abundantly expressed in foetal cartilage than OA bone and OA
synovium (P < 0.0001, 5.9% increase), and more abundantly expressed in OA cartilage than
OA bone and OA synovium (P < 0.0001, 7.6-7.7% increase in OA cartilage). No significant
difference in WWP2-C expression was detected between foetal cartilage and OA cartilage (P
=0.2316) or between OA bone and OA synovium (P = 0.9999).

Comparisons between the three WWP2 transcript isoforms per tissue revealed that
WWP2-C was more abundantly expressed in foetal cartilage and OA cartilage in comparison
to WWP2-FL and WWP2-N (Fig. 4.9B; P < 0.0001; 5.9% increase in foetal cartilage; 8.1%
increase in OA cartilage). In OA bone, WWP2-C was also more abundantly expressed (P <
0.0001-0.0060) but the percentage change was much smaller (0.04-0.06%). No significant
difference in WWP2-FL and WWP2-N expression was detected in these tissues (P = 0.1777-
0.9999). In OA synovium, WWP2-N was more abundantly expressed than WWP2-FL or WWP2-
C (P < 0.0001-0.0020). No significant difference in WWP2-FL and WWP2-C expression was
detected (P = 0.4583).
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Figure 4.9: WWP2 expression in synovial joint tissues. A) Expression of the WWP2 transcript
isoforms WWP2-FL, WWP2-N and WWP2-C compared between four tissue types: foetal
cartilage (in yellow, n=25); OA cartilage (in grey, n=24); OA bone (in teal, n=24); and OA
synovium (in maroon, n=23). B) Expression of the WWP2 transcript isoforms WWP2-FL,
WWP2-N and WWP2-C compared between each tissue. In the truncated violin plots, solid and
dashed lines represent the median and interquartile range. P-values calculated by ordinary
one-way ANOVA with Tukey’s multiple comparisons test. * = P < 0.05; ** = P < 0.01; ****=p
< 0.0001.

An eQTL analysis was performed using matched patient samples that were genotyped
at rs34195470 in Section 4.2.1 (Fig. 4.10). No eQTLs were identified in any of the four tissues:
OA cartilage (P = 0.5908-8270); foetal cartilage (P =0.4941-9842); OA bone (P = 0.4693-8306);
OA synovium (P = 0.5369-0.9500). This is likely due to the study being underpowered in

comparison to other, larger scale eQTL analysis cohorts such as GTEx®”:213, An meQTL analysis
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using RT-qPCR data was therefore not performed due to no correlations being

between WWP2 expression and rs34195470 genotype.
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Figure 4.10: No eQTLs were detected for any of the three WWP2 transcript isoforms in
articular joint tissues. A) OA cartilage eQTL analysis (in grey, n=19-23). B) Foetal cartilage eQTL
analysis (in yellow, n=15-23). C) OA bone eQTL analysis (in teal, n=24). D) OA synovium eQTL
analysis (in maroon, n=22). For all panels, individual samples are represented by coloured
circles. Differences in numbers (n) due to variable number of patient samples per transcript
isoform not passing quality control. P-values and r? values calculated using simple linear
regression. ns = not significant (P > 0.05). The solid line represents the regression line with
95% confidence intervals represented by dashed lines.
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4.3 Discussion

At the 16 CpGs investigated in this chapter, mQTLs were identified in foetal cartilage,
OA cartilage and OA bone. In OA cartilage, the previously reported mQTLs®’ at cg26736200
(CpG8) and cg26661922 (CpG13) were replicated with increased DNAm correlating with the
rs34195470 risk allele (G). In 2022, Kreitmaier and colleagues also reported an OA cartilage
mMQTL at cg26736200 using the WWP2 intronic SNV rs61611907, located approximately 8.6Kb
upstream of rs34195470 (pairwise r? = 0.68, D’ = 0.99 in European populations) and
simultaneously identified it as a CpG with a potentially causal role in OA using Mendelian
randomisation®®. Although rs34195470 is reported as a knee OA risk signal, the DMR is
detectable in both hip and knee cartilage. The risk-conferring allele was also confirmed by AEI
analysis to be associated with increased WWP2 expression.

The DMR was also active in foetal cartilage, exhibiting the same correlation observed
in OA cartilage. However, both DNAm levels and the effect of rs34195470 genotype were
lower in foetal compared to OA cartilage. An increase in CpG methylation over time is an active
process mediated by DNMTs2?1. The DMR is therefore actively methylated after skeletogenesis
and the effect of genotype upon DNAm levels increases in adulthood. The WWP2 association
signal may therefore be an example of antagonistic pleiotropy or genetic drift in OA, with the
risk-conferring allele having a positive or neutral effect on joint formation but a negative effect
on joint health as we age?”:273, This is supported by the lack of AEl detected in foetal cartilage,
suggesting allelic changes to WWP2 expression occur after joint development. Age-related
changes to DNAm levels in OA cartilage were limited to two CpGs which exhibited a modest
but significant decline in CpG methylation. This may be due to a relatively common
phenomenon towards global hypomethylation in ageing tissues known as epigenetic
drift!e1274 This is thought to be due to a loss of maintenance stringency, but it is often the
case that specific loci are tightly regulated by SNVs to maintain their epigenetic state and thus
contribute to OA pathogenesis'®, and this may apply to the remaining 14 CpGs.

In OA bone, the DMR was detectable and hypermethylated in comparison to foetal
and OA cartilage. Of note, the mQTL effect was strikingly much stronger in males than in
females despite rs34195470 not being marked as a sex-specific OA risk variant. This may be
due to the SNV having roles in multiple joint tissues that increase OA susceptibility that are
not sex-specific. Sex-specific mQTLs have been reported previously in OA cartilage>®17227> 3s

well as other common polygenic diseases such as Alzheimer’s?’6, Speculatively, this could be
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driven by sex hormones that may actively interact with an SNV in males, but not females,
recruiting DNAm to the DMR in a genotype-dependent manner'®?77 |n this scenario, sex
hormones may influence the cellular levels of TFs that bind rs34195470 in particular cell
types?’®. These TFs may exhibit preferential binding for one of the alleles resulting in the
observed mQTL effect. Additionally, sex hormones may influence chromatin state in
subchondral bone at the DMR, in turn modulating DNAm status in a sex-specific manner?”°,
However, by stratifying the mQTL data by sex the sample size is roughly halved and in turn,
decreases statistical power whilst increasing the type | error rate. Replication of this analysis
using an independent cohort of OA bone samples is therefore required before functional
analysis. The AEl analysis revealed a trend towards decreased WWP2 expression correlating
with the risk-conferring allele, though this was not significant. No mQTLs or AEl were detected
in OA synovium, suggesting that WWP2 is not regulated by OA risk marked by rs34195470 in
this tissue. Our methodology uses bulk synovial tissue rather than isolating single cells or
performing single cell-type analyses. As synovium contains many cell types, it may be that the
heterogeneity of this tissue masks the presence of a DMR?®. ¢g26736200/CpG8 has been
reported as an mQTL in OA synovium using the WWP2 intronic SNV rs11647767, located
approximately 1.7Kb upstream of rs34195470 (pairwise r?> = 0.69, D’ = 0.99 in European
populations). As observed in cartilage, methylation of cg26736200 in synovium was identified
potentially causal of OA using Mendelian randomisation>®. However, these findings were not
replicated in the present study.

A single meQTL was identified in foetal cartilage at CpG1, with WWP2 expression
decreasing with increased DNAm. Correlations between DNAm and target gene expression
are difficult to identify due to the role of multiple cis-regulatory elements in fine-tuning gene
expression'®. Similarly, no eQTLs were detected for the three WWP2 transcript isoforms in
each tissue, a study by design that requires very large sample cohorts to overcome
interindividual variability®’.

Using RT-qPCR, each of the WWP2 isoforms was most abundantly expressed in OA
cartilage. The three WWP2 isoforms regulate availability of SMAD2/3/7, which control TGFf3
signalling activity?3%234, Aberrant TGF signalling in cartilage is known to play a key role in OA,
often resulting in cartilage degradation®. In addition, increased WWP2-FL expression in a 3D
cartilage model has been shown to decrease expression of ACAN and COL2A1, suggesting this

isoform confers detrimental effects upon ECM integrity and OA risk?*3. The expression of
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WWP2-C was higher than the other two isoforms in both foetal cartilage and OA cartilage.
WWP2-C is co-expressed with miR-140244, which is required for cartilage development and
homeostasis'®®. Expression of miR-140 was not measured by RT-gPCR due to small RNAs not
being captured by the RNA isolation protocol that our group employs for joint tissues, which
is a limitation of this chapter. However, miR-140 is known to be abundantly expressed in
cartilage, with the miR-140-3p strand more abundantly expressed than the miR-140-5p
strand?®. The two miR-140 strands have also been reported to be expressed in OA
synovium?®! and in bone?®2,

In summary, these data demonstrate that the risk-conferring G allele of rs34195470
associates with increased DNAm at the DMR and increased WWP2 expression in OA cartilage,
validating previous reports. The DMR is also active during development and in OA bone, but
the expression of WWP2 is highest in OA cartilage. This implies that functional follow-up
studies should be prioritised in chondrocytes. In the next chapter, | will aim to determine

whether WWP2 expression is regulated by the DMR identified in OA cartilage.
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Chapter 5: Functional studies of the DMR in an immortalised chondrocyte cell

line
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5.1 Introduction

In Chapter 3, the originally reported rs34195470-mQTLs®’ (cg26736200/CpG8 and
€g26661922/CpG13) were identified to reside within an active regulatory element in
chondrocytes. In Chapter 4, these mQTLs were replicated and the study was expanded to
identify an additional 12 mQTLs spanning a 228bp region in which the OA risk-conferring G
allele of rs34195470 correlated with increased DNAm levels, revealing a DMR in OA cartilage.
OA cartilage mQTLs are enriched in putative chondrocyte enhancers®, with several studies
demonstrating that experimental perturbation of DNAm levels at mQTL sites in-vitro can
modulate gene expression®®171-173 Therefore, mQTLs can act as functional intermediaries
between SNV and target gene. In the AEl analysis, the OA risk-conferring G allele of
rs34195470 correlated with increased WWP2 expression in OA cartilage, validating previous
findings?!*. These data suggest increased DNAm at the DMR may drive increased WWP2
expression in OA cartilage. Functional follow-up studies are now required to provide causative
evidence of epigenetic regulation exerted by the DMR.

Epigenetic editing, which utilises a catalytically inactive ‘dead’ Cas9 protein fused to
epigenetic modulators such as TET1 (for de-methylation) or DNMT3A (for methylation), is a
valuable tool for experimental recapitulation of mQTLs in-vitro®®173-173 Understanding the
regulatory capacity of mQTL regions can also be informed by reporter assays that assess
promoter or enhancer function in an unmethylated or methylated state!’*~173, Once these
mechanisms are characterised, the next step is to understand how these transcriptional
effects are controlled. Transcription factors (TFs) are the key mediators of transcriptional
regulation, binding to specific DNA sequences or ‘motifs’. Methylation of CpGs within TF
motifs can affect DNA binding affinity, altering transcriptional regulation and downstream
expression of effector genes!33221.283 Therefore, the identification of TFs binding directly
across CpGs marked as OA-associated mQTLs may point towards a molecular mechanism.

Combining functional experiments conducted using the immortalised chondrocyte cell
line TC28a22%¢ and an in-silico TF binding prediction tool, this chapter aims to:

1) Characterise the regulatory capacity of the DMR as a promoter and an enhancer.

2) Determine whether DMR regulatory function is methylation-sensitive.

3) Identify the target(s) genes of the DMR, if any, using epigenetic editing.

4) Identify TFs predicted to bind across the WWP2 DMR and quantify their abundance

in OA cartilage.
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5.2 Results
5.2.1 Lucia reporter gene assay

The DMR was cloned into Lucia reporter gene vectors as a promoter and as an
enhancer to investigate regulatory function in an unmethylated or methylated state and
transfected into TC28a2 chondrocytes (Fig. 5.1A). When cloned as a promoter, the DMR
repressed Lucia expression in comparison to an empty vector control for both the
unmethylated DMR and methylated DMR constructs (Fig. 5.1B, left panel): unmethylated DMR
versus control, P = 0.0001; methylated DMR versus control, P < 0.0001. The repressive effect
was strengthened by methylation of the DMR in these constructs (unmethylated DMR versus
methylated DMR, P < 0.0001).

When cloned as an enhancer, the DMR repressed Lucia expression in comparison to
an empty vector control for both the unmethylated DMR and methylated DMR constructs (Fig.
5.1B, right panel): unmethylated DMR versus control, P < 0.0255; methylated DMR versus
control, P < 0.0001. As observed in the promoter construct, the repressive effect upon
enhancer activity was strengthened by methylation of the DMR in these constructs
(unmethylated DMR versus methylated DMR, P = 0.0173). This data implies the DMR is a

methylation-sensitive regulator of gene expression.
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Figure 5.1: Investigation of the transcriptional regulatory function of the DMR in TC28a2
chondrocytes. A) Schematic representation of the promoter and enhancer plasmid vector
constructs. B) Lucia reporter assays assessing promoter or enhancer activity in the presence
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of construct containing the DMR in an unmethylated or methylated state. Values were
normalised to those in empty vector control (dotted horizontal line). Black dots represent
individual samples (12 biological replicates per group). Box plots show the median, 25 and
75t percentiles, and minimum and maximum values. P-values calculated by Mann Whitney U
test with Holm-Siddk correction. * = P < 0.05; *** = P < 0.001; **** = P < 0.0001.

5.2.2 dCas9-DNMT3A epigenetic editing of the DMR

To observe the effects of differential DNAm at the DMR upon the expression of the
three common isoforms of WWP2 (WWP2-FL, WWP2-N and WWP2-C) and upon the two
mature miR-140 strands (mir-140-5p and miR-140-3p), targeted epigenetic editing of the DMR
was performed in TC28a2 chondrocytes. These cells are heterozygous (GA) at rs34195470 and
moderately hypomethylated at the DMR, with DNAm levels ranging from 1.9% to 23.4% across
the 16 CpGs (Fig. 5.2B, control data, in black). The DMR was therefore methylated using gRNA-
dCas9-DNMT3A constructs, recapitulating the effect of the OA risk-conferring G allele of
rs34195470.

To target the DMR in both orientations of the genome, five gRNAs were designed
(gRNA 1-5, Fig. 5.2A). An increase in DNAm (> 5%) at a minimum of three CpGs was observed
for each gRNA (Table 5.1), with gRNAS increasing the levels of DNAm at 14 of 16 CpGs (Fig.
5.2B, in blue). The largest overall increase in DNAm was 37.7% at CpG7 by gRNA2 (Fig. 5.2B,
in red). The mean percentage increase in DNAm levels across the DMR ranged from 4.0%
(gRNA1) to 18.8% (gRNAS). Successful epigenetic editing of the DMR resulted in increased
expression of WWP2-FL (P = 0.0100-0.0135) and WWP2-N (P = 0.0050-0.0340) for all five
gRNAs used in comparison to a nontargeting control (Fig. 5C). No significant changes in
expression for any gRNA were observed for WWP2-C (P = 0.9470), miR-140-5p (P = 0.0750-
0.2340) or miR-140-3p (P = 0.1445-0.7100).
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Figure 5.2: Epigenetic modulation of the DMR in TC28a2 chondrocytes. A) Schematic
representation of the 16 CpGs and of the five gRNAs (arrow pointing left, antisense strand;
arrow pointing right, sense strand), and their genomic positioning with regard to the WWP2-
FL gene. cg26736200/CpG8 and cg26661922/CpG13 are highlighted. B) Mean DNAm levels
(%) of the 16 CpGs following expression of dCas9-DNMT3A protein in control (black), with
nontargeting gRNA, or in samples with a targeting gRNA (coloured). Seven replicates for
control and for each targeting gRNA. C) Relative expression of the three WWP2 transcripts
(WWP2-FL, WWP2-N, WWP2-C) and of the two miR-140 strands (miR-140-5p, miR-140-3p)
following epigenetic editing. Values were normalised to nontargeting gRNA control. P-values
calculated using a paired t-test with Benjamini-Hochberg correction. * = P < 0.05; ** = P <
0.01; ns = not significant (P > 0.05).

Table 5.1. Summary of the effects of dCas9-DNMT3A epigenetic editing upon DNAm levels
at the DMR. Percentage change at each CpG site per gRNA in comparison to a nontargeting
gRNA control.

gRNA Number of CpGs edited Mean percentage change Largest overall percentage
(DNAm change >5%) in DNAm across DMR change in DNAm
1 3 4.0% CpG11 (8.5%)
p) 11 13.2% CpG7 (37.7%)
3 7 4.6% CpG14 (14.4%)
4 8.3% CpG10 (33.0%)
5 14 18.8% CpG13 (33.7%)
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5.2.3 In-silico prediction of TF binding sites across the DMR

Targeted epigenetic editing in TC28a2 chondrocytes using dCas9-DNMT3A revealed
WWRP2-FL and WWP2-N are regulated by DNAm at the DMR. If this were the case, the DMR
would be expected to bind TFs??!. To identify TF binding motifs at the DMR, the JASPAR Core
2022 dataset??®> was mapped to the DMR using the UCSC Genome Browser. Ten TFs were
predicted to bind at or near to the DMR CpGs (Fig. 5.3A, P < 1x107). To determine whether
these TFs were abundantly expressed in OA cartilage, RNA-Seq data was plotted (Fig. 5.3B).
Of the ten TFs predicted to bind the DMR, five were abundantly expressed in cartilage
(transcripts per million, TPM > 10): HIF1A, encoding Hypoxia Inducible Factor 1 Subunit Alpha
(HIF-1al); RXRA, encoding Retinoid X Receptor Alpha; NR2C2, encoding Nuclear Receptor
Subfamily 2 Group C Member 2; CREB3L2, encoding CAMP Responsive Element Binding
Protein 3 Like 2; and MAX, encoding MYC Associated Factor X. Of these five TFs, only HIF-1a
was predicted to bind CpGs marked as mQTLs in OA cartilage (Table 5.2).
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Figure 5.3: TFs predicted to bind at the DMR. A) Schematic representation of the 16 CpGs and
of 10 TFs predicted to bind at or close to the CpGs. ¢g26736200 (CpG8) and cg26661922
(CpG13) are highlighted. The TFs are marked by grey rectangles with the direction of the
arrows within the rectangles 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). TF
heterodimers are denoted by a double colon (::) between two TFs. B) Expression levels (TPM,
transcripts per million) of the TFs in cartilage chondrocytes from 10 OA patients. Triangles
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represent individual samples. Five TFs were abundantly expressed (median TPM > 10,
represented by dotted line at y=10). Box plots show the median, 25" and 75" percentiles, and
minimum and maximum values.

Table 5.2: List of TFs predicted to bind the DMR. The table lists the gene symbol, the encoded
TF name, the CpGs predicted to be bound by TFs, whether the CpG was a significant mQTL in
OA cartilage, and whether the TF was abundantly expressed in OA cartilage (median TPM >
10). N/A, not applicable.

Gene TF name CpGs bound | OA cartilage mQTL? Expression > 10
symbol TPM?
HIF1A Hypoxia Inducible Factor 1 7 and 8 Yes Yes

Subunit Alpha
PPARG Peroxisome Proliferator None N/A No
Activated Receptor Gamma
RXRA Retinoid X Receptor Alpha None N/A Yes
NR2C2 Nuclear Receptor Subfamily 2 None N/A Yes
Group C Member 2
ZNF682 Zinc Finger Protein 682 11and 12 CpG 11 —vyes No
CpG12-no
CREB3L2 CAMP Responsive Element 16 No Yes
Binding Protein 3 Like 2
HES6 Hes Family BHLH Transcription 16 No No
Factor 6
MAX MYC Associated Factor X 16 No Yes
mMyc MYC Proto-Oncogene BHLH 16 No No
Transcription Factor
CLOCK Clock Circadian Regulator 16 No No

5.3 Discussion

In this chapter, the WWP2 DMR was studied in-vitro using reporter assays and
epigenetic editing in the immortalised chondrocyte cell line TC28a2 to identify effectors of OA
risk marked by rs34195470. Lucia reporter assays showed that the DMR has transcriptional
effects, acting as a methylation-sensitive repressor of gene expression in both promoter and
enhancer constructs. Epigenetic editing mediated by dCas9-DNMT3A demonstrated that
increased DNAm levels at the DMR resulted in higher WWP2 expression. The discordancy
between the reporter assays and the epigenetic editing experiments likely reflects the
relatively artificial nature of the reporter assay which, unlike epigenome editing, investigates
a piece of DNA isolated from its normal genomic and chromatin context. WWP2-FL and
WWP2-N were revealed as the target transcripts of the DMR, with no significant effects on
the expression of WWP2-C or miR-140.

Whilst the use of a nontargeting gRNA control means that the dCas9-DNMT3a protein
would not be targeted to the DMR, the observed changes in WWP2-FL and WWP2-N
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expression mediated by gRNAs 1-5 may not be solely explained by epigenetic editing. The
binding of gRNAs to the region and the subsequent proximity of dCas9-DNMT3a protein to
the DMR may block DNA-binding proteins (including TFs) by steric hindrance, potentially
driving the observed effects upon gene expression independently of changes to DNAm
levels®221, A more appropriate control may be the use of dCas9 fused to catalytically inactive
‘dead’ DNMT3a (dDNMT3a), where the active site of DNMT3a is mutated by an E155A*
substitution, thus inactivating methyltransferase activity??°. This technology has since been
used in two functional studies of OA-associated mQTLs at the COLGALT2 locus®7:216,

The small relative fold changes observed in the expression of WWP2-FL and WWP2-N
following dCas9-DNMT3A epigenetic editing match the fold differences in allelic expression
measured in the AEl analysis using OA cartilage from patient samples (mean rs1052429 A/G
ratio of 1.15; Chapter 4, Figure 4.6A) and reflect the small effect sizes observed for most
polygenic risk loci®’. In line with the proposed “liability threshold” model of polygenic disease,
OA genetic risk conferred by rs34195470 and the associated DMR likely contributes to OA only
when inherited with multiple other risk loci?®. Both the reporter assays and dCas9-DNMT3A
editing experiments were conducted using the immortalised chondrocyte cell line TC28a2,
which does not reflect the true biological nature of articular chondrocytes?®4. Future studies
undertaken on primary cells, including OA patient chondrocytes, may provide further insight
into the role of the DMR as a regulator of WWP2.

In Chapter 3, the DMR was identified to physically interact with the promoter region
of WWP2-FL and WWP2-N via the formation of a chromatin loop in MSCs. Epigenetic editing
revealed these isoforms as targets of the DMR, which is predicted to bind TFs expressed in OA
cartilage. Overall, these results suggest that the rs34195470 association signal regulates the
expression of WWP2-FL and WWP2-N via the epigenetic intermediate of DNAm. Based on
these findings, the following molecular mechanism is proposed: (1) the DMR is part of a
transcriptional activator; (2) it loops to the shared promoter of WWP2-FL and WWP2-N; (3) in
the presence of OA-risk conferring allele G of rs34195470, the DMR is more highly methylated;
(4) this modulates the binding of TFs to the DMR and increases its transcriptional activation

potential; (5) this results in greater relative expression of WWP2-FL and WWP2-N (Fig. 5.4).

89



A B

Increased DNAm at DMR

rs34195470 modulates TF binding rs34195470 Decreased DNAm at DMR
(? DMR ? DMR
TF
- Chromatin Chromatin
f Increased transcriptional . g
Recrufiment activation looping Decreased transcriptional activation looping

of co-factors

Promoter

Promoter

Increased expression of WIWP2-FL/IN Decreased expression of WWP2-FL/IN
AT O W B N R T P g T W W O O R = o
LT P e T i
A === wwpez-FL WWP2-N

WWP2-FL WWP2-N

Figure 5.4: Proposed molecular mechanism. A) The DMR is part of a transcriptional activator
that loops to the shared promoter of WWP2-FL and WWP2-N. In the presence of the OA-risk
conferring allele G of rs34195470, the DMR is more highly methylated. This modulates binding
of TFs to the DMR and increases its transcriptional activation potential via the recruitment of
co-factors. This results in greater relative expression of WWP2-FL and WWP2-N. B) In the
presence of the OA non-risk conferring allele A of rs34195470, the DMR is less methylated.
This results in decreased transcriptional activation potential and decreased relative expression
of WWP2-FL and WWP2-N. Methylated CpGs are represented by filled circles; unmethylated
CpGs are represented as unfilled circles. WWP2-FL mRNA is represented by longer wavy lines;
WWP2-N mRNA is represented by shorter wavy lines.

Ten TFs are predicted to bind the WWP2 DMR, with five abundantly expressed in OA
cartilage. Of these five, only HIF-1a bound CpGs marked as OA cartilage mQTLs. Increased
DNAm levels at the CpGs constituting the DMR drives increased expression of WWP2-FL and
WWRP2-N, suggesting that a methylation-sensitive TF may mediate the observed effects. The
HIF-1oo binding motif is known as the hypoxia response element (HRE) and is well-
characterised (5’-RCGTG-3’, where R represents purine bases A or G)?. This sequence
complements the surrounding sequence of CpG7 (5’'-ACGTG-3’). Methylation of the CpG site
within the HRE repels DNA binding of HIF-1a in studies of erythropoietin enhancer activity
and in genome-wide studies of tumour immunotolerance via steric hindrance?®287,
Conversely, other TFs have been demonstrated to preferentially bind specific methylated CpG
sites, including the basic leucine zipper (bZIP) CCAAT/enhancer-binding protein alpha (CEBPa.),
the zinc-finger protein ZFP57, and the ZFP57-cofactor KRAB-associated protein 1 (KAP1)%28,
Interestingly, two other TFs identified by JASPAR, RXRa and PPARY, have also been reported
to bind methylated CpG sites in certain genomic contexts?®?, although neither were predicted

to bind directly across an OA cartilage mQTL site.
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Other mechanisms influenced by changes to DNAm levels at the DMR could also
produce the observed effects upon WWP2 expression. For example, DNAm can alter local
chromatin accessibility preventing TF binding of the DMR or encourage the binding of methyl-
CpG binding domain proteins (MBDs) which block TF binding to proximal methylation-
independent motifs?832%, However, HIF1A was the most abundantly expressed TF predicted
to bind the DMR and is a known regulator of chondrogenesis and cartilage homeostasis?%2°1,
Tuerlings and colleagues also highlighted hypoxia as an important pathway in the activity of
the rs34195470 association signal following upregulation of WWP2-FL expression in a 3D
cartilage model?®. In addition to CpG7, HIF-1a is predicted to bind across CpG8/cg26736200.
This CpG has been highlighted as potentially causal of OA by Mendelian randomisation using
the WWP2 intronic SNV rs61611907 (pairwise r?> = 0.68, D' = 0.99 with rs34195470 in
European populations) in OA cartilage®®. These data imply that CpG8/cg26736200, HIF-1a

and hypoxia are key drivers of the association signal. In the next chapter, their interactions will

be investigated.
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Chapter 6: The role of HIF-1a as a transcriptional regulator of WWP2
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6.1 Introduction

In the previous chapters, epigenetic editing and in-silico analyses indicated that the
DMR is a regulator of gene expression via interaction with the promoter region of WWP2-FL
and WWP2-N. Modulation of DNAm levels at the DMR has direct effects on the expression of
these isoforms, a mechanism that could be driven by altered TF binding affinity to CpGs
constituting the DMR depending on their methylation status. The hypoxia-inducible factor
HIF-1o. was predicted to bind CpG7 and CpG8/cg26736200, suggesting it may be capable of
mediating the observed effect upon WWP2 expression.

HIF1A encodes the alpha subunit of the heterodimeric TF HIF-1, with the beta subunit
(HIF-1B) encoded by ARNT (Aryl Hydrocarbon Receptor Nuclear Translocator)?®2. HIF-1a. is
continuously produced yet rapidly degraded under normal cellular O; levels (normoxia), whilst
HIF-1B remains stable regardless of O, concentration?%. Degradation of HIF-1a is mediated
by prolyl hydroxylase (PHD) enzymes which catalyse the hydroxylation of two prolyl residues
(Pro®®2 and Pro®®*) within the O,-dependent degradation domain of HIF-1a, a mechanism that
requires cellular O, and Fe?* as substrates for catalytic activity?!. The hydroxylated HIF-1a is
recognised by the Von Hippel-Lindau Tumour Suppressor protein (VHL), which is part of an E3
ligase complex and facilitates polyubiquitination of HIF-1a.. HIF-1a is subsequently degraded
by the ubiquitin-proteasomal pathway?®*. In reduced O, conditions (hypoxia), PHD
hydroxylation is inhibited, thereby preventing O,-dependent degradation of HIF-1a%. HIF-1a
can therefore accumulate and dimerise with HIF-1[3, interact with its DNA binding motif and
exert the transcriptional response to hypoxiaZ®3.

Due to the instability of HIF-1a. in the presence of Oy, in-vitro investigations of its role
typically require the use of a hypoxic chamber to ensure its long-term stability over the course
of experiments. Where this equipment is unavailable, researchers often utilise chemical
hypoxia mimetics such as cobalt chloride (CoCl,) or dimethyloxyalylglycine (DMOG) to
interrupt the mechanism of O,-dependent degradation of HIF-10>°>2%6, The use of CoCl, in
cell culture induces a similar transcriptional profile to true hypoxia and is thought to stabilise
HIF-1a. protein via displacement of Fe?* in the catalytic site of PHDs, inhibiting their
hydroxylation activity and preventing subsequent degradation of HIF-102%’.

Two other HIF-a subunits have been identified: HIF-2a. (encoded by HIF2A) and HIF-

3o (encoded by HIF3A). These subunits are also susceptible to degradation by PHDs in the
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presence of Oz and form heterodimeric TFs with HIF-1B. HIF-1a and HIF-2a. exhibit high levels
of structural identity and sequence similarity, both binding the same consensus DNA sequence
(5’-RCGTG-3’, where R represents purine bases A or G)?8>2%8, Their DNA binding activity is
influenced by epigenetic factors such as histone modifications and DNAm (due to the presence
of a CpG site within the HIF-a. binding motif)?®8. Less is known about HIF-3a, which is
structurally dissimilar to HIF-1o. and HIF-2a2%°.

Articular cartilage is avascular and hypoxic, with its supply of O, and other nutrients
provided via diffusion from vascularised subchondral bone and the synovial fluid which bathes
the joint surface3%. This hypoxic environment is maintained throughout life; therefore,
chondrocytes must be adapted to these conditions to ensure their survival?!. HIF-1a. and HIF-
2o mediate the transcriptional response to hypoxia, regulating changes to cellular metabolism
as well as playing key roles in cartilage development and homeostasis?3°1, HIF-1qa. activates
SOX9 expression during early skeletogenesis and maintains the expression of pro-anabolic
markers COL2A1 and ACAN whilst suppressing proliferation of adult chondrocytes302-3%4, HIF-
200 is upregulated in OA cartilage and induces the expression of several genes associated with
cartilage catabolism and chondrocyte hypertrophy, including MMP13 and RUNX230>306,
Together, the HIFs mediate anabolic (via HIF-1a) and catabolic (via HIF-2a) processes within
the ECM, with their dysregulation contributing to cartilage loss and OA?2%:307,308

Employing the previously used functional tools conducted using TC28a2 chondrocytes
in combination with gel-shift assays, this chapter aims to:

1) Validate that HIF-1ca can bind the DMR in chondrocytes.

2) Determine whether HIF-1a binding is methylation-sensitive.

3) Characterise the regulatory capacity of the DMR as a promoter and as an enhancer

in the presence of HIF-1q.

4) Identify changes to WWP2 and miR-140 expression following epigenetic editing of
the DMR in the presence of HIF-1a..

6.2 Results
6.2.1 HIF-1a is expressed in TC28a2 cells and can bind the WWP2 DMR in-vitro
HIF-1a is rapidly degraded under normoxic conditions by PHDs. To inhibit their action,

200uM CoCl; was added to cell culture medium for 24 hours. HIF-1a protein expression was
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measured by Western blot using nuclear protein lysates derived from TC28a2 cells cultured in
normal cell culture medium (control) or in cell culture medium supplemented with 200uM
CoCl; (CoCly-treated, Fig. 6.1A). The intensity of HIF-1ow protein abundance in the CoCl,-
treated condition was markedly stronger than the control, indicating that CoCl, successfully
stabilised HIF-1a protein expression.

HIF-la is predicted to bind the DNA sequence harbouring CpG7 and
CpG8/cg26736200. To determine whether this DNA sequence is capable of binding TFs in an
unmethylated or methylated state, an electrophoretic mobility shift assay (EMSA) was
performed using control or CoCly-treated TC28a2 nuclear protein (Fig. 6.1B). Protein-DNA
complexes were observed in all conditions. Some protein-DNA complexes were common
across all conditions (Fig. 6.1B, green triangle), whilst others exhibited preferential binding to
methylated DNA probes (Fig. 6.1B, pink triangle). One protein-DNA complex was identified to
be unique to CoCl,-treated TC28a2 nuclear protein incubated with unmethylated DNA probes
(Fig. 6.1B, yellow triangle), suggesting this protein is only stably expressed when PHD activity
is inhibited and only capable of binding unmethylated DNA.

As HIF-1a is predicted to bind these CpGs, an antibody specific to HIF-1a (anti-HIF-1a)
was added to the EMSA reaction to observe a super-shift, where the molecular weight of the
antibody-protein-DNA complex would be higher than the protein-DNA complex alone,
therefore retarding its movement through the gel. A super-shift was observed for CoCl,-
treated TC28a2 nuclear protein incubated with unmethylated probes and anti-HIF-1a,
confirming that this unique interaction was indeed HIF-1a (Fig. 6.1C). HIF-1a. therefore binds
CpG7 and CpG8/cg26736200 in a methylation-sensitive manner, where the presence of DNAm
at these CpGs blocks DNA binding by HIF-1a. No super-shifts were observed in any of the

other conditions.
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Figure 6.1: HIF-1a is expressed in TC28a2 chondrocytes and can bind the WWP2 DMR. A)
Western blot using TC28a2 nuclear protein derived from cells cultured in normal cell culture
medium (control) or in cell culture medium supplemented with 200uM CoCl, (CoCl,-treated).
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GAPDH was used as a loading control. B) EMSA reaction demonstrating the interaction
between 5’ DY682-tagged fluorescent DNA probes encompassing the sequence surrounding
CpG7 and CpG8/cg26736200 in an unmethylated (UM) or methylated (M) state, and TC28a2
nuclear protein (control or CoCl,-treated). The DNA probe sequence is shown with CpGs 7 and
8 highlighted in bold, red text. Triangles indicate protein-DNA binding complexes. Yellow
triangle, protein-DNA complex present only in lane with CoCl,-treated nuclear protein with
UM DNA probes. Green triangle, DNA-protein complex present in all conditions. Pink triangle,
DNA-protein complex preferentially binding M probes. C) EMSA super-shift reaction
demonstrating the interaction between DNA probes, TC28a2 nuclear protein, and the
presence (+) or absence (-) of HIF-1a antibody. Yellow triangles indicate the presence of a
super-shift for lanes with UM probes and CoCl,-treated TC28a2 nuclear protein.

6.2.2 Lucia reporter gene assays in CoCl>-treated TC28a2 chondrocytes

HIF-1a. binds the WWP2 DMR in a methylation-dependent manner, suggesting it can
mediate transcriptional activity of the DMR observed in Chapter 5. However, the functional
studies performed in the previous chapter were conducted in cell culture medium that would
facilitate the rapid degradation of HIF-1ca.. These experiments were therefore repeated using
CoCly-supplemented cell culture medium to maintain HIF-1a. protein expression.

The same Lucia reporter constructs were utilised, with the DMR cloned as a promoter
and as an enhancer to investigate regulatory function in an unmethylated or methylated state
(Fig. 6.2A). The Lucia reporter constructs were then transfected into CoCl,-treated TC28a2
chondrocytes. When cloned as a promoter, no transcriptional activity in comparison to an
empty vector control was detected for the unmethylated DMR construct (Fig. 6.2B, left panel,
P = 0.4797). However, the methylated DMR construct acted as a transcriptional repressor in
comparison to the unmethylated DMR construct (P < 0.0001) and to an empty vector control
(P <0.0001).

When cloned as an enhancer, the unmethylated DMR construct acted as a weak
enhancer of Lucia expression in comparison to an empty vector control (Fig. 6.2B, right panel),
whilst the methylated DMR construct repressed enhancer activity: unmethylated DMR versus
control, P = 0.0002; methylated DMR versus control, P < 0.0001. The repressive effect upon
enhancer activity was strengthened by methylation of the DMR (unmethylated DMR versus
methylated DMR, P = 0.0017). This data implies the DMR is a methylation-sensitive regulator

of gene expression, with opposing transcriptional effects depending on methylation status.
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Figure 6.2: Investigation of the transcriptional regulatory function of the DMR in CoCl»-
treated TC28a2 chondrocytes. A) Schematic representation of the promoter and enhancer
plasmid vector constructs. B) Lucia reporter assays assessing promoter or enhancer activity in
the presence of construct containing the DMR in an unmethylated or methylated state. Values
were normalised to those in empty vector control (dotted horizontal line). Black dots
represent individual samples (12 biological replicates per group). For the unmethylated
enhancer construct, one outlier was removed using the ROUT method. Box plots show the
median, 25" and 75 percentiles, and minimum and maximum values. P-values calculated by
Mann Whitney U test with Holm-Sidék correction. ** = P < 0.01; *** = P < 0.001; **** = P <
0.0001, ns = not significant (P > 0.05).

6.2.3 dCas9-DNMT3A epigenetic editing in CoCl,-treated TC28a2 chondrocytes

Targeted epigenetic editing of the WWP2 DMR by dCas9-DNMT3A was repeated using
CoCl,-treated TC28a2 chondrocytes. As observed previously, the DMR was moderately
hypomethylated, with DNAm levels ranging from 3.4% to 25.7% across the 16 CpGs (Fig. 6.3B,
control data, in black). The same five gRNAs were used to target the WWP2 DMR in both
orientations of the genome (Fig. 6.3A). Cells nucleofected with gRNA3-dCas9-DNMT3A
constructs were not viable. As a result, nucleic acids were unable to be harvested and data
could not be generated for this condition. TC28a2 cells targeted using the remaining four
gRNAs (gRNA1, gRNA2, gRNA4, gRNAS) were viable and therefore used in the downstream
analysis.

An increase in DNAm (> 5%) at a minimum of three CpGs was observed for two of the

four gRNAs (gRNA2 and gRNAS, Table 6.1), with gRNAS increasing the levels of DNAm at 11 of
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16 CpGs (Fig. 6.3B, in blue). The largest overall increase in DNAm was 27.9% at CpG7 by gRNA2
(Fig. 6.3B, in red). The mean percentage increase in DNAm levels across the DMR was 6.6%
for gRNA2 and 9.6% for gRNAS. These observations match the trend observed in Chapter 5
(Fig. 5.2), but the overall percentage changes in DNAm were reduced. Epigenetic editing of
the DMR using gRNA1 (Fig. 6.3B, in green) and gRNA4 (Fig. 6.3B, in pink) was unsuccessful,
with the mean percentage increase in DNAm levels across the DMR ranging from 1.2%
(8RNA1) to 1.8% (gRNA4).

The effect of dCas9-DNMT3A epigenetic editing upon the expression of the three
WWP2 isoforms (WWP2-FL, WWP2-N, WWP2-C) and the two mature strands of miR-140
(miR-140-5p, miR-140-3p) was measured by RT-qPCR (Fig. 6.3C). No significant change in the
expression of WWP2 or miR-140 was observed for any of the four gRNAs in comparison to a
nontargeting control: WWP2-FL, P =0.5176-0.8325; WWP2-N, P =0.1188-0.4213; WWP2-C, P
=0.6269-0.9739; miR-140-5p, P = 0.4396-6467; miR-140-3p, P = 0.0626-0.6946.

A 1 2 3-6 78 910 11 12 13 1415 16
— — — —
gRNA1 gRNA2 gRNA 4 gRNAS
B B0 — Control C 5 WWP2-FL WWP2-N WwWpP2-C miR-140-5p miR-140-3p
k= ns. ns ns ns ns
— gRNA1 g 34 3 34 3 3
£ a0 5
c 3 2 2| 2 2 2
g 2
2 — /
2 - - [ T T T v 0 . r 0 T T
12345678 9107 1213141516 4 Control  gRNA1 Control ~ gRNA1 Control ~ gRNA1 Control  gRMA 1 Control ~ gRNA1
CpG sita
60 — Control 5 WWP2-FL WWP2-N WWP2-C miR-140-5p miR-140-3p
S ns ns ns ns
— gRNA2 2 34 ER 34 34 3
g 5
E’ 3 24 /‘ 2 2 / 2 2 :7__‘
£ o
: g - — = —
a [T — SURURRR 1 1 1 ol
2 Py / /
5 ; T o r T T T 0 : T 0 T T
12345678 910112131415186 ['4 Control  gRNAZ Control  gRNAZ Control ~ gRNA2 Control ~ gRNAZ Contral  gRNAZ
CpG site
e WWP2-FL WWP2-N WWP2-C miR-140-5p miR-140-3p
2 ns ns ne ns ns
2 3 3 3 3 3
= 4
£ =
< 5 24 24 24 24 24
5 e
z
= [ IR - é 14 1 éﬁ 14 L[ —
S
2 . ' o . ' ' 1 0 - " 0 o ;
12345678 9101 1213141516 4 Control  gRNA4 Control  gRNA4 Control  gRNA4 Control  gRNA4 Control ~ gRNA4
CpG site
80 — contol < WWP2-FL WWP2-N wwe2-c miR-140-5p miR-140-3p
k3 ns ns ns ns ns
— GRNAS o 3 3 3 3 3
8
£ 3
T 5 2 2 2 2 H
< 2
Z g ] é P - I - @ o h ‘ e~
o ﬁ S
%
0 5 0 0
4

T T T T T T T T T T
12345678 9 1011213141516 Control  gRNAS Control ~ gRNAS Control ~ gRNAS Control ~ gRNAS Contral  gRNAS

CpG site

Figure 6.3: Epigenetic modulation of the DMR in CoCl,-treated TC28a2 chondrocytes. A)
Schematic representation of the 16 CpGs and of the four gRNAs (arrow pointing left, antisense
strand; arrow pointing right, sense strand). cg26736200/CpG8 and cg26661922/CpG13 are
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highlighted. B) Mean DNAm levels (%) of the 16 CpGs following expression of dCas9-DNMT3A
protein in control (black), with nontargeting gRNA, or in samples with a targeting gRNA
(coloured). Four biological replicates for control and for each targeting gRNA. C) Relative
expression of the three WWP2 transcripts (WWP2-FL, WWP2-N, WWP2-C) and of the two
miR-140 strands (miR-140-5p, miR-140-3p) following epigenetic editing. Values were
normalised to nontargeting gRNA control. P-values calculated using a paired t-test with
Benjamini-Hochberg correction. ns = not significant (P > 0.05).

Table 6.1. Summary of the effects of dCas9-DNMT3A epigenetic editing in CoCl,-treated
TC28a2 cells upon DNAm levels at the DMR. Percentage change at each CpG site per gRNA in
comparison to a nontargeting gRNA control.

gRNA Number of CpGs edited Mean percentage change Largest overall percentage
(DNAmM change >5%) in DNAm across DMR change in DNAm
1 0 1.2% CpG11 (4.7%)
2 7 6.6% CpG7 (27.9%)
4 2 1.8% CpG10 (14.2%)
5 11 9.6% CpG13 (21.6%)

6.2.4 Effect of CoCl, on WWP2 expression

HIF-1a only binds the DMR in an unmethylated state. Therefore, targeted epigenetic
editing using dCas9-DNMT3A to increase DNAm across the DMR should reduce binding
efficiency of HIF-1a, attenuating its transcriptional effects. Targeted de-methylation of the
DMR using dCas9-TET1 would facilitate HIF-1a, providing a better model to study the effects
of HIF-1a transcriptional activity. However, the WWP2 DMR is moderately hypomethylated.
Overall changes in DNAm levels across the DMR would therefore be modest following dCas9-
TET1 de-methylation and unlikely to lead to observable changes in gene expression. Instead,
gene expression of CoCl,-treated TC28a2 chondrocytes was compared to TC28a2 cells grown
in normal cell culture medium to study the effects of HIF-1a stabilisation alone upon WWP2
expression (Fig. 6.4). No significant change in expression was detected for any of the three

WWRP2 isoforms: WWP2-FL (P = 0.1241); WWP2-N (P = 0.3275); WWP2-C (P = 0.5802).
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Figure 6.4: Effect of CoCl, treatment on WWP2 expression in TC28a2 chondrocytes. Relative
expression of the three WWP2 isoforms (WWP2-FL, WWP2-N, WWP2-C) following treatment
with CoCl; to stabilise HIF-1a protein. Seven biological replicates were performed. Values
were normalised to TC28a2 cells cultured in normal cell culture medium (control). P-values
calculated using paired t-test. ns = not significant (P > 0.05).

6.2.5 In-silico TF prediction following updates to JASPAR Core 2024

In March 2024, JASPAR released an updated version of its curated TF dataset?®. In this
update, HIF-1lo. was no longer predicted to bind the WWP2 DMR. At the same genomic
position, HIF-2a was predicted to bind CpG7 and CpG8/cg26736200 in the antisense direction
(Fig. 6.5A). Six other TFs were also predicted to bind across the DMR, but not at any CpGs
marked as OA cartilage mQTLs (Table 6.2). As HIF-1a and HIF-2a. are predicted to bind the
same DNA binding motif?8>, the ReMap ChlIP-Seq track?®! on UCSC Genome Browser was used
to validate HIF-1o. and HIF-2a, binding predicted by JASPAR in 2022 and in 2024, respectively.
Evidence of TF binding by HIF-1a and HIF-2a was identified in five ChIP-Seq datasets (Fig.
6.5B). In the cancer cell lines PC-3 and RCC10 and the epithelial cell line BEAS-2B, the ChlP-
Seq peak summits for HIF-1a are within close proximity to CpG7 and CpG8/cg26736200. In
the U20S osteosarcoma cell line, which is more biologically relevant in the context of OA, HIF-
la bound the WWP2 DMR downstream of the JASPAR predicted binding site. To determine
the expression of the JASPAR-predicted TFs in OA cartilage, the same RNA-Seq dataset used in
Chapters 3 and 5 was plotted (Fig. 6.5C). Of the seven TFs predicted to bind the DMR, five
were abundantly expressed (transcripts per million, TPM > 10): HIF2A; NR2C2; RXRA;

CREB3L2; and THRA, encoding Thyroid Hormone Receptor Alpha.
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Figure 6.5: TFs predicted to bind at the DMR by JASPAR Core 2024. A) Schematic
representation of the 16 CpGs and of seven TFs predicted to bind at or close to the CpGs.
€g26736200 (CpG8) and cg26661922 (CpG13) are highlighted. The TFs are marked by grey
rectangles with the direction of the arrows within the rectangles 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). TF heterodimers are denoted by a double colon (::) between two
TFs. B) ReMap ChIP-Seq data for HIF-1a and HIF-20. mapped to the DMR. Green tracks
represent HIF-1a, red tracks represent HIF-2a, DNA binding. Vertical bars represent ChlP-Seq
peak summits. PC-3, human prostate cancer cell line; BEAS-2B, human bronchial epithelium
cell line; RCC10, renal cell carcinoma cell line; primary ccRCC, primary clear cell renal
carcinoma cells; U20S, human osteosarcoma cell line. C) Expression levels (TPM, transcripts
per million) of the TFs in cartilage chondrocytes from 10 OA patients. Triangles represent
individual samples. Five TFs were abundantly expressed (median TPM > 10, represented by
dotted line at y=10). Box plots show the median, 25™" and 75 percentiles, and minimum and
maximum values.
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Table 6.2: List of TFs predicted to bind the DMR by JASPAR Core 2024. The table lists the gene
symbol, the encoded TF name, the CpGs predicted to be bound by TFs, whether the CpG was
a significant mQTL in OA cartilage, whether the TF was abundantly expressed in OA cartilage
(median TPM > 10), and whether the prediction was novel to JASPAR 2024. N/A, not

applicable.
Gene TF name CpGs bound OA cartilage Expression > Novel?
symbol mQTL? 10 TPM?
HIF2A Hypoxia Inducible Factor 2 7and 8 Yes Yes Yes
Subunit Alpha
NR2C2 Nuclear Receptor Subfamily None N/A Yes No
2 Group C Member 2
PPARG Peroxisome Proliferator None N/A No No
Activated Receptor Gamma
RXRA Retinoid X Receptor Alpha None N/A Yes No
CREB3L2 CAMP Responsive Element 16 No Yes No
Binding Protein 3 Like 2
HES6 Hes Family BHLH 16 No No No
Transcription Factor 6
THRA Thyroid Hormone Receptor 16 No Yes Yes
Alpha

6.3 Discussion

In this chapter, HIF-1o. was shown to bind the WWP2 DMR in a methylation-dependent
manner. These findings corroborate previous studies that demonstrate methylation of the
CpG site within the HIF-1o binding motif prevents its interaction with the DNA28>3%9, Because
the functional studies performed in Chapter 5 were conducted in conditions where HIF-1a
would be rapidly degraded, the Lucia reporter assay and dCas9-DNMT3A epigenetic editing
experiments were repeated using the hypoxia mimetic CoCl; to stabilise HIF-1a protein and
allow its translocation to the nucleus for transcriptional activity. When cloned as an enhancer,
the presence of HIF-1a reversed the repressive effect of the unmethylated DMR observed in
Chapter 5 (Fig. 5.1B), enhancing Lucia expression. HIF1A is abundantly expressed in cartilage,
a tissue that is naturally hypoxic and therefore facilitates transcriptional activity of HIF-1a
protein?l. The DMR may therefore act as an enhancer of WWP2 when bound by HIF-1a, with
this effect attenuated by higher DNAm levels exerted by the OA risk-conferring G allele of
rs34195470. However, this scenario contradicts the previous findings that increased DNAm
across the DMR drives increased WWP2 expression in chondrocytes (Chapter 5, Fig. 5.2) and
the observations of the mQTL and AEI studies using OA patient cartilage (Chapter 4, Fig. 4.1B
and Fig. 4.6A)%7214, Due to the long-range chromatin interaction identified in Chapter 3 (Fig.
3.3), concatenation of the DMR to the WWP2-FL/WWP2-N promoter (effectively replacing the

hEF1 promoter of the Lucia reporter vector) could provide insight into specific enhancer-
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promoter interactions and may address the discordancy between the findings of the reporter
assays and the dCas9-DNMT3a epigenetic editing experiments performed in Chapters 5 and
6.

Reporter assays isolate a piece of DNA from their normal genomic and chromatin
context. Epigenetic editing of the DMR was therefore undertaken, again in the presence of
HIF-1a, but overall changes in DNAm levels were reduced in comparison to the original
experiment. Speculatively, this could be due to HIF-1a binding the DMR, blocking access for
dCas9-DNMT3A and preventing epigenetic editing. Treatment of cells with CoCl; can also lead
to changes in histone modifications and, as observed in true hypoxia, may induce changes to

310312 1t js plausible that the DMR is less accessible following CoCl,

chromatin accessibility
treatment in TC28a2 cells, reducing the capacity of dCas9-DNMT3A to produce large changes
in DNAm levels. Future experiments should also investigate the effect of CoCl, on steady-state
DNAm levels by comparing TC28a2 cells cultured in CoCl,-supplemented culture medium to
those cultured without CoCl; to ensure that this hypoxia mimetic does not affect DNAm levels.

As stated previously, HIF-1a only binds the DMR in an unmethylated state. Therefore,
targeted epigenetic editing using dCas9-DNMT3A to increase DNAm across the DMR should
reduce binding efficiency of HIF-1a, attenuating its transcriptional effects. The
complementary targeted de-methylation tool dCas9-TET1 could not be performed due to
TC28a2 chondrocytes being moderately hypomethylated. The effect of CoCl; treatment alone
on WWP2 expression was therefore measured, resulting in a slight increase in WWP2-FL
expression, though this was not significant. Editing the DNAm levels in other cell lines or
primary chondrocytes, with differing patterns of DNAm across the DMR that facilitates dCas9-
TET1 epigenetic editing, may provide further insight into the interaction between HIF-1q,
DNAm levels at the DMR and WWP2 expression.

Three biological replicates for the dCas9-DNMT3A epigenetic editing experiment were
not viable post-nucleofection, resulting in a smaller sample size (n=4) than in the original
experiment (n=7). No biological replicates were viable for gRNA3, resulting in exclusion of this
condition from the analysis. Whilst nucleofection can reduce cell viability3!3, the prolonged
exposure of TC28a2 chondrocytes to CoCl; may be responsible. CoCl; generates reactive

oxygen species (ROS) that can produce oxidative stress and decrease cell proliferation3!4. At

higher concentrations of 200uM and above, CoCl, has been shown to induce cell death due
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to oxidative DNA damage by ROS combined with inhibition of DNA repair
mechanisms?°7:315316_|n addition, CoCl, has been shown to activate necrotic and apoptotic
pathways, decreasing viability in multiple cell lines317:318  Although CoCl, mimics the
transcriptional response observed in true hypoxia, differences remain, including molecular
signalling pathways that are O,-dependent?®’. The use of a hypoxic chamber may therefore
provide better experimental design to study the true nature of HIF-la transcriptional
regulation.

The recent update to JASPAR predicts that HIF-2ca binds the WWP2 DMR, not HIF-1a.
The shared DNA binding motif of these TFs and ChIP-Seq data suggests both can bind the DMR
in other biological contexts. Like HIF-1a,, methylation of the CpG site within the HIF binding
site inhibits DNA binding of HIF-2a. via steric hindrance?®’. However, HIF-2a. appears to
preferentially bind motifs within enhancers whilst HIF-1o. preferentially binds motifs within
promoter sequences, suggesting other factors govern their binding affinity to specific regions
of the genome?®’. CoCl, can stabilise HIF-2a. as well as HIF-102’. It is therefore possible that
both proteins were stabilised in the experiments presented in this chapter. Replication of the
EMSAs to determine whether HIF-2o. binds the DMR and further functional studies are
therefore required, with the role of HIF-1a and HIF-2a. in WWP2 transcriptional regulation
studied independently of one another and in combination. If HIF-1a. or HIF-2a. enhance
transcriptional activity of the cloned DMR, this could be modelled in-vitro via co-transfection
of the TFs with the Lucia reporter constructs to observe methylation-sensitive TF-mediated
regulatory activity3'°,

One of the key questions unanswered by this chapter is how WWP2-FL and WWP2-N
are upregulated in response to increased DNAm at the DMR mediated by dCas9-DNMT3A in
the absence of CoCly. In the original experiment (Chapter 5, Fig. 5.2), HIF-1o. and HIF-2a
protein would be rapidly degraded, implying these TFs would be unavailable to regulate
WWP2 expression. Identification of other TFs binding the WWP2 DMR in an unmethylated
and methylated state is therefore essential for pinpointing this mechanism. This could be
achieved using dCas9-APEX to label proteins (including TFs) proximal to the DMR, facilitating
targeted profiling of the DMR protein microenvironment3%°,

In this chapter, HIF-1a was demonstrated to bind the WWP2 DMR in a methylation-

sensitive manner. Stabilisation of HIF-1a and HIF-2a. using CoCl, mediated transcriptional
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changes to the unmethylated DMR when cloned as an enhancer. However, no functional role
was established for these TFs in the regulation of WWP2 or miR-140. Despite this, HIFs are
known to play important roles in cartilage development and homeostasis?!. The OA risk-
conferring G allele of rs34195470 correlates with increased WWP2 expression?!4. Tuerlings
and colleagues recapitulated this effect via lentiviral transduction of the WWP2-FL isoform in
primary chondrocytes, observing an increase in HIF2A expression®3. WWP2 is therefore
upstream of HIF2A. HIF-2o. is a key regulator of ECM catabolism and chondrocyte terminal
differentiation3?1322, suggesting this may be one mechanism through which OA genetic risk is
conferred by rs34195470. However, as transcriptional regulators of WWP2, the role of HIF-1a.
and HIF-2a is unclear. Future work that accounts for the limitations in the study design,

particularly the use of CoCl; to mimic hypoxia, may provide better insight.
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Chapter 7: Determination of the causal variant marked by rs34195470
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7.1 Introduction

In the previous chapters, the OA risk-conferring G allele of rs34195470 was identified
to correlate with increased WWP2 expression and increased DNAm levels at 14 CpGs spanning
a 228bp regulatory element, marking a DMR in OA cartilage. Functional studies in
chondrocytes demonstrated that higher DNAm levels at the DMR results in increased
expression of WWP2-FL and WWP2-N, identifying these transcripts as targets of OA risk
marked by rs34195470. The DMR is therefore a functional intermediary between this OA
association signal and its regulatory targets, WWP2-FL and WWP2-N.

rs34195470 was first reported in a 2018 meta-analysis of Icelandic and UK datasets,
associating with knee OA as the most significant variant in its LD class?3. This finding was
replicated in the largest OA GWAS to date, with conditional analyses identifying rs34195470
as the lead variant®. However, reported variants are not always causal. Arrays typically
employ a single index or ‘tag’ SNV to represent large LD blocks, most often acting as proxies
for the true causal variant®. To overcome this, post-GWAS analyses such as conditional
analyses and statistical fine-mapping are applied to focus in on likely causal variants8118119,
Nevertheless, functional laboratory studies are essential to validate these findings. In
addition, researchers must also consider the tissue-specific effects of causal variants®. For
example, a risk variant may be beneficial or benign in one tissue, but produce adverse effects
in another, contributing to disease risk. Integration of GWAS data with chromatin state data
and identification of eQTLs are valuable in-silico analyses that can be used to inform
downstream studies®’.

rs34195470 resides within an LD block (r? > 0.8) with two other variants in European
populations: the SNV rs9746247 (r>=0.92, D’ = 1.00), and the indel rs111837947 (r? = 0.85, D’
= 0.99). All three variants reside within intron 11 of WWP2-FL. Whilst rs9746247 has never
been reported as an association signal in any OA GWAS, rs111837947 was recently reported
as the most significant variant in its LD class to associate with surgical and nonsurgical
(radiographic) knee OA in a meta-analysis of Danish, Icelandic and UK datasets'??. The risk
allele of rs111837947 is a 2-base insertion (insGT), which correlates with the risk allele G of

rs34195470. In all three GWASs, WWP2 was highlighted as the putative effector gene8%122.123,
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Table 7.1: Summary information for the lead OA risk variant rs34195470 and the variants in
high LD. N/A, not applicable; ins, insertion.

rsIiD Co-ordinates Distance to LD Correlating Reported in
(hg19) rs34195470 (bp) alleles with OA GWAS?
rs34195470 (A
> G)
rs34195470 Chr16:69,955,690 N/A N/A N/A Yes89123
rs9746247 Chr16:69,955,960 270bp r2=0.92 A = C (non-risk) No
D’ =1.00 G = G (risk)
rs111837947 Chr16:69,957,231 1,541bp r2=0.85 A = - (non-risk) Yes122
D’ =0.99 G = insGT (risk)

Using in-silico analyses in combination with a reporter gene assay and the CRISPR/Cas9

toolbox in TC28a2 chondrocytes, this chapter aims to:

1) Identify whether rs34195470, rs9746247 and rs111837947 are within active
regulatory elements in relevant cell types using chromatin state data.

2) Identify allelic differences in regulatory function for rs34195470, rs9746247 and
rs111837947.

3) Determine whether deletion of rs34195470, rs9746247 or rs111837947 affects WWP2
expression.

4) Determine whether deletion of rs34195470, rs9746247 or rs111837947 affects DNAm
levels at the previously identified cartilage DMR.

5) Identify TFs predicted to bind across rs34195470, rs9746247 and rs111837947 and
quantify their abundance in OA cartilage.

6) Determine whether TFs predicted to bind across rs34195470, rs9746247 and
rs111837947 exhibit preferential binding affinity to a particular allele.

7.2 Results

7.2.1 In-silico analysis of the region

rs34195470, rs9746247 and rs111837947 reside within intron 11 of WWP2-FL (Fig.

7.1A, in black). The previously identified OA cartilage DMR (Fig. 7.1A, in red) is approximately

3.7Kb upstream of rs34195470 and the TSS of WWP2-C is approximately 1.7Kb downstream

of rs111837947.

To determine chromatin accessibility at the region encompassing the three variants,

ATAC-Seq data was mapped to the region using the UCSC Genome Browser (hg19). The three

variants were not identified to reside within ATAC-Seq peaks in any of the cell types
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investigated, suggesting that they reside within closed, inaccessible chromatin in these tissues
(Fig. 7.1B). In contrast and as previously described (Chapter 3, Fig. 3.2), the DMR overlaps with
ATAC-Seq peaks in foetal and OA (adult chondrocytes), in the osteosarcoma cell line Saos-2,
and in OA fibroblast-like synoviocytes (FLS). To garner evidence of regulatory function,
Roadmap regulatory elements were also mapped to the region using the UCSC Genome
Browser (hg19). In MSCs, the three variants reside within a region of weak transcription, whilst
in chondrocytes and osteoblasts they reside within an enhancer (Fig. 7.1C).

Finally, to determine whether rs34195470, rs9746247 or rs111837947 reside within
regions known to bind TFs, the ReMap TF ChIP-Seq track?®* on UCSC Genome Browser was
used to create a TF density plot at the region of interest using ChlP-Seq data generated in
relevant cell types, including chondrocytes (Fig. 7.1D). The DMR and the TSS of WWP2-C
exhibited the highest TF density peaks, indicating these regions are known to bind TFs in
relevant cell types. No TF binding has been reported in relevant cell types at rs34195470,
rs9746247 and rs111837947.

A 2 kb ———— hg19
69,951,000 69,955,000| 69,959,000|
WWP2-FL L i
WWF2-C I
oMR [l rs34195470 | |rs9746247 | rs111837947
Chromatin accessibility (ATAC-Seq)
B Foetal hip | || I
Foetal knee | | I .
Chondrocytes
OA hip | | | .
OA knee | | | L
Saos-2 [ ] ||
OAFLS ] L |
ROADMAP regulatory elements (histone ChIP-Seq)
C MSCs I
Chondrocytes | NN DN [
Osteoblasts | NN NINNNE | |
ReMap transcription factor density (ChIP-Seq)
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— _L _ o
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Figure 7.1: In-silico analysis of the region encompassing the three variants associated with
OA genetic risk marked by rs34195470. A) Schematic representation of the WWP2-FL and
WWRP2-C transcript isoforms (in blue) in proximity to the WWP2 DMR (in red). Introns are
represented by horizontal lines with arrows pointing right indicating the encoded orientation
(sense), half-height bars representing the 5’ UTR of WWP2-C, and full-height bars representing
the exons of WWP2-FL. The OA GWAS lead signal rs34195470 and the two variants in high LD
(rs9746247 and rs111837947) are marked in black. B) ATAC-Seq peaks (denoted by black
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boxes) in foetal and OA chondrocytes, the osteosarcoma cell line Saos-2, and OA fibroblast-
like synoviocytes (FLS). C) ROADMAP regulatory elements in MSCs (E006), chondrocytes
(E049) and osteoblasts (E129). A key denoting each chromatin state is found at the bottom of
the figure. (D) ReMap TF density plot in relevant cell types. The peak height is equivalent to
the number of TFs known to bind regions; i.e. higher peaks denote regions known to bind
larger numbers of TFs.

7.2.2 Luciferase reporter gene assay

In-silico analyses suggest rs34195470, rs9746247 and rs111837947 reside within an
enhancer in chondrocytes and osteoblasts. Differential allelic expression of WWP2 has been
observed in OA cartilage using AEIl analysis (Chapter 4, Fig. 4.6A), but not in OA bone.
Functional experiments were therefore prioritised in chondrocytes.

Each variant was cloned individually into Luciferase reporter vectors as an enhancer to
assess the regulatory effects of the risk allele and the non-risk allele (Fig. 7.2). These constructs
were then transfected into TC28a2 chondrocytes. Allelic differences in regulatory function
were detected for rs34195470, with the non-risk allele (A) conferring greater repressive
effects upon Luciferase activity than the OA risk-conferring G allele (P = 0.0216). The relative
greater expression of allele G versus allele A matches the OA cartilage AEl data (Chapter 4, Fig.
4.6A). No allelic differences upon regulatory function were observed for rs9746247 (P =
0.6147) or rs111837947 (P = 0.7944). These data indicate that rs34195470 is the only variant

capable of modulating regulatory activity in an allele-dependent manner.
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Figure 7.2: Luciferase reporter assay in TC28a2 chondrocytes. Luciferase reporter assays
assessing enhancer activity in the presence of rs34195470, rs9746247 or rs111837947. Values
were normalised to those in empty vector control (dotted horizontal line). Black triangles
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represent individual samples (six biological replicates per group). Box plots show the median,
25™ and 75t percentiles, and minimum and maximum values. Allelic differences in regulatory
activity were measured between the risk allele (light grey boxes) and the non-risk allele (dark
grey boxes). P-values calculated by Mann Whitney U test. * = P < 0.05, ns = not significant (P
> 0.05).

7.2.3 CRISPR/Cas9 deletion of the genomic regions housing rs34195470, rs9746247 and
rs111837947

To determine whether deletion of the variants and their surrounding DNA sequence
could affect WWP2 expression, gRNA primers targeting up- and downstream of the variants
were designed and cloned into CRISPR/Cas9 expression vectors. Unique gRNAs targeting
between rs34195470 and rs9746247 were unable to be designed due to high genomic
complexity marked by nucleotide repeats frequently occurring across the region. rs34195470
and rs9746247 were therefore targeted for deletion together. Paired gRNA targeting the
region encompassing these two variants produced an incomplete deletion (Fig. 7.3A, left
panel). The third biological replicate was less successful, marked by an intense PCR product
for the unedited band of 594bp compared to the deleted band of 118bp (Fig. 7.3A, left panel,
DEL3). Paired gRNA targeting rs111837947 produced a near complete deletion for all three
biological replicates, indicated by the presence of intense PCR products of the deleted band
of 287bp compared to the unedited band of 353bp (Fig. 7.3A, right panel). The 16 CpGs
constituting the DMR, located approximately 3.7Kb upstream of rs34195470, were not
targeted by CRISPR/Cas9 deletion.

The effect of the deletions upon the expression of the three common isoforms of
WwwpP2 (WWP2-FL, WWP2-N and WWP2-C) was then measured by RT-gPCR (Fig. 7.3B). The
expression of the two miR-140 strands (miR-140-5p and miR-140-3p) was not measured as
these were not identified as targets of OA genetic risk marked by rs34195470 in Chapter 5
(Fig. 5.2). Deletion of rs34195470 and rs9746247 resulted in no significant changes in WWP2
expression compared to nontargeting control (Fig. 7.3B, in blue): WWP2-FL (P = 0.0533),
WWP2-N (P = 0.8291), or WWP2-C (P = 0.0518). This may reflect the incomplete deletion
observed for this experiment or no effect of a partial deletion of the region harbouring the
variants on WWP2 expression. Deletion of rs111837947 resulted in decreased expression of
WWRP2-FL in comparison to nontargeting control (P = 0.0324, Fig. 7.3B, in orange). No
significant changes in expression were observed for WWP2-N (P = 0.0522) or WWP2-C (P =

0.0845). The deletion experiments targeted intron 11 of WWP2-FL. To assess whether splicing
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was affected by the deletions, cDNA from all conditions were PCR-amplified with primers
spanning exons 10-13 of WWP2-FL (Fig. 7.4). No differences were observed in comparison to
cDNA from nontargeting control, confirming that splicing was unaffected.

The OA risk-conferring G allele of rs34195470 is associated with increased DNAm at
the DMR and increased WWP2 expression in OA cartilage (Chapter 4, Fig. 4.1B and Fig. 4.6A).
Epigenetic editing confirmed that higher DNAm levels at the DMR result in increased WWP2-
FL and WWP2-N expression (Chapter 5, Fig. 5.2). These data imply that increased DNAm at
the DMR is mediated by rs34915470, rs9746247 or rs111837947, where their respective risk
alleles contribute to methylation of the DMR, which in turn acts as a functional intermediary
to modulate expression of WWP2-FL and WWP2-N. The effect of the deletions upon DNAmM
levels across the DMR were therefore measured (Fig. 7.3C). The mean percentage change in
DNAm levels at the DMR was small (< 1%). The largest change in DNAm levels was a 2.8%
decrease at CpG5 following deletion of rs34195470 and rs9746247 (Table 7.2). In this deletion
experiment, the changes to WWP2-FL expression following deletion of rs111837947 are

therefore mediated independently of DNAm levels at the DMR.
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Figure 7.3: CRISPR/Cas9 deletion of the three variants associated with OA genetic risk
marked by rs34195470. A) Schematic denoting genomic location of the paired gRNAs used to
delete rs34195470 and rs9746247 (left, in blue) and rs111837947 (right, in orange). Arrows
indicate the strand targeted by gRNAs (arrows pointing right = sense strand). The agarose-TBE
gel below the schematic visualises the efficiency of CRISPR/Cas9 targeting (DEL) in comparison
to a nontargeting control (CTRL). Three biological replicates were performed. A 1Kb+ ladder
was run alongside samples. B) Normalised expression of the three WWP2 transcripts (WWP2-
FL, WWP2-N, WWP2-C) following CRISPR/Cas9 deletions. Values were normalised to a
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nontargeting gRNA control. P-values calculated using paired t-test. * = P < 0.05, ns = not
significant (P > 0.05). C) Mean DNAm levels (%) of the 16 CpGs of the DMR following
expression of CRISPR/Cas9 protein in the nontargeting control (black), or in samples targeting
rs34195470 and rs9746247 (blue) or rs111837947 (orange). Error bars represent the standard
deviation. No error bars = range of standard deviation is less than the size of the point.
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Figure 7.4: WWP2 splicing unaffected by deletion of rs34195470, rs9746247 and
rs111837947. Agarose-TBE gel visualising PCR products from amplification of cDNA derived
from samples targeted by CRISPR/Cas9 (DEL) or by a nontargeting control (CTRL). The
expected band size of 291bp indicated that splicing of WWP2-FL was consistent across all
samples. A 1Kb+ ladder was run alongside samples.

Table 7.2. Summary of the effects of CRISPR/Cas9 deletions upon DNAm levels at the DMR.
Percentage change at each CpG site per gRNA in comparison to a nontargeting gRNA control.

Target variant Number of CpGs where Mean percentage change | Largest overall percentage
DNAm levels changed (>5%) in DNAm across DMR change in DNAm
rs34195470, 0 0.7% CpG5 (2.8%)
rs9746247
rs111873947 0 0.3% CpG2 (1.9%)

7.2.4 In-silico TF binding prediction at the three regions housing variants

To determine TFs predicted to bind rs34195470, rs9746247 and rs111837947, the
JASPAR Core 2024 dataset?®® was mapped to the region using the UCSC Genome Browser (Fig.
7.5A). As the UCSC Genome Browser sequence only includes the reference allele of each
variant, the Expasy SNP2TFBS tool3?* was also used to detect TFs that bound the alternative
allele. Two TFs were predicted to bind rs34195470: Forkhead Box D3 (FOXD3) and SRY-Box
Transcription Factor 5 (SOX5) (Fig. 7.5A, left panel and Table 7.3). Eleven TFs were predicted
to bind rs111837947 (Fig. 7.5A, right panel and Table 7.3). No TFs were predicted to bind
rs9746247.
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To determine whether these TFs were abundantly expressed in OA cartilage, RNA-Seq
data was plotted (Fig. 7.5B). Of the 13 TFs predicted to bind rs34195470 or rs111837947, four
were abundantly expressed in cartilage (transcripts per million, TPM > 10): SOX5; SP1,
encoding Spl Transcription Factor; SP2, encoding Sp2 Transcription Factor; and ZNF740,
encoding Zinc Finger Protein 740. SOX5 was the most abundantly expressed TF in OA cartilage
(median TPM = 72.6).

The JASPAR motif scan tool?®? was utilised to predict differential TF binding affinity to
each allele of rs34195470 and rs111837947 (+5bp) for the four abundantly expressed TFs (Fig.
7.5C). All DNA binding motifs were validated in humans except for SOX5 where the DNA
binding motif was validated in mouse. SOX5 is predicted to preferentially bind the risk allele
(G) of rs34195470. SP1 was predicted to exclusively bind the non-risk allele (-) of rs111837947,
whilst the risk allele (insGT) of rs111837947 was predicted to be exclusively bound by ZNF740.
SP2 was not predicted to bind either the risk or non-risk alleles of rs111837947 using the

JASPAR motif scan tool.
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Figure 7.5: TFs predicted to bind rs34195470, rs9746247 and rs111837947. (A) Schematic
representation of the DNA sequence surrounding rs34195470 (left, in blue), rs111837947
(right, in orange) and the TFs predicted to bind each variant. The TFs are marked by grey
rectangles with the direction of the arrows within the rectangles indicating the DNA strand
the TF is predicted to bind to (arrows pointing left = antisense strand, arrows pointing right =
sense strand). (B) Expression levels (TPM, transcripts per million) of the TFs in cartilage
chondrocytes from 10 OA patients. Triangles represent individual samples. Four TFs were
abundantly expressed (median TPM > 10, represented by dotted line at y=10). Box plots show
the median, 25™ and 75 percentiles, and minimum and maximum values. (C) Results of
JASPAR motif scan analysis. Boxes show TF name, JASPAR ID and the organism in which the TF
motif was validated (Mus musculus or Homo sapiens). The motif is represented as a position
weight matrix (PWM) and the variant location within each motif is represented by the blue
shaded box (rs34195470) or the orange shaded box (rs111837947). No shaded box was

117



included for SP2 as the JASPAR motif scan tool was unable to predict TF binding for the input
DNA sequence. The JASPAR score for each allele is shown underneath the motif, ranked by
highest score. Higher scores indicate preferential binding.

Table 7.3: List of TFs predicted to bind rs34195470 and rs111837947. The table lists the gene
symbol, the encoded TF name, the variant predicted to be bound by the TF, the database
reporting the predicted TF, and whether the TF was abundantly expressed in OA cartilage
(median TPM > 10).

Gene TF name Variant Predicted TF Expression
symbol bound database > 10TPM?
FOXD3 Forkhead Box D3 rs34195470 JASPAR Core 2024 No

SOX5 SRY-Box Transcription Factor 5 rs34195470 Expasy SNP2TFBS Yes

KLF5 KLF Transcription Factor 5 rs111837947 | JASPAR Core 2024 No
KLF16 KLF Transcription Factor 16 rs111837947 | JASPAR Core 2024 No
PLAG1 PLAG1 Zinc Finger rs111837947 | JASPAR Core 2024 No
PDRM9 PR/SET Domain 9 rs111837947 | JASPAR Core 2024 No
RREB1 Ras Responsive Element Binding Protein 1 | rs111837947 | JASPAR Core 2024 No

SP1 Sp1 Transcription Factor rs111837947 Expasy SNP2TFBS Yes
SP2 Sp2 Transcription Factor rs111837947 Expasy SNP2TFBS Yes
SP8 Sp8 Transcription Factor rs111837947 | JASPAR Core 2024 No
SP9 Sp9 Transcription Factor rs111837947 | JASPAR Core 2024 No

WT1 WT1 Transcription Factor rs111837947 | JASPAR Core 2024 No

ZNF740 Zinc Finger Protein 740 rs111837947 | JASPAR Core 2024 Yes

7.3 Discussion

Progressing from a GWAS-reported association signal to a causal variant is impeded by
several factors: (1) common, complex trait-associated variants tend to reside within
noncoding regions of the genome, complicating identification of their gene target(s); (2) most
variants are within LD blocks, where the index variant often acts as a proxy for the true causal
variant; (3) variants may exert tissue-specific effects, resulting in gene expression changes in
certain tissues but not others88. The latter is particularly complex in OA where multiple tissues
of the articular joint are affected. To overcome this, functional studies should utilise in-silico
datasets to prioritise tissues and cell types that variants are likely to be functional within®’.
Using ATAC-Seq data, the three investigated variants (rs34195470, rs9746247 and
rs111837947) were identified to reside within closed, inaccessible chromatin in OA relevant
cell types, suggesting they are unable to bind TFs. This finding was supported by a lack of TF
binding identified at the region using the ReMap ChIP-Seq dataset?®. In OA-relevant cell types,
TF binding was abundant at the DMR, supporting previous findings that this region acts as a
transcriptional regulator in chondrocytes (Chapter 3, Fig. 3.2 and Chapter 5, Fig. 5.1 and Fig.
5.2).
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Despite rs34195470, rs9746247 and rs111837947 residing within a putative enhancer
in chondrocytes, all three variants exhibited reduced transcriptional activity in comparison to
an empty vector control in the Luciferase reporter gene assay. No allelic differences in
regulatory activity were observed for rs9746247 or rs111837947, suggesting they do not
mediate expression changes exerted by the OA risk signal. The non-risk allele (A) of
rs34195470 significantly repressed transcriptional activity in comparison to the risk allele (G),
suggesting rs34195470 is capable of mediating changes in gene expression exerted by the OA
risk signal. However, deletion of rs34195470 did not result in changes to WWP2 expression.
The targeted deletion of rs34195470 (in combination with rs9746247) was inefficient, with a
proportion of cells in these samples not edited by CRISPR/Cas9. The incomplete deletion may
therefore have attenuated any observable changes in WWP2 expression. Both WWP2-FL and
WWP2-C were downregulated, but this effect was not significant. The effect size of OA risk
variants is small, thus leading to modest changes in gene expression®’. Increasing the small
sample size (n=3) may provide further insight into whether deletion of rs34195470 is capable
of modulating WWP2 expression in-vitro.

Targeted deletion of rs111837947 significantly downregulated WWP2-FL expression,
indicating the genomic region housing rs111837947 is involved in the regulation of one of the
two transcript isoforms identified as targets of OA genetic risk in Chapter 5 (Fig. 5.2). Whilst
not significant, both WWP2-N and WWP2-C were also downregulated in comparison to the
nontargeting control. Again, the modest sample size may have obscured detections of true
changes in gene expression. However, no allelic differences in transcriptional activity for
rs111837947 were detected by the Luciferase reporter assay. The region encompassing
rs111837947 may therefore act as an important regulatory element required for increasing
WWP2-FL expression regardless of whether the risk or non-risk allele is present. In this
context, the utility of CRISPR/Cas9 deletion is limited by removing the DNA sequence
surrounding the variant of interest with potentially wider implications upon chromatin state
and disruption to other important TF binding sites. To better investigate the functional role of
each variant upon WWP2 expression, base editing should be used to specifically modify
nucleotides of interest, limiting effects upon any nearby regulatory elements3?*. Furthermore,
during DNA double-strand break repair post-CRISPR/Cas9 editing of the three variants, it is
plausible that other altered sequences have been introduced (such as indel formation) that

may impact upon the regulatory activity of these regions independently of each risk variant32>.
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The use of endpoint PCR to confirm successful CRISPR/Cas9 targeting of the region provides
no insight into the possibility of altered DNA sequences. Future work should utilise
technologies such as Sanger sequencing to better characterise changes to the targeted DNA
sequence, including indels that may modulate regulatory activity32°.

The findings of the previous chapters suggest that for this OA genetic risk signal, the
risk allele confers increased DNAm levels at the DMR in cartilage which results in the
upregulation of WWP2-FL and WWP2-N. However, no changes in DNAm at the DMR were
observed following deletion of the three variants. Changes to DNAm levels can be actively
mediated by DNMTs and TETs, or passively following multiple cell replications or loss of
epigenetic maintenance, but these effects are not always immediate!3>221, Nucleic acids were
harvested 72 hours post-nucleofection, which may have been too short of a window to
observe any changes to DNAm levels at the DMR. Culturing of cells over a prolonged period
may therefore be required to detect changes in DNAm levels. In addition, if the risk allele is
required to increase DNAm levels at the DMR, deletion of each variant would not show this.
Again, base editing provides a promising tool for investigating the relationship between each
variant and DNAm levels at the DMR in future studies3?. Regardless, these data demonstrate
that deletion of rs111837947 results in decreased WWP2-FL expression independently of
DNAm levels at the DMR. The deleted region encompassing rs111837947 is marked as an
enhancer in chondrocytes using Roadmap histone ChlIP-Seq data. It is plausible that removal
of this DNA sequence induces changes to the local chromatin landscape, attenuating its
capability to enhance expression of WWP2-FL.

Of the 13 TFs predicted to bind rs34195470 and rs111837947, only four were
abundantly expressed in OA cartilage. SOX5, which was predicted to preferentially bind the
OA risk-conferring G allele of rs34195470, is required for normal joint cavitation during
development and is upregulated in OA cartilage in comparison to non-OA cartilage'®'>3?7, The
A allele of rs34195470 may therefore attenuate SOX5 binding potential and decrease
transcriptional activity in comparison to the OA-risk conferring G allele, in concordance with
the findings of the Luciferase reporter assay, with potential implications for cartilage
development and homeostasis. SP1 and SP2 are members of the Specificity Protein TF family
required for many cellular processes including growth, as well as critical roles in embryonic
development3?8, SP1 is predicted to exclusively bind the non-risk allele of rs111837947, whilst
SP2 was not predicted to bind either allele using the JASPAR motif scan tool. ZNF740 is a
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member of the Zinc Finger Protein (ZNF) family that is predicted to exclusively bind the risk
allele (insGT) of rs111837947. Whilst little is known about the specific function of ZNF740,
other ZNFs have been identified to play roles in chromatin remodelling as well as
transcriptional regulation3?°. To validate the findings of the in-silico TF analyses, EMSAs should
be performed using chondrocyte nuclear protein and DNA probes constituting the risk and
non-risk alleles of rs34195470, rs9746247 and rs111837947. Additionally, co-transfection of
the four abundantly expressed TFs (SOX5, SP1, SP2, ZNF740) alongside the luciferase reporter
vectors containing the three variants in their risk and non-risk conferring allele constructs
could provide further evidence of a functional role for these TFs in mediating the observed
regulatory effects.

In this chapter, the Luciferase reporter assay suggests a regulatory role for rs34195470
whilst the CRISPR/Cas9 experiments indicate that rs111837947 is capable of regulating
WWRP2-FL expression. Both rs34195470 and rs111837947 are predicted to bind TFs
abundantly expressed in cartilage, and both have been highlighted as lead variants in previous
OA GWASs®:122123 534195470 and rs111837947 may therefore act in unison to modulate
WWP2 expression. Future work should aim to delineate the effects of differing combinations
of risk and non-risk alleles at rs34195470, rs9746247 and rs111837947 upon WWP2
expression using reporter assays and base editing technologies. These investigations may aid
in deciphering whether there is a single causal variant or a haplotypic effect. Deletion of
rs9746247 produced no observable effect upon WWP2 expression, and no allelic difference in
regulatory activity was observed in the Luciferase reporter assay. In addition, no TFs are
predicted to bind rs9746247. Hence, rs9746247 is unlikely to be the causal variant. Further
investigations including in-vitro base editing and expansion of the current CRISPR/Cas9 sample

size are required to determine the true causal variant(s)8324,
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Chapter 8: General Discussion
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8.1 Introduction

The GWAS era has revealed over 100 independent OA risk variants to date8889330 gnd
as cohorts increase and diversify to include underrepresented ethnic groups and
subpopulations, it is inevitable that more GWAS hits will be reported. Despite the success in
identifying OA-associated risk variants, the translation of these signals into functional
candidates for therapeutic intervention has not materialised*?’. As observed in most polygenic
traits, the associated variants tend to reside within noncoding regions of the genome
suggesting they confer their pathogenicity via gene regulation, consequently complicating the
identification of causal variants and their gene targets!'>330, Furthermore, identification of a
genetic signal alone provides no information on the tissue or the life stage that variants
mediate their functional effects, creating additional layers of complexity that mask the
biological interpretation of each signal®:16>330_|t is therefore vital that laboratory studies are
performed to elucidate targets of OA genetic risk with the overarching goal of closing the gap
between reporting of GWAS hits and their functional candidates, thus accelerating their
translation into the clinic.

The last decade of OA research has demonstrated that epigenetics plays an important
role in OA development and progression, with changes to DNAm, chromatin state and miRNA
expression all associating with disease phenotype8®13115818% ‘Approximately a quarter of all

330 with the associated CpGs overwhelmingly

OA risk variants co-localise with cartilage mQTLs
enriched in putative chondrocyte enhancers®. Research published by my principal
supervisor’s research group has demonstrated that experimental perturbation of OA cartilage
mQTLs in-vitro can modulate the expression of target genes, suggesting they act as functional
intermediaries of OA genetic risk. These studies have revealed genes associated with TGFf3
signalling (TGFB1)'’%, proteostasis (RWDD2B and TMEM129)%172 collagen glycosylation
(COLGALT2)73, and osteoblastic differentiation (RUNX2)'° as effectors of OA genetic risk,
prioritising these genes and their associated cellular pathways as avenues for therapeutic
targeting.

In this thesis, | have aimed to determine the effector gene(s) of OA genetic risk marked
by the rs34195470 association signal via the integration of in-silico datasets, molecular genetic

and epigenetic analyses of patient samples, and functional studies performed using the

immortalised chondrocyte cell line TC28a2284. In addition, this thesis aimed to decipher the
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causal variant at this OA association signal, and the TFs capable of mediating the observed

transcriptional effects.

8.2 Summary of results

Prior to performing costly functional laboratory experiments, OA association signals
should be interrogated using available in-silico datasets to garner information about the
locus33°. Findings of in-silico analyses allow for prioritisation of candidates likely to possess
regulatory function for downstream functional studies. In Chapter 3, the GTEx Portal?'? was
searched for eQTLs in any tissue associating with rs34195470, whilst chromatin regulatory
state data at the locus was visualised using the UCSC Genome Browser?8, Twelve genes were
identified as rs34195470-eQTLs, with WWP2 identified as the most abundantly expressed
gene associating with rs34195470 genotype in OA cartilage (Fig. 3.1). The risk-conferring G
allele of rs34195470 was previously identified to correlate with increased DNAm at two CpGs
(cg26736200 and cg26661922) in OA cartilage, forming mQTLs®3°. cg26736200 and
€g26661922 are located within WWP2 and were identified to reside within an open, accessible
chromatin region with histone marks indicative of regulatory function in OA-relevant cell
types, as well as during development (Fig. 3.2). In addition, a single chromatin loop at the
locus was identified in MSCs between the WWP2-FL/WWP2-N shared TSS and the DNA region
housing the two CpGs and rs34195470 (Fig. 3.3). WWP2-FL and WWP2-N were therefore
identified as possible targets of the rs34195470 risk signal and the associated mQTLs.

In Chapter 4, molecular genetic and epigenetic analyses were performed using OA
patient cartilage samples (Fig. 4.1B and 4.6A), validating previous reports that the OA risk-
conferring G allele of rs34195470 correlated with increased WWP2 expression via AEI
analysis?!4, and increased DNAm levels at cg26736200 and cg266619223%°, The cartilage mQTL
study was expanded across a 228bp region to capture DNAm levels at a total of 16 CpGs.
Fourteen of the 16 captured CpGs were mQTLs, with the risk allele (G) of rs34195470 always
correlating with increased DNAm levels, marking the identification of a DMR in OA cartilage.
The mQTL and AEl analyses were expanded to include other OA tissues (subchondral bone
and synovium) as well as foetal cartilage to determine whether the observed effects were
specific to a particular tissue or life stage. The mQTL analysis revealed DMRs were present in
foetal cartilage and OA bone (Fig. 4.1C and 4.2B), with the latter particularly striking in males

versus females (Appendix O). The AEIl analysis revealed changes to WWP2 expression
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correlating with rs34195470 genotype were restricted to OA cartilage (Fig. 4.6). Downstream
experiments were therefore prioritised using chondrocytes as these were most likely to
exhibit the functional effects of the OA association signal.

The findings of Chapters 3 and 4 suggested WWP2 was the likely target of the
rs34195470 association signal in cartilage, with the risk allele (G) correlating with increased
WWP2 expression and increased DNAm levels at the DMR. Previous studies have
demonstrated that in-vitro epigenetic editing of OA cartilage mQTLs can mediate changes to
target gene expressiont®®171-173 |t was therefore hypothesised that higher DNAm levels at the
DMR would increase WWP2 expression in chondrocytes. The DMR exhibited methylation-
sensitive regulatory activity using a reporter gene assay system (Fig. 5.1), whilst targeted
epigenetic editing of the DMR to recapitulate the mQTL effect revealed that increased DNAm
levels at the DMR did indeed result in higher expression of two WWP2 isoforms: WWP2-FL
and WWP2-N (Fig.5.2). As a result, these isoforms were confirmed as the targets of OA genetic
risk marked by rs34195470, regulated by the functional intermediary of DNAm. From these
findings, a molecular mechanism was proposed (Fig. 5.4).

Having identified WWP2-FL and WWP2-N as targets of OA genetic risk, the focus of
this thesis moved onto determining the TFs responsible for mediating the observed effects.
Among nine other TFs predicted to bind the DMR using the JASPAR 2022 dataset??3 was HIF-
1o (Fig. 5.3), a key mediator of the transcriptional response to hypoxia?®3. The abundant
expression of HIF1A in cartilage, alongside its known roles in skeletogenesis'® and a previous
report by Tuerlings et al**® highlighting hypoxia as an important pathway linked to the
rs34195470 association signal suggested that functional experiments focussing on HIF-1a
should therefore be prioritised. However, HIF-1a protein is rapidly degraded in the presence
of cellular 0,%%3. As the experiments performed in Chapter 5 were performed under normoxic
conditions, HIF-1a. was unlikely to mediate the observed effects. To address this, the reporter
assay and epigenetic editing experiments were repeated in Chapter 6 with the addition of
CoCl; to cell culture medium, thus stabilising HIF-1a protein?®’. The binding of HIF-1a to the
DMR was validated using EMSAs (Fig. 6.1), revealing that the addition of methyl groups to
CpG7 and CpG8/cg26736200 ablated HIF-1a DNA binding, corroborating previous reports that
HIF-1a. only binds unmethylated DNA sequences?8>2%, The reporter assay demonstrated that

the presence of HIF-1a. could modulate the transcriptional activity of the unmethylated DMR,
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producing a weak enhancer effect that had not been observed in previous experiments where
HIF-1ao would have been degraded (Fig. 5.1 and 6.2). However, targeted epigenetic editing of
the DMR performed using chondrocytes treated with CoCl; was unable to verify whether HIF-
1o acts as a transcriptional mediator of the rs34195470 association signal (Fig. 6.3). It was
concluded that this experiment was limited by potential off-target effects incurred using CoCl,,
including decreased cell viability and changes to chromatin state319312317.318 = Fyrther
challenges to the study design arose following the 2024 update of the JASPAR database?®®
which predicted HIF-2a to bind the DMR instead of HIF-1a. (Fig. 6.5). The experiments
presented in this chapter were therefore unable to delineate the TF responsible for mediating
the rs34195470 association signal.

In Chapter 7, in-silico analyses and in-vitro functional experiments were employed to
determine the causal variant. rs34195470 and the two variants in high LD with it (rs9746247
and rs111837947, r2 > 0.8 in European populations) were determined to reside within closed,
inaccessible chromatin defined as an enhancer in chondrocytes (Fig. 7.1). Reporter assays in
TC28a2 chondrocytes revealed rs34195470 as the only variant exhibiting allele-dependent
transcriptional changes to regulatory activity (Fig. 7.2), whilst CRISPR/Cas9 deletion of
rs111837947 decreased WWP2-FL expression in comparison to a nontargeting control (Fig.
7.3). rs34195470 and rs111837947 were also predicted to bind TFs abundantly expressed in
cartilage, including SOX5 (Fig. 7.5). Together, the data implies that rs34195470 and
rs111837947, but not rs9746247, are likely to be the causal variant(s) of this OA association
signal. However, more research is required to confirm the causal variant(s), including the use

of base editing3%%.

8.3 Clinical utility of findings

The overarching goal of molecular genetic studies of OA is to translate discoveries into
clinical interventions for the benefit of patients. There are currently no licensed disease-
modifying OA drugs (DMOADs) available to halt disease progression, underlining this major
clinically unmet need33'332, However, many OA risk loci co-localise with genes that encode
components of targetable signalling pathways, including the TGFP signalling pathway,
providing an opportunity for drug re-purposing and a faster route towards clinical utility®®. The

development of DMOADs must also consider the timing of treatment. OA risk variants are
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thought to confer their pathogenic effects in three ways: (i) during development, (ii) across
the entirety of the life course, or (iii) late in life1?7:165330, Targeting of OA risk loci in the early
stages of life raises questions for the likelihood of treatment for a disease that has not yet
manifested, whereas variants active in later life and at the onset of OA are more likely to be
amenable to treatment3L, In the given scenarios, the rs34195470 association signal appears
to fall into category (iii), altering expression of WWP2 in adulthood but not development,
suggesting it is amenable to therapeutic intervention.

WWP2-FL, WWP2-N and WWP2-C control the availability of the SMAD signal
transducers: WWP2-FL controls SMAD2/3 steady-state levels in conjunction with WWP2-N,
whilst WWP2-C also interacts with WWP2-FL to control availability of SMAD7, a TGFj
signalling inhibitor?31.234-236 The levels of WWP2-FL, WWP2-N and WWP2-C therefore fine-
tune TGFf signalling. In one study of cardiac fibrosis, it was reported that WWP2-FL and
WWP2-N, but not WWP2-C, contribute to disease by interacting with and regulating the
transcriptional activity of SMAD223¢. A similar scenario may be taking place in OA, with carriers
of the OA risk-conferring G allele of rs34195470 exhibiting higher levels of WWP2-FL and
WWP2-N protein, altering interaction dynamics with substrate molecules and conferring
detrimental effects upon cartilage homeostasis. Clinical exploitation of this association signal
should therefore focus on the target substrates of WWP2-FL and WWP2-N, and on inhibitors
targeting these two isoforms.

Small molecule WWP2 inhibitors have been identified, complexing with the HECT
domain shared by WWP2-FL and WWP2-C333, The WWP2-C isoform is abundantly expressed
in cartilage and targets SMAD7 for degradation in-vitro?**, suggesting it is required for
maintaining TGFf signalling. In the context of this association signal, other small molecule
inhibitors are required that target the domains exclusively shared by WWP2-FL and WWP2-N:
the C2 domain and WW1 domain. The WW domains are responsible for the recruitment of
target substrates?®. Therefore, disruption of the WW1 domain may be an avenue for
therapeutic intervention. WWP2-FL rapidly degrades SMAD2/3 in the absence of TGFf via
disruption of an auto-inhibitory complex mediated by WWP2-N234, This provides two
alternative mechanisms for therapeutic intervention: preventing WWP2-N-dependent
disruption of the WWP2-FL auto-inhibitory conformation; or increasing the levels of TGFf3 in

cartilage. In these scenarios, the former may be preferred as increased TGFf3 in the aged joint
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has been associated with multiple deleterious effects including chondrocyte hypertrophy,
synovial fibrosis and osteophyte formation®.

CRISPR/Cas9 gene editing has recently been used to edit the BCL11A erythroid-specific
enhancer with no observed off-target effects, increasing foetal haemoglobin and eliminating
vaso-occlusive episodes, and therefore demonstrates a targeted approach to treating [3-
thalassemia and sickle cell disease334. This treatment has since been approved by the FDA,
marking the world’s first CRISPR therapy. This study demonstrates a path for targeted genome
editing that may be applicable to OA. Whilst further research is required to determine the
causal variant(s) of this OA association signal, swapping risk alleles for non-risk alleles may be
protective against disease. However, it is important to consider that this association signal
confers modest effects upon disease risk (OR < 1.1)%23 and therefore may only confer
pathogenic effects in combination with multiple other inherited risk loci'?.

In addition to the underlying genetics of OA, several studies have highlighted DNAm
as a functional mediator of OA genetic risk!66171-173 This presents the epigenome as another
potentially exploitable pharmacological target. In the context of this OA association signal,
targeted de-methylation of the DMR in cartilage would likely decrease transcriptional
activation potential at the WWP2-FL/WWP2-N TSS, attenuating detrimental effects upon
cartilage health. Development of any therapeutic targeting the epigenome must consider
target specificity. For example, nonspecific epigenetic regulators and small molecules
targeting their activity such as the DNMT inhibitor 5-aza-2’-deoxycytidine may induce
desirable effects upon the expression of certain genes whilst inadvertently modulating the
expression of other genes that produce deleterious effects in the joints, exacerbating OA33>-
337 Translation of epigenetic editors fused to CRISPR/Cas9 machinery (e.g. dCas9-DNMT3a
and dCas9-TET1) is therefore an appealing prospect??%33, In addition, treatments must be
appropriately targeted to the affected tissues to prevent undesirable effects in other joint
tissues. In 2023, Kehayova et al reported changes to DNAm levels associated with OA genetic
risk at the COLGALT2 locus conferred opposing effects upon gene expression between
cartilage and synovium?®’. Consequently, epigenetic editing may decrease the effects of an OA
association signal in one joint tissue but inadvertently increase the detrimental effects
observed in another. These findings also highlight the necessity for a comprehensive

understanding of (epi)genetic risk across all tissues affected by OA.
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8.4 Limitations, unanswered questions and future directions

Whilst the body of work presented in this thesis has identified the effectors of OA
genetic risk marked by rs34195470 and provided evidence that can be built upon for the
identification of the causal variant, there are limitations in the study design and unanswered
guestions. In addition to the limitations discussed in each results chapter (Chapters 3-7), this
section highlights four areas for consideration in future studies.

The reporter assays and (epi)genome editing experiments presented in this thesis
were performed using an immortalised chondrocyte cell line routinely studied in cartilage
research. TC28a2 chondrocytes, derived from the costal cartilage of a 15-year-old Caucasian
female, express high levels of COL2A1 and SOX9, representing a chondrogenic
phenotype?°6:284 However, serial subculturing of TC28a2 cells in monolayer can lead to a loss
of phenotypic stability, inducing the expression of osteogenic markers such as COL1A13%,
Future experiments should therefore use human primary articular chondrocytes (HPACs) from
healthy adult donors and OA arthroplasty patients, providing greater insight into the true
biological mechanisms of OA genetic risk. The use of HPACs is not without its own limitations
however, with HPACs rapidly de-differentiating following isolation and subculturing in
monolayer33%34°, Furthermore, the inter-individual variability between patient arthroplasty
samples harvested for HPACs may limit the capability of the functional experiments employed
here to observe modest changes in gene expression conferred by most OA risk loci®¥33°, The
TC28a2 cell line therefore remains a biologically relevant model for studying OA association
signals that future studies utilising HPACs can build upon.

Patient analyses demonstrate that the OA risk-conferring G allele of rs34195470
correlates with increased DNAm levels at the DMR and increased WWP2 expression in
cartilage. Functional studies established that increased DNAm levels at the DMR resulted in
higher expression of WWP2-FL and WWP2-N. The DMR is therefore a functional intermediary
through which OA genetic risk is exerted by the rs34195470 association signal. This raises an
important question: what mechanism mediates the changes to DNAm levels at the DMR in
the presence of the OA risk allele? Experiments such as base editing must be performed that
establish a causal link between the alleles present and the DNAm levels at the DMR3?4, This
limitation is present in all previous functional studies of OA risk loci and their associated

mQTLs, where the mediators of epigenetic change have not yet been identified66171-173,
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Having identified WWP2-FL and WWP2-N as effectors of OA genetic risk, research must
now focus on how these isoforms confer their pathogenic effects in cartilage. As discussed in
Section 8.3, the effect of the rs34195470 association signal upon WWP2-FL and WWP2-N
expression likely leads to changes in TGFf signalling as observed in cardiac fibroblasts and the
human embryonic kidney cell line HEK293T?234236 This observation must be validated in a
suitable cartilage model, such as the TC28a2 cell line or HPACs. Tuerlings et al demonstrated
that upregulation of WWP2-FL in a 3D pellet culture of OA HPACs resulted in decreased
expression of the anabolic markers ACAN and COL2A1%*3. However, proteomic analysis
revealed no observable changes in the protein expression of these markers?*. Meanwhile,
Mokuda et al used mouse models to demonstrate that the catalytic HECT domain of WWP2
mediates degradation of RUNX2, in turn regulating expression of the matrix-degrading
ADAMTS5, suggesting that WWP2 is protective against OA%3’. Whilst these results are
inconsistent with the findings of the OA association signal, where OA risk is conferred by
increased WWP2-FL and WWP2-N expression, it is important to point out that the findings of
the Mokuda et al study simultaneously investigated the activity of WWP2-C in addition to the
WWP2-FL?%¥7, Therefore, this model does not account specifically for OA risk conferred by the
rs34195470 association signal. Nevertheless, the discordancy between the mouse knockout
model and molecular studies using human OA patient samples suggest WWP2 activity in
disease is inconsistent across species, therefore future studies should focus on human models
of cartilage phenotyping for maximum translational potential, building upon the gene/protein
expression analyses and histological approaches taken by Tuerlings et al**3.

The identification of WWP2 as an OA effector gene reveals the third E3 ubiquitin ligase
or ubiquitin ligase-like gene identified as a target of OA risk via the epigenetic intermediary of
DNAmM. TMEM129 encodes a RING-type E3 ubiquitin ligase known as Transmembrane Protein
129 and was identified to be downregulated in the presence of the OA risk-conferring T allele
of rs1173221372. TMEM129 protein localises to the endoplasmic reticulum (ER) where it acts
to facilitate protein degradation via proteolysis and mediates the unfolded protein response
(UPR)34, ER stress, driven by an accumulation of protein aggregates in the ER, initiates the
UPR3*2, However, chronic ER stress can contribute to OA and other diseases of the skeletal
system, including chondrodysplasias3**344, RWDD2B, encoding RWD Domain Containing 2B,
was identified by Parker et al as another target of OA genetic risk, with the risk allele of

rs6516886 correlating with decreased expression of this gene®. Whilst little is known about
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RWDD2B, proteins encoding RWD domains (including ubiquitin ligases) have the capacity to
bind other proteins3*. Other E3 ubiquitin ligases have also been reported to contribute to OA
susceptibility independently of genetics. SMURF2 negatively regulates TGFf signalling via
targeting of SMAD3, which contributes to an OA phenotype in mice>*. Loss of proteostasis has
recently been described as a hallmark of ageing alongside genome instability and epigenetic
alterations'2. OA chondrocytes exhibit impaired proteasomal function, conferring
detrimental effects upon cellular phenotype including decreased SOX9 and ACAN
expression3%¢. Changes to the steady-state levels of cellular proteins mediated by the targets
of OA genetic risk may therefore contribute to the loss of proteostasis observed in OA and

highlights an important area for further research.

8.5 Conclusions

The data presented in this thesis reports for the first time that functional fine-mapping
tools have been used to reveal an OA association signal that regulates the expression of
specific transcript isoforms of a gene (WWP2-FL and WWP2-N). In addition, the integration of
in-silico datasets with molecular analyses of patient samples and in-vitro functional
experiments provides a roadmap that future studies may replicate to elucidate effector genes
of OA risk signals. Future studies should build upon the employed techniques to close the gap
between GWAS discoveries and functional validation of causal variants and their effector
genes, providing a comprehensive understanding of OA genetic risk and ultimately

contributing to the development of therapeutic interventions that improve patient outcomes.

131



Chapter 9: Appendices
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Appendix A. Sample details for OA cartilage samples.

Sample ID Age (years) Sex Joint mQTL analysis | AEl analysis | RTqQPCR analysis

6 71 M Knee No Yes No
19 66 M Hip Yes No No
22 48 M Hip Yes No Yes
39 72 F Knee Yes No No
40 84 F Hip Yes No Yes
41 51 M Knee Yes No Yes
42 71 F Hip Yes No Yes
45 93 M Knee Yes No Yes
49 68 M Hip Yes No No
51 74 F Hip Yes Yes Yes
52 74 F Hip Yes No No
53 55 F Hip Yes No Yes
54 52 M Hip Yes No No
57 63 M Knee Yes Yes Yes
59 60 F Knee Yes No Yes
61 67 M Knee Yes No No
66 56 F Hip Yes No Yes
69 57 M Hip Yes No No
70 75 M Hip Yes No No
72 76 M Knee Yes No No
73 46 F Hip Yes No No
76 65 F Knee Yes Yes Yes
77 71 F Knee Yes No Yes
78 58 M Knee Yes Yes No
79 65 M Knee Yes No Yes
82 67 F Knee Yes No No
86 56 F Knee Yes No Yes
87 51 F Hip Yes No No
89 67 F Knee Yes No Yes
90 60 F Hip Yes No No
92 55 F Hip Yes No Yes
93 64 F Knee No Yes No
96 61 F Hip Yes Yes No
97 65 M Hip Yes No No
98 49 M Hip Yes No Yes
99 82 F Knee No Yes No
100 74 F Hip Yes No No
103 70 F Knee Yes No Yes
104 70 F Knee Yes No Yes
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106 79 M Knee Yes No Yes
107 41 F Knee Yes No Yes
108 72 M Knee Yes No Yes
109 65 F Knee Yes No No
112 61 M Hip Yes No No
114 57 F Knee Yes Yes No
115 69 M Knee Yes No No
116 89 M Hip Yes No No
117 82 M Hip Yes No No
126 66 F Hip Yes No No
127 61 M Knee Yes No Yes
128 64 M Knee Yes No No
132 65 M Knee Yes No No
135 69 F Hip Yes No No
136 68 F Knee Yes No No
166 62 F Knee No No Yes
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Appendix B. Sample details for foetal cartilage samples.

Sample ID | Age (pcw) Sex Joint mQTL analysis | AEl analysis RTgPCR analysis
14377 14 M Tibia Yes No No
14378 14 M Tibia Yes No No
14392 9 M Tibia Yes No No
14393 14 M Tibia Yes No Yes
14397 15 F Femur and tibia No No Yes
14423 12 M Tibia Yes No Yes
14429 14 M Tibia Yes No No
14451 9 M Femur Yes No Yes
14453 12 F Femur Yes No Yes
14460 9 F Tibia Yes No No
14464 16 M Tibia Yes Yes Yes
14467 10 M Tibia Yes No Yes
14471 9 F Femur and tibia Yes No No
14475 16 M Tibia Yes No Yes
14492 12 F Tibia Yes Yes No
14501 16 M Tibia Yes No No
14510 14 F Tibia No No Yes
14512 10 M Tibia Yes No No
14513 12 F Femur and tibia Yes No Yes
14516 15 M Tibia Yes No No
14521 12 M Tibia Yes Yes No
14523 15 F Tibia Yes No No
14524 15 F Tibia Yes No Yes
14525 10 M Tibia Yes No Yes
14532 11 F Tibia Yes No No
14541 11 M Tibia Yes No No
14544 13 M Tibia Yes No No
14555 9 M Femur and tibia Yes No No
14562 9 F Tibia Yes No Yes
14576 8 M Femur and tibia Yes No No
14580 9 M Femur and tibia Yes No Yes
14586 13 F Femur and tibia Yes No Yes
14600 8 M Tibia Yes No Yes
14601 10 M Femur and tibia Yes No Yes
14604 14 F Tibia Yes No Yes
14617 13 F Femur and tibia Yes No No
14619 16 M Femur and tibia Yes No No
14628 17 F Femur and tibia Yes No No
14684 14 F Femur Yes No No
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14703 12 F Femur and tibia Yes No Yes
14713 16 F Femur and tibia Yes No No
14715 12 M Femur and tibia Yes No Yes
14716 10 M Femur and tibia Yes No Yes
14720 15 F Femur and tibia Yes No Yes
14721 10 F Femur and tibia Yes No No
14722 17 M Femur and tibia Yes Yes Yes
14728 16 M Femur and tibia Yes Yes No
14746 16 F Femur and tibia Yes Yes Yes
14748 10 F Femur and tibia Yes Yes Yes
14831 9 F Femur and tibia Yes No No
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Appendix C. Sample details for OA bone samples.

Sample ID | Patient Age Sex Joint mQTL analysis | AEl analysis | RTqPCR analysis
310 69 M Hip Yes No No
325 81 F Hip Yes No Yes
331 56 F Hip Yes No No
333 60 F Hip Yes Yes Yes
337 68 M Hip Yes No Yes
350 81 F Hip Yes No No
353 75 M Hip Yes No No
354 74 F Hip Yes No Yes
359 80 F Hip Yes No No
361 59 M Hip Yes No No
372 83 F Hip Yes No Yes
374 86 F Hip Yes No No
377 64 F Hip Yes No Yes
380 77 M Hip Yes No Yes
381 59 F Hip Yes Yes Yes
387 59 F Hip Yes No No
390 72 M Hip Yes No No
393 75 M Hip Yes No No
394 71 F Hip Yes No No
399 67 M Hip Yes No No
432 65 F Hip Yes No No
435 77 F Hip Yes No No
440 62 M Hip Yes No Yes
442 60 F Hip Yes No No
447 82 F Hip Yes No Yes
449 77 F Hip Yes No Yes
451 74 F Hip Yes Yes Yes
456 75 M Hip Yes No No
459 64 M Hip Yes No No
460 75 M Hip Yes No No
469 74 M Hip Yes No No
475 69 M Hip Yes Yes Yes
477 63 M Hip Yes No Yes
481 85 F Hip Yes No No
482 67 M Hip Yes No No
483 60 M Hip Yes No No
488 61 M Hip Yes No Yes
489 73 M Hip Yes No No
490 74 F Hip Yes No No
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Appendix D. Sample details for OA synovium samples.

Sample ID | Age (years) Sex Joint mQTL analysis | AEl analysis | RTqPCR analysis
3975 60 M Knee Yes No No
4288 85 M Knee Yes No Yes
4429 65 M Hip Yes No Yes
4432 72 F Knee Yes No No
4512 55 F Knee Yes No No
4552 82 F Knee Yes No No
4983 75 M Knee Yes No No
4984 62 M Knee Yes No Yes
5014 55 M Knee Yes No Yes
5023 75 M Knee Yes No Yes
5240 62 F Knee Yes Yes Yes
5266 72 F Knee Yes Yes No
5281 59 F Knee Yes No No
5299 75 F Knee Yes Yes No
5300 87 M Knee Yes Yes No
5301 70 M Knee Yes No No
5351 66 F Hip Yes No No
5377 80 M Knee Yes No Yes
5378 65 M Knee Yes No No
5380 72 M Knee Yes No No
5396 52 F Knee Yes Yes Yes
5400 62 F Knee Yes Yes No
5410 67 M Knee Yes No No
5482 91 M Knee Yes No No
5506 71 F Knee Yes No No
5509 62 M Knee Yes No No
5536 53 F Knee Yes No Yes
5550 57 M Knee Yes No No
5551 49 M Knee Yes No No
5552 54 F Knee Yes No No
5558 75 F Knee Yes No Yes
5562 73 M Knee Yes No No
5564 73 F Knee Yes No No
5569 63 F Knee Yes No No
5572 72 F Knee Yes Yes No
5603 79 F Knee Yes No No
5613 75 M Knee Yes Yes Yes
5614 60 M Knee Yes No No
5622 61 F Knee Yes Yes Yes
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5632 52 F Knee No No Yes
5643 76 M Knee Yes No Yes
5648 66 F Knee Yes No Yes
5652 82 F Knee Yes No No
5654 85 M Knee Yes No Yes
5665 61 M Knee Yes No No
5677 54 M Knee Yes Yes Yes
5680 80 F Knee Yes Yes Yes
5681 51 F Knee Yes No Yes
5712 67 F Knee Yes No Yes
5713 65 F Knee Yes No Yes
5720 68 M Knee Yes Yes Yes
5776 85 F Knee Yes No Yes
5798 52 F Knee Yes No No
6068 59 F Knee Yes No No
6094 54 F Knee Yes No No
6535 67 M Knee Yes No No
6547 50 F Knee Yes No No
6548 81 F Knee Yes No No
6549 45 M Knee Yes No No
6550 80 F Knee Yes No No
6593 72 M Knee Yes No No
6599 81 F Knee Yes Yes No
6603 54 F Knee Yes Yes No
6636 50 F Knee Yes No No
6655 58 M Knee Yes Yes No
6877 71 F Knee Yes No No
6940 72 F Knee Yes No No
1066778 69 F Knee Yes No No
8011503 55 F Hip Yes No No
8041192 72 M Hip Yes No No
8157410 82 F Knee Yes No No
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Appendix E. Primers used for pyrosequencing. [btn], biotin tag at 5’ end of primer.

Application Forward (5'-3') Reverse (5'-3') Sequencing (5'-3') Captured Loci Genomic Position (hg19)
Genotyping CCTGCTGGGACCCACTGA [btn]GCTGGGATTACAGGCG | TCTGCAGTATTGAAACAGA rs34195470 Chr16:69,955,690
TGAG
Genotyping / Allelic TCCATGCTCCCAGATTCTCG [btn] CCACAGGGAAGTACA GCTTGCCACAGCGCA rs1052429 Chr16:69,975,360
expression imbalance (AEI) GCAAATGAC
analysis
Methylation quantification | TGGGAGTGGGGTGGTTATT | [btn]CCAAACCCTATTTTCCC | GGTTTTTATTTTTAGTTGGG CpG 1 (cg02147637) Chr16:69,951,622
TACTCACTAAACA AA CpG 2 Chr16:69,951,667
AATATTAGGATTATTATTTGG CpG 3 (cgl7669573) Chr16:69,951,685
TAG CpG 4 Chr16:69,951,689
CpG5 Chr16:69,951,693
CpG 6 Chr16:69,951,695
TTAAAGATTTTTTTATTAGGT CpG 11 Chr16:69,951,800
GAGA CpG 12 Chr16:69,951,809
CpG 13 (cg26661922) Chr16:69,951,820
CpG 14 Chr16:69,951,830
CpG 15 Chr16:69,951,836
CpG 16 Chr16:69,951,850
[btn]TGGGAGTGGGGTGGT | CCAAACCCTATTTTCCCTACT ACCCCCTAAAACTAATTC CpG9 Chr16:69,951,728
TATT CACTAAACA CpG 10 Chr16:69,951,733
[btn]TTTTGAGGTTTTTATTT | ACATAACCCCCTAAAACTAA | TCCCCTACCACTACCACTACT CpG7 Chr16:69,951,702
TTAGTTGGGAAA TTCC CA

CpG 8 (cg26736200)

Chr16:69,951,706
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Appendix F. cDNA synthesis and RT-qPCR primers. n/a, not applicable.

Product ID Assay Type Supplier Primer/Probe Gene Exon Captured RefSeq ID Ensembl Ensembl ID
Sequences (5'-3') Location Transcripts Transcript ID
n/a cDNA synthesis | Integrated DNA Forward: HBP1 e4-e5 HBP1 NM_012257 ENST00000222 HBP1-201
PCR Technologies TCGAAGAGTGAAC 574.9
CAGCCTT
n/a Reverse:
GAAGGCCAGGAA
TTGCACCATCC
Hs.PT.58.4562 PrimeTime Std Integrated DNA n/a WWwpP2 el-e3 WWP2-FL NM_007014 ENSTO0000359 WWP2-202
1782 PCR Assay Technologies 154.7
Hs.PT.58.2702 PrimeTime Std | Integrated DNA n/a el3a WWwp2-C NM_199424 ENST00000568 WWP2-213
0061.g gPCR Assay Technologies 684.1
Universal IDT oligo + Sigma Aldrich n/a e8-¢e9 WWP2-N NM_00127045 | ENSTO0000569 WWP2-216
Probe Library | Universal Probe 5 174.5
#13 Library
n/a Integrated DNA Forward:
Technologies GAAGGAGAGGAA
CCCAGCA
Reverse:
AGAGTCTCAGGTC
TTCTCAGT
hsa-miR-140- TagMan Thermo Fisher n/a miR-140 n/a miR-140-5p NR_029681 ENST00000385 MIR140-201
5p Advanced Scientific 282.3
miRNA Assay
hsa-miR-140- TagMan Thermo Fisher n/a n/a miR-140-3p NR_029681
3p Advanced Scientific
miRNA Assay
Hs.PT.39a2221 | PrimeTime Std | Integrated DNA n/a GAPDH e2-e3 GAPDH NM_002046 ENST00000229 GAPDH-201
4836 PCR Assay Technologies 239.10
Hs.PT.58v.4562 | PrimeTime Std Integrated DNA n/a HPRT1 e8-e9 HPRT1 NM_000194 ENST00000298 HPRT1-201
1572 gPCR Assay Technologies 556.8
n/a IDT oligo Integrated DNA Forward: 18s el 18s NR_003286 n/a n/a
Technologies CGAATGGCTCATT
AAATCAGTTATGG
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Reverse:
TATTAGCTCTAGAA
TTACCACAGTTATC

C

Probe: 56-
FAM/TCCTTTGGT
CGCTCGCTCCTCTC

CC/36-TAMSp

n/a

n/a

U6 snRNA

TagMan
microRNA
Control Assay

Thermo Fisher
Scientific

n/a

ve

n/a

ve

NR_004394
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Appendix G. Oligonucleotide sequences for in vitro experiments, including cloning primers, gRNAs for genome and epigenome editing, site-
directed mutagenesis, EMSAs, and primers for endpoint and splicing PCRs. Lower case sequences represent restriction enzyme motifs: cctagg,
Avrll; actagt, Spel; caccg, Bbsl forward strand; aaac[gRNA]c, Bbsl/ reverse strand; acgcgt, Mlul; ctcgag, Xhol. n/a, not applicable. [SmedC],
methylated cytosine nucleotide.

A N
Application ssal}/t“i:\r,ne / SNV Target Forward (5'-3') Reverse (5'-3')
Lucia reporter Cloning of n/a CCtaggGAGGTTCCTATTTCCAGCTGG actagtTCACTAAGCAGGTCAACAGAGA
gene assay DMR
gRNA 1 n/a caccgCTGAGGTTCCTATTTCCAGC 23acGCTGGAAATAGGAACCTCAGc
gRNA 2 n/a caccgACAATACTCGGACCACCACC 23acGGTGGTGGTCCGAGTATTGTCc
dCas9-DNMT3a gRNA 3 n/a caccgACGTGCGCAACTATGAGCAG 2aacCTGCTCATAGTTGCGCACGTc
epigenome
modulation gRNA 4 n/a caccgTCACCTGGTAGAGGAATCTT 232acAAGATTCCTCTACCAGGTGAC
gRNA5 n/a caccgGTTTTCCCTGCTCACTAAGC 2aacGCTTAGTGAGCAGGGAAAACc
Non-targeting
gRNA n/a caccgCGTTAATCGCGTATAATACG 232acCGTATTATACGCGATTAACGc
(Control)
U”";‘:;E‘Q:m n/a CGACCGCGGAGTACGTGCGCAACTATGAGCA TGCTCATAGTTGCGCACGTACTCCGCGGTCG
EMSA Methylated
‘:)royb(aase n/a CGACCGCGGAGTA[5medC]GTG[5medC]GCAACTATGAGCA | TGCTCATAGTTG[5medC]GCA[5medC]GTACTCCGCGGTCG
Luciferase Clonine of SNV rs34195470,
reporter gene g. rs9746247, GGGGacgcgtCTGCCATGTTTCCCTTTCCC GGGGctcgagACAGGGGCATGGTCATCTTT
region
assay rs111837947
rs34195470
site-directed ASG rs34195470 CCGCGCCCAGTCAAAACAATCTGTTTCAATACTGCA TGCAGTATTGAAACAGATTGTTTTGACTGGGCGCGG
ite-directe
mutagenesis rs9746247
G rs9746247 CTCACTCTGTCTCTCTGGCTGGAGTGCAGT ACTGCACTCCAGCCAGAGAGACAGAGTGAG
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rs111837947

g rs111837947 GGGGTGGGGGGGGGTTGCGTTCTGATAG CTATCAGAACGCAACCCCCCCCCACCCC
SNV-specific
bCR rs34195470 GGGGacgcgtCTGCCATGTTTCCCTTTCCC GGGGctcgagCTCAGCTCACCACAACCAAC
Luciferase SNV-specific
reporter gene PCR rs9746247 GGGGacgcgtATTATTTTGACTGGGCGCGG GGGGctcgagCATAAAGGTTGCAGCGTGGA
assay
SNV-specific
bCR rs111837947 GGGGacgegtCCTCCTGGGTTTAAGCGATTA GGGGctcgagACAGGGGCATGGTCATCTTT
gRNA 1 rs34135470, caccgGTTGTGACGGGACTATCACA 23aacTGTGATAGTCCCGTCACAACCc
rs9746247
gRNA 2 rs34195470, caccgGCATTGAATTCTCAAGCACC aaacGGTGCTTGAGAATTCAATGCC
CRISPR/Cas9 rs9746247
deletions
gRNA 1 rs111837947 caccgCTATAAGAAGCGAGGAGAAG aaacCTTCTCCTCGCTTCTTATAGC
gRNA 2 rs111837947 caccgTCTGATAGAATAACAAACAG 2aacCTGTTTGTTATTCTATCAGAC
34195470,
Endpoint PCR n/a ri597 16247 TTTTGCCGTCTTGTGTCGT CACCAGACGGATGCAGAAC
(deletion
confirmation) n/a rs111837947 TTGCACCAACCTAATAAATGTTGT CACAGGGGCATGGTCATCTT
WWP2-FL splicing n/a n/a AGCGAGAGCTGCCCAACG CCCGTCCATTGTCCTGTCTCT

PCR

145




Appendix H. The 12 genes identified as rs34195470-eQTLs using GTEx Portal. Where more
than three tissues were identified to host rs34195470-eQTLs, three representative tissues
were listed. Gene coordinates are mapped to UCSC build hg19.

eQTL gene Type Tissue(s) Gene Coordinates (hg19)
CLEC18A Protein-coding Adipose - Subcutaneous Chr16:69,984,608-
Nerve — Tibial 69,998,250
Muscle — Skeletal
CLEC18C Protein-coding Adrenal Gland Chr16:70,207,928-
Thyroid 70,220,798
Whole Blood
EXOSC6 Protein-coding Adipose — Subcutaneous Chr16:70,284,134-
Muscle — Skeletal 70,285,833
Whole Blood
NFAT5 Protein-coding Thyroid Chr16:69,599,869-
69,738,569
NOB1 Protein-coding Oesophagus Chr16:69,775,757-
Thyroid 69,788,871
NPIPB14P Pseudogene Adipose — Subcutaneous Chr16:70,010,292-
Artery — Tibial 70,030,091
Muscle — Skeletal
PDXDC2P Pseudogene Artery — Tibial Chr16:70,044,905-
Muscle — Skeletal 70,099,851
Nerve — Tibial
RP11-296110.3 IncRNA Testis Chr16:70,192,860-
70,207,351
RP11-394B2.1 IncRNA Thyroid Chr16:70,695,570-
70,699,739
RP11-394B2.5 IncRNA Oesophagus — Mucosa Chr16:70,747,890-
70,750,793
SMG1P7 Protein-coding Adipose — Subcutaneous Chr16:70,253,484-
Muscle — Skeletal 70,259,936
Thyroid
wwp2 Protein-coding Artery — Tibial Chr16:69,796,235-
69,975,642
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Appendix I. Histograms showing the age distribution of patient arthroplasty and foetal donor
samples used in Chapter 4. (A) Age distribution in post-conception weeks (pcw) of foetal
cartilage samples stratified by sex. (B) Age distribution in years of OA cartilage samples
stratified by sex (left panel) and joint site (right panel). (C) Age distribution in years of OA bone
samples stratified by sex. (D) Age distribution in years of OA synovium samples stratified by
sex (left panel) and joint site (right panel).
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Appendix J. Stratification of DNAm levels at the 16 CpGs by age in OA cartilage (panel A, in
grey) and foetal cartilage (panel B, in yellow). For both panels, the dotted line at y=0
represents 50% DNAm. Coloured circles represent individual samples. P-values and r? values
calculated using simple linear regression. The solid line represents the regression line with
95% confidence intervals represented by dashed lines. * = P < 0.05; ns = not significant (P >
0.05).
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Appendix K. mQTL analysis stratified by sex in OA cartilage (panels A and B, in grey) and in foetal cartilage (panels C and D, in yellow). For all
panels, DNAm levels at the 16 CpGs were stratified by rs34195470 genotype (GG, GA, AA). Heterozygotes (GA) and minor allele homozygotes
(AA) were plotted together due to low number of AAs per CpG (n<3). Methylation data is plotted in the form of B-values ranging from 0 (no
methylation) to 1 (complete methylation) and expressed as a percentage. In the truncated violin plots, solid and dashed horizontal lines represent
the median and interquartile range. P-values calculated by least squares linear regression. * = P < 0.05; ** = P < 0.01; ns = not significant (P >
0.05).
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Appendix L. mQTL analysis stratified by joint site in OA cartilage (in hip, panel A and in knee, panel B). In both panels, DNAm levels at the 16 CpGs
were stratified by rs34195470 genotype (GG, GA, AA). Heterozygotes (GA) and minor allele homozygotes (AA) were plotted together due to low
number of AAs per CpG (n<3). P-values calculated by least squares linear regression. * = P<0.05; ** = P<0.01; *** = P<0.001; ns = not significant
(P > 0.05). (C) Stratification of DNAm levels at the 16 CpGs by joint site in OA cartilage irrespective of rs34195470 genotype. P-values calculated
using Mann Whitney U test. * = P < 0.05; ns = not significant (P > 0.05). For all panels, methylation data is plotted in the form of B-values ranging
from 0 (no methylation) to 1 (complete methylation) and expressed as a percentage. In the truncated violin plots, solid and dashed horizontal
lines represent the median and interquartile range.
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Appendix M. Stratification of DNAm levels at the 16 CpGs by sex in OA cartilage (in grey, panel A), foetal cartilage (in yellow, panel B), OA bone
(in teal, panel C), and OA synovium (in maroon, panel D) irrespective of rs34195470 genotype. P-values calculated using Mann Whitney U test. *
= P < 0.05; ns = not significant (P > 0.05). For all panels, methylation data is plotted in the form of 3-values ranging from 0 (no methylation) to 1
(complete methylation) and expressed as a percentage. In the truncated violin plots, solid and dashed horizontal lines represent the median and
interquartile range.
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Appendix N. Stratification of DNAm levels at the 16 CpGs by age in OA bone (panel A, in teal)
and OA synovium (panel B, in maroon). For both panels, the dotted line at y=0 represents 50%
DNAm. Coloured circles represent individual samples. P-values and r? values calculated using
simple linear regression. The solid line represents the regression line with 95% confidence
intervals represented by dashed lines. * = P < 0.05; ns = not significant (P > 0.05).
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Appendix 0. mQTL analysis stratified by sex in OA bone (panels A and B, in teal) and in OA synovium (panels C and D, in maroon). For all panels,
DNAm levels at the 16 CpGs were stratified by rs34195470 genotype (GG, GA, AA). Heterozygotes (GA) and minor allele homozygotes (AA) were
plotted together due to low number of AAs per CpG (n<3). Methylation data is plotted in the form of -values ranging from 0 (no methylation) to
1 (complete methylation) and expressed as a percentage. In the truncated violin plots, solid and dashed horizontal lines represent the median
and interquartile range. P-values calculated by least squares linear regression. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001; ns
= not significant (P > 0.05).
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