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Abstract

Chondrocytes are the sole cell type in cartilage and are highly specialised to pro-

duce the cartilaginous extracellular matrix that gives rise to unique biochemical

properties facilitating joint movement. This includes reducing friction on the ar-

ticular surface, distributing load across the joint and in embryogenesis, forming

the scaffold for bone synthesis. One of the most common disease states of the

synovial joint is osteoarthritis (OA), of which the common pathophysiological

finding is degraded and thinned cartilage. This deformation reduces its ability

to maintain a functioning joint and leads to the pain and reduced mobility as-

sociated with OA. Purinergic signalling is the interaction between extracellular

nucleotides and a host of nineteen receptors, dubbed purinergic receptors, which

include seven ion channels (P2X1-7) and twelve GPCRs (G-protein coupled recep-

tors) (A1, A2A, A2B, A3, P2Y1, P2Y2, P2Y4, P2Y6, P2Y11-14). Previous research

has showed that purinergic signalling can influence key phenotypic changes in

chondrocytes and bone cells, and that chondrocytes release nucleotides in re-

sponse to certain stimuli.

The aim of the project was to establish a role for purinergic receptors in chondro-

cyte function, in health and disease. Analysis of existing datasets revealed that

P2Y6 is upregulated in OA, which was confirmed experimentally. Primary hu-

man chondrocytes (PHC) had a UDP-elicited calcium response whilst two com-

monly used chondrocyte cell lines did not. Moreover, MRS2578, a specific P2Y6

antagonist, inhibited the chondrocyte’s ability to upregulate catabolic genes in

response to interleukin 1-β, at both the mRNA and protein level. In addition,

MRS2578 inhibited chondrogenesis in a murine cell line, ATDC5, at low concen-

trations by many outcomes. Furthermore, global RNAseq detected that UDP-βS,

a stable P2Y6 agonist, reduced inflammatory cytokine expression by PHC, an ef-
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fect that may be mediated by STAT6. As such, whilst there are many aspects

of P2Y6 signalling in chondrocytes that remain unclear, a role for this receptor

has been established in various aspects of chondrocyte physiology and may be

pertinent in the effort to find better treatments for OA.
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Chapter 1

Introduction

1.1 The Synovial Joint

The synovial joint is a complex skeletal structure which facilitates movement, ex-

amples being the hip, knee, neck and elbow, and are found where the two adjoin-

ing bones end. For example, the femur and tibia meet at the knee, a type of hinge

joint, that allows for the regulated movement of one bone relative to the other.

There are multiple tissues that form a synovial joint, each with a specialised func-

tion to allow for controlled locomotion.

Bone is a calcified rigid tissue that provides structural support and houses the

marrow, which is where some types of blood and immune cells differentiate or

mature. It also functions to provide the framework for soft tissue and protect or-

gans. The structures that tether bones to each other are ligaments, which prevent

uncontrolled movements and serve to stabilise the joint. Ligaments in the knee

joint include the anterior/posterior cruciate ligaments and the medial/lateral col-

lateral ligaments. Tendons are the fibrous structures that tether a bone to muscle,

and can function differently depending on the location. For example, tendons

in the fingers serve to help position the bones, whereas in the calves, can act

more like springs to store energy. The outer membrane of the joint is the capsule,

which is an avascular fibrous tissue that surrounds the synovial joint. The inner

membrane of the joint is the synovium, which is vascularised (unlike cartilage)

and encapsulates the inner structures. It also houses the synovial fluid. Synovial

fluid is a viscous filtrate from the blood, and enables diffusion of nutrients and
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waste products into/out of the joint. The synovial fluid contains proteoglycans

such as lubricin and hyaluronic acid, which are produced by the fibroblast-like

synoviocytes found in the synovium, and serves to lubricate the joint as well as

provide some shock absorption due to its viscosity. Some joints (including the

knee) have a crescent shaped pad of fibrocartilage called a meniscus, that sits be-

tween the articulated ends of bones and provides resistance to mechanical force.

Articular cartilage is a separate layer of hyaline cartilage that lines the articular

surface of the bones at the joint [1]. Hyaline cartilage differs from fibrocartilage

in that it contains predominantly collagen II, whereas fibrocartilage will contain

predominantly collagen I.

Figure 1.1: Structure of the Synovial Joint. The synovial joint is a complex skele-
tal structure made of many highly specialised tissues. The joint capsule has an
outermost layer of non-vascularised fibrocartilage and an inner layer of vascu-
larised synovium. Within the joint, synovial fluid facilitates oxygen and nutrient
exchange and provides lubrication whilst articular cartilage, made by chondro-
cytes, lines the articular surface and reduces friction. Created with biorender.com.
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1.1.1 Articular Cartilage

Articular cartilage is the viscoelastic tissue that lines the articular surface of bones.

It is an avascular, aneural and alymphatic tissue, relying on passive diffusion

from the synovial fluid for homeostasis. It serves a significant function in the

joint, which is to reduce friction during movement and facilitate the transfer of

mechanical load to the subchondral bone. The extracellular matrix (ECM) of ar-

ticular cartilage gives rise to the unique biochemical properties of the tissue that

allow it to perform as it does. Articular cartilage has distinct layers, which dif-

fer in their ECM composition and cellular morphology as well as cellular density

and distribution (Fig. 1.2).

Figure 1.2: Structure of Articular Cartilage. There are many layers in articu-
lar cartilage that differ in their cellular morphology and arrangement of matrix
components. Closest to the subchondral bone, the deep zone contains columnar
chondrocytes that are round, with collagen arranged perpendicular to the bone.
Moving up towards the articular surface, the middle zone and superficial tangen-
tial zone (STZ) have a sparser population of flatter chondrocytes with collagen
fibrils arranged parallel to the subchondral bone. Taken from [2]

.

The first layer of articular cartilage from the subchondral bone is the calci-

fied zone, where the ECM is partially calcified. This section anchors the cartilage

to the bone through the arrangement of the collagen fibrils perpendicular to the

articular surface and has a sparse population of hypertrophic chondrocytes. The

deep zone also contains the same orientation of perpendicular collagen fibrils but

has a higher density of columnar, round chondrocytes that are not hypertrophic.

The deep zone provides the highest resistance to compressive forces due to its

higher concentration of proteoglycans. The middle zone provides the transition
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from the deep zone to the superficial zone, in that is has a slightly more sparse

population of spherical chondrocytes and the collagen is arranged obliquely. The

superficial (tangential) zone (STZ) is the uppermost layer and is the most respon-

sive to shear/mechanical stress in that it is more pliable and able to deform due

to its lower proteoglycan content and higher water and collagen content. Its col-

lagen fibres align parallel to the articular surface and it has a more flat, sparser

population of chondrocytes that reside in lacunae [3, 4].

Chondrocytes

Chondrocytes are the sole cell type in cartilage, and are responsible for the pro-

duction and turnover of the extracellular matrix. They differentiate from bone

marrow mesenchymal stem cells and express proteins that form both the pericel-

lular and extracellular matrix, as well as catabolic enzymes such as matrix metal-

loproteinases and ADAMTS. A chondrocyte surrounded by its pericellular matrix

is referred to as a chondron, and reside in spaces within the matrix called lacunae

in the zones of articular cartilage closer to the articular surface.

Chondrocytes are sparsely populated compared to other tissues, especially

in the uppermost STZ layer. This has implications for cellular communication

and how they respond to their environment. It is thought that chondrocytes rely

mainly on autocrine signalling or paracrine signalling via simple diffusion, how-

ever do express gap junction proteins, so have the ability to form gap junctions,

at least in monolayer culture [5]. ECM-cell interactions play an important role in

chondrocyte behaviour [6]. Integrins are membrane receptors whose ligands are

components of the extracellular matrix, and can regulate proliferation, apoptosis

and matrix remodelling. There are 24 heterodimeric integrin receptors, recognis-

ing proteins like collagen, fibronectin and laminin [7]. As well as integrins, ECM

components can also signal to other receptors as damage associated molecular

patterns (DAMPS). These can be intracellular components released from apop-

totic or necrotic cells or extracellular components like proteglycan or fibronectin

fragments. These signal to pattern recognition receptors (PRR), such as toll-like

receptors (TLR), NOD-like receptors (NOD) or receptor for advanced glycosyla-

tion end products (RAGEs) and can initiate inflammatory cascades in this way
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[8]. Another facet of chondrocyte homeostasis is the effect of loading. Chondro-

cytes are subjected to constant mechanical force, being the first tissue to receive

the pressure of the adjacent bone. This mechanical load has shown to be critical

for chondrocyte homeostasis [9, 10] and is why moderate joint loading is thought

to be protective in the joint. Multiple mechanosensitive ion channels, such as

Piezo1/2 and TRPV4 have been shown to transduce the physical force to cellu-

lar signalling in chondrocytes [11, 12]. Chondrocytes also have primary cilia that

are formed by microtubules and have been shown to be important for signalling

cascades, such as hedgehog signalling. Loss of primary cilia on chondrocytes has

also proven to be detrimental [13].

Extracellular Matrix

The extracellular matrix of articular cartilage is what gives rise to its high surface

tension and viscoelasticity, allowing it to be able to perform its function in the

joint. Its biochemical composition is a precise balance of most abundantly water

(70-80%), collagens and proteoglycans. The predominantly type II collagen net-

work provides tensile strength, whilst the proteoglycans (i.e. aggrecan) provide

osmotic potential and resulting elasticity and compressive resistance [3]. Pro-

teoglycans arrange in a macromolecular structure. Each aggrecan monomer has

glycosaminoglycan side chains (namely chondroitin and keratin sulfate) that are

covalently linked and provide the osmotic pressure due to their negative charge.

Aggrecan monomers polymerise along a hyaluronan backbone, utilising link pro-

tein. These aggrecan-hyaluronan structures are arranged between collagen fib-

rils, giving rise to a regular repeating structure [14]. The supramolecular struc-

ture of cartilage alters at different distances from chondrocytes and with depth

from the articular surface. Whilst collagen II comprises over 90% of the collagen

content of the cartilage ECM, others are present including collagens I, IV, V VI

and XI as well as other glycoproteins such as perlecan, versican and decorin. The

pericellular matrix (that surrounding a chondrocyte) has more type VI collagen

and perlecan, which are thought to be important in relaying signals to individual

chondrocytes through ECM interactions [15]. As well as providing the structural

integrity, proteoglycans have also been shown to sequester important signalling
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factors in the ECM, such as decorin being able to retain transforming growth fac-

tor beta (TGF-β) in the matrix [16].

Figure 1.3: Cartilage Extracellular Matrix Composition. The ECM of cartilage
provides the unique biochemical properties that give rise to its function. Aggre-
can polymers align along a hyaluronan backbone, which is arranged between
collagen fibrils, producing a supramolecular structure that has high osmotic po-
tential and compressive resistance [17].

1.2 Developmental Chondrogenesis and Endochon-

dral Ossification

Chondrogenesis is the development of chondrocytes and the cartilage tissue from

their mesenchymal progenitors. Mesenchymal stem cells are pluripotent and

can differentiate into osteoblasts, chondrocytes, adipocytes or myogenic/cardiac

cell types [18]. There are two types of bone development - endochondral and

intramembranous. In intramembranous ossification, connective tissues are re-

placed by bone, however most bones in the skeleton are developed by endochon-

dral ossification. Examples of bones formed by intramembranous ossification

include the flat bones of the skull, clavicle and maxilla, whereas long bones like

the humerus and ulna are formed by endochondral ossification. In the latter pro-

cess, during embryonic development, chondrocytes form the cartilaginous scaf-

fold which is eventually replaced by bone and becomes the developing skeleton.

The process begins with the condensation of mesenchymal stem cells in ei-

ther the neural crest or mesoderm. This condensation is dependent on a number

of prerequisite factors, such as bone morphogenetic proteins (BMPs), which sig-

nal via SMAD4, and expression of cell-cell communication proteins such as N-
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cadherin and versican [19]. Within this mesenchyme, the interior cells begin the

differentiation process into chondrocytes, and the peripheral cells form the peri-

chondrium, demarcating the developing tissue. The initial differentiation of the

stem cells is again controlled by a number of factors, but most importantly can-

not occur without SRY-box transcription factor 9 (SOX9) expression, along with

SOX5 and SOX6 [20]. Targets of SOX9 as a transcription factor include ECM com-

ponents such as collagen II and aggrecan, increasing their expression during this

stage of development. This catalyses deposition of matrix by the chondrogenic

cells as well as proliferation, driving longitudinal growth. Fibroblast growth fac-

tor (FGF) signalling is also essential for the condensation and differentiation steps

[21], with impaired cartilage nodule formation in FGFR3-null cultures of MSCs

[22].

As the cells proliferate, those in the center become terminally hypertrophic.

This results in hypertrophy in the classical sense, of increase cell size and volume

as well as exit from the cell cyle, nuclear condensation and eventual apoptosis.

Accompanied by this is a change in their expression profile from collagen II to X,

expression of matrix degrading factors, such as matrix metalloproteinase 13 and

9 (MMP13/9) [23] and alkaline phosphatase to aid in calcification. Vascular en-

dothelial growth factor (VEGF) and receptor activator of nuclear factor kappa-B

ligand (RANKL) are also expressed by chondrocytes, causing neovascularisation

and infiltration by bone precursor cells [24], which differentiate and mineralise

the matrix. RANKL is required for osteoclastogenesis. This process continues,

creating a long bone, with a bony diaphysis flanked by epiphyses (containing

the secondary ossification center) and metaphyses. There is some evidence that

the idea of terminal differentiation and apoptosis of hypertrophic chondrocytes

is incorrect, and that they can undergo a further differentiation or ’transdifferen-

tiation’ into osteoblasts at the ossification center [25].

1.2.1 Epiphyseal Plate

After birth, the bones continue to grow until the end of puberty. The epiphy-

seal plate (growth plate) is the center with which bones grow, whereby carti-

lage becomes replaced with bone, facilitating skeletal growth, in a similar way to
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Figure 1.4: Bone Development. Development of the skeleton begins with mes-
enchyme condensation, followed by the creation of a primary ossification center,
caused by a phenotypic shift of the cells in the center. Longitudinal growth is
achieved by proliferation of chondrocytes in the proliferative zone, followed by
hypertrophy, vascular invasion and calcification by bone cells [26].

skeletogenesis during embryonic development. In humans, the epiphyseal plate

becomes fused at the end of puberty, halting bone growth. It is thought that the

stem-like cells in the reserve zone have a limited proliferative potential, and when

exhausted, the bone cannot grow any further [27].

There are three zones of the growth plate, where the stages of endochondral

ossification occur. In the reserve zone, the singular stem-like chondrocytes are

round and maintain a cartilaginous matrix. In the proliferative zone, chondro-

cytes flatten, proliferate, and continue to deposit a collagen II rich matrix. These

chondrocytes eventually become mature and switch phenotype to a terminally

hypertrophic one, forming the hypertrophic zone. In this zone, the cells change

their expression profile from collagen II to X amongst other changes discussed in

1.2. Angiogenesis, bone cell infiltration and calcification also occurs, leading to

bone formation and chondrocyte apoptosis [28].

This process is controlled by a number of signalling factors. Initially, one of

the main factors controlling chondrocyte proliferation in the proliferative zone

are BMPs, which signal via the indian hedgehog pathway (Ihh) [29]. BMPs are

also thought to be important in the initiation of hypertrophy in chondrocytes,

specifically BMP-2 and BMP-4 [30]. Transforming growth factor beta (TGF-β) is

also crucial to bone growth and development, as mutations can cause phenotypes

such as chondrodysplasias [31]. As chondrocytes become hypertrophic, cells be-
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gin to reduce expression of SOX9 and increase expression of RUNX2, the tran-

scription factor responsible for many bone-related genes (such as VEGF, MMP13

and collagen X) [32]. Hormonal factors such as insulin-like growth factor 1 (IGF-

1) also have an impact on skeletal growth during puberty, with direct effects on

cells. For example, it has been shown to directly stimulate chondrocyte prolifera-

tion [33].

Figure 1.5: Structure of the Growth Plate. The growth plate is the center with
which long bones grow, by replacing cartilage with bone. During this process,
chondrocytes proliferate, mature and become hypertrophic. The change of phe-
notype from proliferative to hypertrophic allows for vascular infiltration and cal-
cification of the matrix by bone cells, forming an ossification center [34].

1.2.2 Bone

Bone is a mineralised tissue that provides structural support to the other organs of

the body. There are three cell types found in bone - osteocytes, osteoclasts and os-
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teoblasts. In a similar way to cartilage, albeit more rapidly, bone cells are continu-

ously remodelling the calcified structure in response to environmental stimuli to

maintain homeostasis, at a rate of 2-3% turnover per year [35]. Osteocytes form

an interconnected network within the osseous tissue and are the cells thought

to orchestrate the remodelling process. They also sense changes in mechanical

loading and react to loading stimuli. Osteoclasts carry out bone resorption and

osteoblasts deposit new bone [36].

The homeostatic remodelling process can be initiated by a number of stimuli,

including hormonal (PTH/oestrogen) or mechanical, which can lead to osteocyte

apoptosis or increased RANKL expression, which recruits the basic multicellular

unit (BMU) and stimulates osteoclastogenesis. The BMU is a collection of os-

teoblasts and osteoclast precursors, which differentiate. The mature multinucle-

ated osteoclasts initiate resorption of the defective bone, via lysosomal enzymes,

creating a lacunae. The osteoblast will then fill this space with osteoid (a mixture

of collagen I and other proteins). The osteoid becomes mineralised via the ac-

tion of matrix vesicles, which take up calcium and inorganic phosphate and form

hydroxyapatite crystals. Mature osteoblasts also produce alkaline phsophatase,

which increases the local concentration of phosphate, aiding mineralisation. Os-

teoblasts then either undergo apoptosis, differentiate into osteocytes embedded

within the mineralised matrix or become a cell that lines the surface of the bone

[37, 38].

1.2.3 Diseases of the Synovial Joint

Owing to the integral nature of the synovial joint, diseases of the tissue are often

debilitating and challenging to cure. Most prevalent is osteoarthritis, which will

be discussed in 1.3. In England, 17% of the population have a disease of the

musculoskeletal system, of which the cost to the NHS is estimated to be £5bn

annually [39]. Rheumatoid arthritis (RA) is an autoimmune condition and has a

systemic inflammatory component, whereby immune cells cause synovitis and

chronic inflammation. This leads to thickening of the joint capsule, pain, reduced

movement and swelling. RA is more common in the small joints of the hands and

feet, whereas OA is found more in the load-bearing joints eg hips and can often
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be asymmetrical, although either can be found in any synovial joint [40]. Gout is

another inflammatory condition caused by chronic hyperuricemia, which leads to

the deposition of uric acid crystals in, most commonly, the toe joint. The uric acid

crystals then initiate inflammation and damage to the joint, leading to pain and

reduced mobility. Some MSK conditions are congenital, such as achondroplasia,

which is caused by mutations to the FGFR3 gene and causes dwarfism due to

defective chondrogenesis, or osteogenesis imperfecta, which leads to brittle bones

as a result of a mutation to the collagen I genes amongst others.

1.3 Osteoarthritis

Osteoarthritis (OA) is a locally inflammatory condition that is highly prevalent in

society. In the UK, 10 million adults have been diagnosed with OA, with 350,000

new diagnoses every year [41] and is expected to rise in the coming decades as

the ageing population grows. In the US, the lifetime risk of being diagnosed with

OA is estimated to be between 14% and 45% [42]. It is a condition characterised

by pain, reduced mobility, stiffness, swelling and local, but not systemic inflam-

mation. Risk factors for the disease include age, heredity, obesity, injury, occu-

pational use and underlying physiological abnormalities [43]. OA is most com-

mon in those aged 45 and over, and is more common and severe in women [44].

Moreover, OA patients often have other co-morbidities, as those diagnosed with

OA are three times more likely to have ischaemic cardiac disease or heart fail-

ure [45]. The disease has also been shown to negatively impact other outcomes

such as mental health, work participation, sleep and mortality [46]. The treat-

ment axis for OA includes pain management, intra-articular injection of corticos-

teroids to relieve inflammation and eventual surgical replacement of the joint,

which results in a long period of convalescence. There are currently no disease-

modifying drugs to treat or slow the progression of OA, and as such has a large

socio-economic burden, with an absenteeism cost in the US of $10.3 billion. It is

also the third most rapidly increasing condition by prevalence, associated with

disability, posterior to diabetes and dementia [46, 47].
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1.3.1 Pathophysiology

OA is a disease of the whole joint. It is characterised by a degradation and thin-

ning of the articular cartilage, which is caused by an imbalance in the anabolic

and catabolic activity of chondrocytes, with higher expression of matrix degrad-

ing enzymes [48]. This is also known as joint space narrowing, whereby the two

subchondral bones become closer together. What initiates this imbalance is not

entirely clear, however it is thought to be the function of a host of mechanical, bio-

chemical and genetic factors. Cartilage is also thought to have a poor ability to

repair itself owing to the low proliferative potential of mature chondrocytes and

their sparse distribution within the tissue [49], in addition to it being avascular.

These two hallmarks also decrease with age and injury [50, 51]. As well as thin-

ning of the articular cartilage, there is focal erosion and fibrillation at the articular

surface, hindering its function as a viscoelastic tissue to lubricate joint articula-

tion. There are also changes to the subchondral bone, namely osteophyte forma-

tion and sclerosis (thickening and hardening of bone). Osteophytes are fibrocar-

tilage bony outgrowths at the junction between cartilage and bone. It is thought

that the TGF-β family of signalling molecules may be responsible for initiating

their development, although it is not clear whether they contribute to the patho-

logical nature of OA [52]. It has been well documented that asymptomatic bone

lesions present prior to any articular cartilage pathophysiological changes or pain

associated with OA [53]. It is also thought that there is paracrine signalling be-

tween different cell types in the joint that may contribute to the pathology of OA.

Co-culture systems have shown that osteoblasts can significantly alter chondro-

cyte phenotype, for example, the soluble 14-3-3ϵ protein secreted by osteoblasts

can increase expression of catabolic enzymes by chondrocytes [54]. There is po-

tentially a metabolic component to OA as well. Chondrocytes are adapted to

survive in the relatively hypoxic, low-nutrient environment and during carti-

lage damage, the oxygen tension is imbalanced and can lead to reactive oxygen

species (ROS) accumulation and dysregulation of the glycolytic metabolic path-

way [55]. Synovial inflammation is also a hallmark of OA, which is thought to

contribute to the pathogenesis of the disease. One such mechanism by which this

arises is through the release of damage associated molecular patterns (DAMPs) as
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a result of injury/joint damage that signal to pattern recognition receptors (PRRs)

expressed by chondrocytes, synovial macrophages or fibroblast-like synoviocytes

to initiate inflammatory cascades [56].

There are similarities between the events that occur in OA and the latter stages

of endochondral ossification. Chondrocytes in healthy tissue resist a terminal

differentiation, however chondrocytes in diseased tissues proliferate and become

hypertrophic. There is also a characteristic increase in expression of hypertrophy

markers, such as MMP-13, collagen X and VEGF. This is accompanied by vas-

cularisation and focal calcification, which also occur during endochondral ossifi-

cation [57]. Some of the signalling pathways that regulate skeletal development

have also shown to be important to the progression of OA, some of which are

discussed below.

1.3.2 Signalling Factors

Chondrocytes are subject to a number of molecular signalling pathways whose

dysregulation contributes to the progression of OA.

Wnt

In the canonical wingless (Wnt) pathway, Wnt is the ligand for a group of GPCRs

called Frizzled (Fzd). In the absence of Wnt/Fzd signalling, β-catenin is contin-

uously degraded by GSK3β, a multiprotein complex, in the cytoplasm. Where

there is Wnt/Fzd signalling, activation of Dishevelled (Dvl) results in deactiva-

tion of GSK3β, and subsequent accumulation of β-catenin. It then translocates to

the nucleus and initiates transcription of a number of target genes. In chondro-

cytes, this pathway has shown to be important to homeostasis. Wnt can also exert

effects in the non-canonical, β-catenin - independent pathway. This can involve

activation of protein kinase C and calcium signalling, leading to transcriptional

regulation via NFAT. The non-canonical pathway can also regulate the canonical

pathway, via expression of NLK, which can inhibit β-catenin [58].

Genomic studies have revealed that functional polymorphisms in the gene en-

coding frizzled-related protein 3, an antagonist of Wnt signalling, are associated

with an increased risk of OA in females [59]. Furthermore, in a mouse model of
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OA, exogenous activation of β-catenin results in an OA-like phenotype [60]. Wnt

signalling has been shown to be able to induce expression of matrix degrading

enzymes, a hallmark of OA tissue [61], and has a role in cell-fate determination

in mesenchymal stem cells (MSC) [18]. To this end, Lorecivivint, an inhibitor of

the Wnt pathway, has entered phase III clinical trials as a disease modifying OA

drug [62].

Figure 1.6: Wnt Signalling. Wingless (Wnt) signalling is thought to contribute to
OA pathology. In the canonical pathway, Wnt activates GPCR Fzd, which causes
phosphorylation and deactivation of GSK3. This allows β-catenin to translocate
to the nucleus and activation transcription of target genes [63].

Notch

Notch signalling is a type of juxtacrine signalling, whereby (in the canonical path-

way) membrane bound proteins (Delta-like 1,3,4 or Jagged 1,2) act as ligands

for notch receptors (Notch1-4) on an adjacent cell. Upon this interaction taking

place, the transmembrane receptor is cleaved and the notch intracellular domain

(NICD) is released into the cytoplasm [64]. In the nucleus, the NICD acts as a tran-

scriptional activator in unison with RBPjκ (recombination signal binding protein

for Ig kappa j), enhancing the transcription of target genes.

In chondrocytes, notch signalling has been shown to influence both endochon-

dral ossification and the pathophysiology of OA [65]. Human chondrocytes ex-

press notch receptors and ligands, which was found to be highest in chondrocytes
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closer to the articular surface [66]. In a surgical mouse model of OA, there was

higher expression of Jagged 1 by OA chondrocytes compared to sham. More-

over, mice that lacked the RBPjκ protein showed a resistance to developing OA,

suggesting notch signalling contributes to the OA phenotype [67]. In develop-

ment, conditional knockout of RBPjκ in mice, whilst lethal, caused embryonic

dwarfism through impairment of the terminal differentiation steps of endochon-

dral ossification, namely vascularisation and matrix degradation (with decreases

in expression of MMP13 and VEGF, but not collagen X) [67], suggesting it is re-

sponsible for orchestrating the latter stages of endochondral ossification. Its role

of inducing hypertrophy and inducing catabolic gene expression is consistent in

both the OA and development context, indicating that it has significant function.

NFκB

Nuclear factor kappa B (NFκB) is a pathway involving many transcription fac-

tors that are often activated in stressed and inflammatory environments. It is an

umbrella term for RelA/p65, RelB, c-Rel, p50 and p52, which share a common

feature of an N-terminal Rel homology domain, which is responsible for their

dimerisation properties. This can be with inhibitors, such as inhibitor kappa B

proteins (IκBs), or promoter/enhancer complexes. Upon recognition of various

stimuli, IκB becomes phosphorylated by IKK (IκB Kinase) and is thus targeted

for degradation by the ubiquitin system. This allows NFκB dimers to translocate

to the nucleus and initiate transcription of an array of genes.

In chondrocytes, this inflammatory pathway is central to OA pathophysiol-

ogy. Many catabolic genes, such as matrix metalloproteinases (MMP) and a disin-

tegrin and metalloproteinase with thrombospondin motifs protease (ADAMTS’)

contain NFκB response elements in their promoters [68, 69]. In this way, NFκB

activation enhances catabolic activity in chondrocytes, as well as upregulating

other inflammatory mediators such as COX2, PGE2 and iNOS [70]. Accordingly,

chondrocyte-specific overexpression of IKK-β (causing lack of tonic control of

NFkB by IKB) resulted in more rapid onset of OA-like phenotypic changes [71].

The activation of NFκB itself can be initiated by interleukins, adipokines, cy-

tokines and activators of toll-like receptors, as well as physical stimuli like UV
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exposure [72]. Chondrocyte viability is also influenced by NFκB signalling. Ac-

tivation correlates with apoptotic signals and reduced chondrocyte viability [73],

and its knockdown is protective against injury-induced chondrocyte apoptosis

in mice [74]. NFκB has also been studied in the context of chondrogenesis and

development. Genetic ablation of NFκB in mice leads to abnormal limb develop-

ment and delayed bone growth [75]. In vitro, it has also been shown that NFκB

signalling promoted growth plate chondrocyte function and longitudinal bone

growth. This effect has also shown to be mediated by growth hormone (GH) and

insulin-like growth factor 1 (IGF-1) [76].

Hypoxia inducible factors

Hypoxia inducible factors (HIF) are a group of proteins that are involved in the

response to hypoxic environments, but have also been shown to regulate aspects

of the pathophysiology of osteoarthritis. Owing to the relatively hypoxic environ-

ment found in cartilage due to the lack of vascularisation, it is thought that HIF

proteins play an important role in homeostasis [77, 78]. HIFs are heterodimers

of one of three HIF-α subunits and HIF-β subunits, which are classified as basic

helix-loop-helix transcription factors (bHLH). HIF proteins are negatively regu-

lated by the ubiquitin ligase system via the hydroxylation of proline residues by

HIF-prolyl hydroxylases. This process requires oxygen, and so in hypoxic con-

ditions, the prolyl hydroxylase activity is lessened and HIF proteins are allowed

to dimerise and become functional. Genes under HIF protein control often have

hypoxia response elements in their promoters.

Importantly, HIF-1α has been shown to regulate SOX9 and is therefore im-

portant to skeletogenesis and development, as SOX9 transcriptionally regulates

a number of key chondrocyte genes, such as collagen II [79]. As such it follows

that hypoxia has been shown to promote chondrogenic differentiation of mes-

enchymal stem cells [80]. Moreover, HIF-1α is a direct regulator of the aggrecan

gene [81]. The expression of HIF-1α is higher in mouse and human OA cartilage,

compared to normal [82], and inflammatory/catabolic stimuli increase its expres-

sion in chondrocytes via PI3K and p38 MAPK [83]. Interestingly, both OA and

normal chondrocytes kept in hypoxic conditions express higher levels of matrix
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genes (collagen II, aggrecan) and lower levels of hypertrophic marker collagen X

and MMPs, suggesting hypoxia is protective [84]. Additionally, HIF-1α protects

against IL-1β induced apoptosis [85]. HIF-2α is also significant to skeletogenesis

and aspects that are analogous to OA, in that is is a significant regulator of colla-

gen X, which is a marker of hypertrophy, as well as MMP13 and VEGF [86]. Its

exogenous expression also initiated cartilage destruction in rabbit and mice [87],

however the study of hypoxia in mouse cartilage may not be fully representative

of human as it is very thin, and thus does not have a sufficient oxygen barrier

[88]. As such, the HIF proteins clearly regulate a number of important homeo-

static genes but their involvement in development and OA is somewhat hazy.

Cytokines and Chemokines

Osteoarthritis is traditionally not considered to be a systemically inflammatory

disease, although elements of local inflammation are present, such as synovitis as

well as chondrocyte phenotype alterations induced by chemokines and cytokines

[89]. Cytokines are a broad group of molecules that regulate inflammatory re-

sponses, such as interleukins. Chemokines are a subset of the cytokine family

whose function is to elicit the chemotaxis of immune cells. Cytokines often exert

their effects through GPCRs on the target cell (or the secreting cell, if autocrine),

and can mediate a wide range of effects. Chondrocytes express both chemokines

and their receptors [90], the former of which has been shown to interact with gly-

cosaminoglycan chains in the ECM [91].

One hypothesis as to the initiation of OA is that tissue damage leads to pro-

duction of damage associated molecular patterns (DAMPS), such as fibronectin

or hyaluronan fragments, which activate toll-like receptors (TLR) and/or nod-

like receptors (NLR) on chondrocytes or other cells in the joint microenviron-

ment. Downstream signalling from these receptors can then initiate inflamma-

tory signalling cascades which cause upregulation of catabolic factors and begin

the pathologic cycle of inflammation [92]. For example, fibronectin fragments

have been shown to cause chondrocyte apoptosis and inhibit chondrocyte dif-

ferentiation via NOD2 [93]. OA has also been likened to a chronic wound in

the sense of inflammation that leads to tissue damage without resolution [94].
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The GPCR signalling that arises from chemokine-receptor interactions often ac-

tivates some of the classical inflammatory signalling pathways, such as NFκB,

PI3K/AKT, and JNK/AP-1.

Interleukin-1β has long been an interest for the OA research field and is often

used in in vitro research as it has the ability to upregulate ECM catabolic genes,

such as MMP13 and ADAMTS5. It also is found in higher levels in the synovial

fluid of OA joints, in addition to TNF-α [95]. However, its utility as a model of

OA in research, its relevance in OA pathophysiology and its utility as a potential

target for OA therapy has been questioned [96]. Knockout of IL-1β as well as ICE

(a metabolic enzyme essential for conversion of pro-IL1 to active IL-1) in mice did

not reduce disease severity when they were subjected to DMM (destabilisation of

the medial meniscus) surgery, a murine model of OA [97]. Moreover, human

studies have shown that blockade of this pathway does not lead to reduced dis-

ease severity nor any significant improvement in the course of the disease [98–

101]. Nevertheless, some polymorphisms in the IL-1 gene are increased in OA

compared to non-OA [102] and it is useful for in vitro research as an activator of

catabolic gene expression, even if this might not be disease relevant.

The role of other more classical chemokines have also been studied within the

context of OA pathophysiology. Sherwood et al. [103] show a chondroprotec-

tive/homeostatic role for CXCR2 in chondrocytes. It’s ligand, CXCL6, is main-

tained within the cartilage ECM by association with HSPG (heparan sulfate pro-

teoglycans) and positively affects homeostasis by stimulating SOX9 expression

and thus maintaining the chondrocyte phenotype. Moreover, in CXCR2 deficient

mice, those subjected to the DMM model had more severe OA [104]. Conversely,

a CCL2 knockout mouse had reduced expression of a number of inflammatory

genes six hours post DMM surgery compared to WT. Whilst these mice only had

a moderately reduced histological OA score compared to WT, they did have sig-

nificantly delayed onset of pain [105]. Human chondrocytes from OA patients

displayed higher levels of hypertrophic markers (collagen X, RUNX2, IHH) when

stimulated with exogenous CCL2 and also upregulated both CCL2 and CCR2 in

response to IL-17A. These effects were reversed with suppression of CCR2 [106].

CCL2 also activated ERK/MAPK pathways via CCR2 to upregulate MMPs in
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both healthy and diseased human chondrocytes, indicating CCL2 catalyses pro-

gression of OA [107]. Conversely, IL3 has been shown to be protective, in reduc-

ing the upregulation of catabolic genes stimulated by IL-1 and reducing cartilage

destruction in mouse models of OA [108]. Inhibition of another aspect of the in-

nate immune system, the NLRP3 inflammasome, has been shown to reduce car-

tilage degeneration and inflammation in DMM mice [109]. As such, whilst OA

is not necessarily thought of as having an inflammatory aetiology, components

of the innate immune system are involved in its progression/course of disease in

both in vitro and in vivo studies.

Figure 1.7: DAMP Signalling Pathway. Damage associate molecular patterns
(DAMP), such as extracellular matrix components can signal to toll-like receptors
(TLR) to initiate inflammatory cascades via NFκB, AP-1 and IRF3. This signalling
is thought to propagate inflammation in chondrocytes and may contribute to the
pathophysiology of OA. Taken from [110].

1.4 Purinergic Signalling

The central dogma of purinergic signalling is the idea that nucleotides can act ex-

tracellularly as discrete signalling molecules. It was first introduced by Geoffrey
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Burnstock in 1972 [111] as a novel transmitter in non-adrenergic, non-cholinergic

nerves supplying the guinea pig taenia coli. It was, however, met with incredulity

in the field owing to the reputation of ATP as the universal intracellular energy

store [112]. Nevertheless, the first purinergic receptor (P2Y1) was cloned in 1993

[113], followed by identification of a further 18 receptors, which today, have been

shown to have widespread expression and function [114]. There are a number

of sources of extracellular ATP. It is a large molecule with a net negative charge,

so cannot pass the plasma membrane by simple diffusion. Its release is thought

to be mediated by vesicular exocytosis or release via connexin/pannexin chan-

nels in homeostatic conditions, the release of which can be increased in response

to hypoxia, mechanical stress or apoptosis. Its release from cells can also occur

as a result of cell membrane instability and disruption by traumatic forces [115].

Pharmacological manipulation of purinergic signalling has been translated into

human benefit, as clopidogrel and ticagrelor (clinically used P2Y12 antagonists)

inhibit platelet aggregation and are thus used as anti-thrombotic drugs.

Figure 1.8: Nucleotide Structure. Nucleotides are biological molecules com-
posed of a nitrogenous base, a ribose sugar and phosphate groups. They form
the basis of DNA, RNA and are essential in cellular metabolism - as well as being
agonists for a group of receptors called purinergic receptors [116].

Nucleotides are important molecules for cellular metabolism, as well as the

structure of biological molecules like DNA and RNA. The basic structure begins

with adenine, a purine nitrogenous base, which when bonded to a ribose sugar
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molecule via a glycosidic bond, becomes adenosine. Uracil and uridine (uracil

bonded to a ribose sugar) nucleotides also have action at some purinergic recep-

tors. The ribose sugar can be phosphorylated to form adenosine tri/di/monophosphate.

These are high energy bonds, which makes the molecule useful in energy metabolism.

1.4.1 Adenosine Receptors

There are four GPCR adenosine receptors (namely A1, A2A, A2B, A3) and have

the characteristic seven transmembrane domains of a GPCR. They are respon-

sive to adenosine, a nucleoside produced from the complete dephosphorylation

of ATP. Adenosine can be synthesised rapidly extracellularly due to membrane

bound ectonucleotidases and as such has ubiquitious distribution within human

physiology. Adenosine itself is metabolised by adenosine deaminase to inosine.

Research into adenosine signalling has unveiled a role for it in many disease pro-

cesses and there is currently an A2A receptor antagonist licensed for Parkinson’s

disease in Japan and the US [117]. Interestingly, there is also epidemiological

evidence for protective effects of caffeine intake (a broad adenosine receptor an-

tagonist) on the risk of getting cardiovascular disease and cancer, yet confers a

higher risk of fracture in women [118].

Table 1.1: Adenosine Receptors. Adenosine Receptors are a group of four
GPCRs that are activated by adenosine and couple to Gi, Gq or Gs, each recep-
tor being activated by differing concentrations of adenosine [119].

Receptor A1 A2A A2B A3
G Protein Gi/o Gs Gs/Gq/11 Gi/Gq/11

Adenosine EC50 (nM) 1-10 30 1000 100

1.4.2 P2X Receptors

P2X receptors are ionotropic ligand gated ion channels whose ligand is ATP, of

which there are seven named chronologically (P2X1-7). They are trimeric i.e.

formed from three subunits which can be the same (homomeric) or different (het-

eromeric). The binding site of ATP lies between subunits, and when bound, it

causes a conformational change in the protein, allowing for the passage of cations

across the plasma membrane. This process can have varying downstream effects
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based on cell type. Research into this signalling system has uncovered a role for

P2X receptors in the cardiovascular system [120], cancer progression [121] and

inflammation [122]. Clinically, gefapixant, a P2X3 antagonist, has been recently

approved in Japan for chronic cough [123].

Table 1.2: P2X Receptors. P2X receptors are ionotropic receptors gated by ATP.
They are formed from three subunits, which can be the same or different, forming
a heterogeneous receptor group. [124].

Homomeric Receptor P2X1 P2X2 P2X3 P2X4 P2X5 P2X6 P2X7
ATP EC50 (µM) 0.56-0.7 2-8 0.5-1 1-10 0.4-10 12 100

1.4.3 P2Y Receptors

P2Y receptors are GPCRs that are responsive to a wider range of nucleotides (in-

cluding uridine nucleotides), of which there are eight (P2Y1,2,4,6,11-14). Whilst

the origin of adenosine nucleotides arises from the metabolism of ATP as the

universal energy molecule, UTP and its metabolites (including UDP-glucose) are

thought to arise from acting as donors in glycosylation reactions. UDP and UDP-

sugars are synthesised in the cytosol and translocate to the lumen of the golgi

apparatus and endoplasmic reticulum (ER), where both molecules can be re-

leased by vesicle exocytosis. UDP can also be generated from the extracelullar

metabolism of UTP, however UDP-glucose cannot be metabolised by NTPDases

[125]. As well as the previously mentioned anti-thrombotics targeting P2Y12 that

are already used therapeutically, P2Y1 inhibition is being investigated for utility

in treating Alzheimer’s disease [126].

Table 1.3: P2Y Receptors. P2Y receptors are a group of eight GPCRs which couple
to Gq, Gs or Gi, which are activated by adenosine and uridine nucleotides. [127].

Receptor P2Y1 P2Y2 P2Y4 P2Y6 P2Y11 P2Y12 P2Y13 P2Y14
G Protein Gq Gq Gq Gq Gq/Gs Gi Gi Gi

Agonist ADP UTP UTP UDP ATP ADP ADP UDP-glucose
EC50 (µM) 10 0.06 0.63 0.63 1.9 0.06 0.01 0.39

1.4.4 GPCR Intracellular Signalling

G protein coupled receptors (GPCRs) are a ubiquitous class of seven-transmembrane

domain proteins that are paramount to cellular signalling. They initiate signalling
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cascades from extracellular stimuli that allow the cell to respond to its environ-

ment. The seven transmembrane domains are associated with an intracellular G

protein, which facilitates the downstream signalling. A G protein is a complex of

three subunits namely alpha, beta and gamma, of which there are four major G

protein families; Gs, Gq/11, Gi/o and G12/13.

In its resting state, the Gα subunit of the G protein is bound to the nucleotide

GDP and the two other subunits, Gβ and Gγ. Upon ligand binding, there is a

conformational change in the transmembrane domains, leading to dissociation of

the inactive g protein heterotrimer. Initially, Gα dissociates from GDP, leading to

separation of the Gα and Gβ,Gγ homodimer. The Gα subunit then binds GTP

owing to the high intracellular concentrations. Dependent on from which family

the G protein is, it will go on to elicit different downstream signalling effectors.

For example, Gq/11 enhances phospholipase C activity to cleave phosphatidyli-

nositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and diacyl-

glycerol (DAG). IP3 can then activate IP3 receptors on the endo/sarcoplasmic

reticulum and cause calcium release. The increase in intracellular calcium con-

centrations can then affect other cellular behaviours, often mediated by calmod-

ulin/calmodulin kinase II (CaMKII). Gs differs in that it often enhances adeny-

late cyclase activity, whereas Gi/o inhibits it, and can influence cell behaviour

via this pathway. G12/13 activates RhoGEF. Signalling is terminated when GTP

is hydrolysed and the inactive heterotrimer of G protein subunits is reformed.

Alternatively, receptors can be phosphorylated by GPCR kinases (GRKs) and in-

ternalised by arrestin-mediated endocytosis.

1.5 Purinergic Signalling in the Joint

1.5.1 Purinergic Signalling in Bone

The effects of purinergic signalling in bone have been better characterised than

that of cartilage. The P2Y2 receptor (whose primary ligand is UTP) has been

shown to have definite physiological effects in bone, but there is not a general

consensus on whether it is protective or deleterious. One knockout model shows

P2Y2 to be a negative modulator of bone formation, as osteoblasts from P2Y2
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null mice displayed increased bone formation, which is supported by in vitro data

showing an inhibitory role for P2Y2 in this process [128, 129]. However, a sepa-

rate P2Y2 null mouse had decreased bone volume, thickness and stiffness, sug-

gesting a protective role for P2Y2 [130]. This is also supported by epidemiologi-

cal evidence, as a gain of function P2Y2 SNP resulted in increased bone mineral

density [131]. Moreover, P2Y2-null mice were not rescued from muscle paralysis

induced bone loss, suggesting it is not protective in this process [132].

P2X7 has also shown to play a role in the homeostasis of bone cells, through

expression by osteocytes and osteoblasts, but also by immune cells in the mi-

croenvironment [133]. It has been shown to be involved in the anabolic response

to mechanical loading in bone, as P2X7-null mice do not increase bone volume

to the same extent as wild type mice [134], an effect which may be mediated by

β3-integrins [135]. There has also been a link drawn between P2X7 and Wnt sig-

nalling in bone cells as BzATP enhanced the Wnt3a elicited nuclear localisation of

β-catenin, an effect that was inhibited by P2X7 antagonists. Moreover, responses

to Wnt3a were diminished in calvarial cells lacking P2X7 [136]. Contrastingly,

another group found that BzATP diminished Wnt signalling and inhibited mark-

ers of osteogenesis [137]. Polymorphisms in the P2X7 gene have been associated

with increased risk of stress fractures [138]. The action of other receptors has been

summarised in Table 1.4.

1.5.2 ATP as a Modulator of Chondrocyte Phenotype

Evidence for the role of purinergic signalling in cartilage dates back to as early as

1991, where ATP and ADP were found to increase prostaglandin E2 (PGE2) pro-

duction in human articular chondrocytes alongside mRNA expression for some

adenosine receptors and P2RY2 [157, 158]. PGE2 was an emerging mediator of

inflammation at the time, and has since been shown to induce collagen degra-

dation and enhance IL-1 signalling [159]. In bovine chondrocytes, conflicting

studies found ATP to inhibit proteglycan release as explants [160], whereas it

stimulated proteoglycan and collagen accumulation in pellet cultures [161]. Me-

chanical loading, a significant factor in the joint, was found to cause ATP release

by cells in both bovine and porcine chondrocytes, an effect that may be mediated
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Table 1.4: Action of Purinergic Receptors on Bone.

Receptor Action Reference
A1 A1R null mice have increased bone volume. [139]

A2A Inhibits osteoclast differentiation. A2A null mice had
decreased bone volume. [140]

A2B A2B null mice have reduced bone mineral density and bone formation. [141]
P2X1 Negatively regulates bone mineralisation. [142]

P2X4 KO mice have improved bone structure and strength,
dependent on age and gender. [143]

Dose dependent reduction in bone formation with
two antagonists, 5-BDBD and PSB-12062. [144]

P2X5 Mediates ATP-induced inflammasome activation and inflammatory
resorptive activity in osteoclasts. No P2X5 null phenotype. [145]

Involved in osteoclast maturation in association with MEP50. [146]
P2X7 Negatively regulates bone mineralisation. [142]

P2X7 null mouse had increased bone loss in osteoporosis model. [147]
P2Y1 Ultrasound-induced osteoblast proliferation mediated by P2Y1. [148]

Mediates ADP-induced bone resorption by osteoclasts. [149]
P2Y2 P2Y2 knockout does not prevent bone loss in dystrophic model. [132]

Mediates ERK1/2 phosphorylation in response to fluid flow
and enhances osteogenesis. [130]

P2Y6 Stimulates osteoclastogenesis and resorptive activity. [150]
Activates NFkB and mediates osteoclast survival. [151]
Involved in bone cell mechanotransduction. [152]

P2Y12 Osteoclasts from P2Y12 null mice had diminished resorptive activity [153]
P2Y12 antagonist inhibits mineralised bone nodule formation
and osteoclast resorptive activity. [154]

Clopidogrel (P2Y12 antagonist) use associated with fracture risk. [155]
P2Y14 Causes osteoblast proliferation and knockout had longer tibias. [156]

by primary cilia [162–164]. Fluid flow shear stress increased ATP secretion as well

and promoted lubricin production [165]. Chondrocytes were also found to pos-

sess the enzymes responsible for metabolism of extracellular ATP in 1995 [166].

In 1997, chick chondrocytes were shown to possess a nucleotide-dependent intra-

cellular calcium elevation from the endoplasmic reticulum in their mature state,

which was one of the first of many to show this response to ATP in chondrocytes

[167–169]. Addition of inflammatory mediators like interleukin-1β enhanced this

response, eluding to its involvement in inflammation [170]. Interleukin-1β has

also been shown to reduce ATP release from murine chondrocytes [171].
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1.5.3 Adenosine Receptors

There has been a long standing link between activity of adenosine at its receptors

and inflammation, in chondrocytes in addition to other cell types. Methotrexate, a

commonly used disease modifying anti-rheumatic drug (DMARD), is thought to

mediate its effects in part due to its ability to increase adenosine release at sites of

inflammation [172]. Interestingly, prenatal caffeine (a broad adenosine receptor

antagonist) administration caused offspring to have reduced cartilage integrity

in mice, suggesting a protective role for adenosine [173]. However the action

of adenosine may have different effects at each receptor, which may facilitate a

dose-dependent effect as the receptors have different affinities for adenosine i.e.

the A2B receptor has the lowest affinity and is therefore only activated in high

concentrations [119].

There is relatively scant data regarding the A1 and A3 receptors in chondro-

cytes. All four receptors are expressed by bovine chondrocytes [174]. There are

reports that neither A1 nor A3 are expressed by human articular chondrocytes

[158], however A1 mRNA was detected and possibly implicated in facilitating

calcium transients in response to adenosine in human chondroprogenitor cells

[175]. An A3 receptor knockout mouse developed progressive articular cartilage

loss, hypertrophy and matrix degradation, suggesting the A3 receptor is protec-

tive [176]. This effect may be mediated by inhibition of the NLRP3 inflammasome

and caspase-1/GSDMD signalling [177].

Comparatively, there is much more data and more of a consensus in the field

pertaining to the impact of the other adenosine receptors. Intraarticular injec-

tion of adenosine in both rat and mouse models of OA was found to be protec-

tive [178]. More specifically, A2A null mice develop spontaneous OA within 16

weeks, a phenotype that is also seen with ablation of ecto-5’nucleotidase gene,

the enzyme that catalyses adenosine metabolism from ATP [171]. Moreover, the

A2A null chondrocyte transcriptome mimics that of OA chondrocytes [179], an

effect that is potentially mediated by effects on mitochondrial metabolism. A2A

null mice have mitochondrial swelling, dysfunction and ROS accumulation, a

phenotype that is common to OA pathophysiology [180]. This effect is thought to

be mediated by the FoxO group of transcription factors [181], and has also been
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shown to reduce markers of senescence, including p53 variants and p21 and p16

[182]. A2A agonism is being tested currently as a therapeutic in canine models of

OA [183]. The protective effect of adenosine was reversed by antagonism of the

A2A receptor, but not the A2B receptor [171], suggesting their signalling is hetero-

geneous. The role of A2B has been investigated in the context of chondrogenesis.

A2B agonism, in combination with shockwaves, inhibited the chondrogenic dif-

ferentiation of human mesenchymal stem cells [184], and was separately found

to push cells towards an osteogenic differentiation fate [185].

1.5.4 P2X Receptors

Expression of P2RX2, P2RX4 and P2RX7 has been documented in all layers hu-

man articular cartilage [186]. P2RX1 and P2RX3 mRNA was identified in bovine

chondrocytes and found to be functional in terms of NO and PGE2 release [174].

Connexin 43 was also found to be expressed by articular chondrocyte primary

cilia [186], which is significant, as ATP release, potentially by connexin hemichan-

nels in response to loading, and subsequent purinergic signalling has been sug-

gested to be involved in the mechanism by which chondrocytes can detect me-

chanical load. Porcine chondrocytes have been shown to release ATP in response

to loading in pellet culture [162]. Early evidence used bovine chondrocytes in

mechanically loaded agarose constructs. When loaded, there was suppressed ni-

tric oxide (NO) release, an effect that was reversed by gadolinium and suramin,

broad spectrum inhibitors of stretch-activated calcium ion channels and puriner-

gic signalling, respectively [187]. A study from the same year found intracellular

calcium release caused by cyclic compression in the same agarose model, that

was blocked by similar inhibitors of purinergic signalling [188]. CITED2 may

also be involved in this mechanotransductive pathway, along with HIF-1α. Uni-

axial strain on chondrocytes caused downregulation of some MMPs, which was

accompanied by upregulation of CITED2. This effect was blocked by some in-

hibitors of purinergic signalling, including EGTA and suramin [189], and may

be mediated by primary cilia [164]. ATP release from porcine chondrocytes was

stimulated by ANK and increased by ivermectin, a P2X4 positive allosteric mod-

ulator, but inhibited by Brilliant Blue G, a more broad-spectrum inhibitor (includ-
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ing P2X4) [190]. Extracellular ATP is relevant to the pathology of CPPD (calcium

pyrophosphate disease) as ATP is broken down to inorganic pyrophosphate and

complexes with calcium to form crystals [191]. The idea that ATP may be in

involved in chondrocyte mechanotransduction is being utilised in the effort to

engineer cartilage tissue for therapeutic purposes. Exogenous ATP is thought to

mimic the stimulatory and protective effect of mechanical loading on engineered

tissue and has led to progress in this effort [192, 193].

There is also literature surrounding a role for P2RX4 in chondrogenesis. In

ATDC5 cells, P2X4 mRNA was expressed along with P2RX3, P2RX5 and P2RX7.

It mediated calcium oscillations that are a prerequisite for cellular condensation

via cAMP PKA signalling. Moreover, blockade of P2X4 with 5-BDBD blocked the

chondrogenic differentiation of the cells [194]. In a separate model system, chick

high density chondrocyte cultures, P2X4 caused intracellular calcium transients

on the third day of culturing, and exogenous ATP addition upregulated SOX9

and matrix production [195].

The P2X7 receptor, also reported to be reproducibly expressed by chondro-

cytes, is often associated with inflammation [196]. In rabbit articular chondro-

cytes, P2X7 mediates ATP-induced cytotoxicity and increased PGE2 release [197].

P2X7 antagonism reduced cartilage damage in a rat MIA (monosodium iodoac-

etate) model of OA, suggesting its signalling has a catabolic effect on cartilage

[198], potentially via activation of NFκB [199].

1.5.5 P2Y Receptors

P2RY2 has shown to be expressed by human articular chondrocytes [158], as well

as other subtypes in mouse cell lines (ATDC5) [200] and rat chondrocytes [201].

Early evidence also showed the P2Y2 receptor to increase the IL-1 induced re-

lease of PGE2 in human chondrocytes [158]. A similar effect of P2Y2-mediated

PGE2 release was also seen in rabbit chondrocytes, accompanied by phospho-

rylation of p38 MAPK and ERK proteins [202]. In a different context, in differ-

entiated ATDC5 cells, oscillatory flow caused increased COX-2 and aggrecan ex-

pression. P2Y2 was upregulated with oscillatory flow, and its overexpression

caused increased ERK phosphorylation [203]. ERK phosphorylation was also
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seen in rat chondrocytes, upon stimulation by ATP, UDP and ADP (and their

non-hydrolysable phosphorothiorate analogues), an effect that was dependent

on protein kinase C and phospholipase D as well as integrin interactions with

certain ECM structures like fibronectin [201].

In the ATDC5 chondrogenesis model, P2RY1 and P2RY13 were more highly

expressed in differentiated cells than undifferentiated, and it was found that UDP

and ADP caused migration of differentiatied ATDC5 cells and upregulation of

collagen II [200], indicating these nucleotides are protective. P2Y12 may also

be protective. Clopidogrel, a clinical P2Y12 antagonist used for anti-thrombotic

activity, increased circulating levels of cytokines and histological markers of in-

flammation in a rat model of arthritis. This may not be relevant to OA as systemic

inflammation is more commonly found in rheumatoid arthritis, but indicates that

P2Y12 is involved in inflammation in the joint [204]. Conversely, an inhibitor of

P2Y11, NF157, reduced the TNF-α-induced expression of MMPs and ADAMTSs

and subsequent action of these enzymes to degrade the ECM in SW1353 cells. The

expression of P2RY11 in OA chondrocytes is also higher than normal chondro-

cytes [205], suggesting P2Y11 may contribute to pathology. In rat bone marrow

mesenchymal stem cells (BM-MSC), the effect of P2Y6 in conjunction with tita-

nium dioxide nanotubes has been studied in the pursuit of improving osseointe-

gration of titanium implants. Titanium nanotubes stimulate osteogenesis in these

cells, which both upregulated P2Y6 expression, and the osteogenic effect was en-

hanced by P2Y6 activation/reduced by its inhibition. This effect was mediated

by PKC-α and ERK1/2 [206]. UDP was also found to cause NFκB nuclear translo-

cation in rabbit osteoclasts, as determined by immunolfuorescent methods [151],

which is a regulator of chondrogenesis and endochonral ossification [207]. In a

separate system, the differentiating chick mesenchyme, ATP was demonstrated

to be released, and P2Y1 inhibited cartilage formation in micromass cultures via

overexpression, suggesting it negatively regulates this process [208].

1.5.6 Hypothesis and Aims

Whilst there is relatively little known about the role of purinergic signalling in

chondrocytes, there is evidence that extracellular nucleotides can affect signalling.
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This is evident from the publications that detail expression of purinergic receptors

by chondrocytes, as well as larger studies involving animal models of disease.

There is a large significance to understanding better how chondrocytes signal be-

cause of the large disease burden that Osteoarthritis presents. As a disease, it

is poorly understood and as a result, has sub-optimal treatment options. Con-

sequently, pursuing previously untapped facets of basic chondrocyte biology is

important in the endeavour to improve treatment outcomes. The overarching

hypothesis is that purinergic signalling has an influence on overall chondrocyte

phenotype, potentially with relevance to disease states. The aims and objectives

of the thesis are;

• To undertake methods development in the field of chondrocyte research

pertaining to which models are appropriate to use.

• To determine if there are any differentially expressed purinergic receptors

across disease states

• To determine if any such receptors may influence disease processes and

overall chondrocyte homeostasis
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Chapter 2

Methods

2.1 Cell Culture

SW1353, C28/I2 and ATDC5 cells were grown to approximately 80% confluency

and passaged in a 1 to 4 ratio every 2-3 days. Primary chondrocytes were used

at passage 1 or 2. Cells were cryopreserved in foetal calf serum (FCS) containing

10% (v/v) DMSO and frozen in a Nalgene Mr. Frosty at -80°C to facilitate slow

cooling, with subsequent long-term storage in liquid nitrogen.

2.1.1 SW1353

SW1353 cells (ATCC) are a human chondrosarcoma cell line. They were cultured

in Dulbecco’s modified eagle medium (DMEM) low glucose GlutaMAX (Gibco)

with 10% (v/v) heat-inactivated FCS (Gibco) and 1% (v/v) penicillin/streptomycin

(10,000U/mL) (Gibco).

2.1.2 C28/I2

C28/I2 cells are a human SV40 immortalised costal chondrocyte cell line and

were donated from the lab of Mary Goldring (Hospital for Special Surgery, New

York). They were maintained in the same conditions as SW1353 except for the

use of 10% non-heat inactivated FCS.
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2.1.3 1321N1

1321N1 are a human astrocytoma cell line that do not have any nucleotide-elicited

calcium responses. P2Y6 expressing 1321N1 were made previously by lentiviral

integration by past members of the Fountain lab, University of East Anglia. They

were maintained in the same conditions as SW1353.

2.1.4 ATDC5

ATDC5 cells are a murine embryonic teratocarcinoma cell line and were kindly

supplied by Dr. Katarzyna Pirog (Newcastle University). They were maintained

in 1:1 DMEM/Hams F12 Nutrient Mix (Gibco), supplemented with 5% (v/v) heat

inactivated FCS and 1% (v/v) 10,000 U/mL Pen/Strep (Gibco).

Induction of ATDC5 Chondrogenic Differentiation

ATDC5 cells were plated in 24 well plates at a density of 5x104 cells/well, and

grown to confluency in normal growth medium. To induce differentiation, media

was changed to differentiation media (normal growth media supplemented with

Insulin, Transferrin and Selenium (ITS) 1X (Invitrogen) and 50µg/mL L-ascorbic

acid 2-phosphate (Sigma)) and cultured for 21 days, with media changes thrice

weekly, being careful not to dislodge the cell layer.

2.1.5 Human BM-MSC

Human BM-MSC (bone-marrow derived mesenchymal stem cells) were kindly

provided by Dr. Matt Barter (Newcastle University) and isolated as previously

described [209]. They were maintained in the same conditions as SW1353 with

the addition of 5ng/mL FGF-2 (Invitrogen) for maintenance of phenotype.

Induction of BM-MSC Chondrogenic Differentiation

Cells were pelleted by centrifugation and resuspended in chondrogenic medium

(DMEM GlutaMax high glucose supplemented with 10ng/mL TGF-β3, 100nM

dexamethasone, 1X ITS premix (Invitrogen), 50µg/mL L-ascorbate 2-phosphate

and 40µg/mL L-proline) to 1 million cells/mL. 100µL of cell suspension was then
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pippetted into a round bottom 96 well plate and centrifuged in the plate for 5

minutes at 500xg. The cell pellets were then maintained in this media for 14 days,

with media changes every 3 days, being careful not to aspirate the pellet.

2.1.6 Primary Human Chondrocytes

Human cartilage was collected under University of East Anglia and Norwich Re-

search Park Biorepository ethical approval from patients undergoing arthroplasty

surgery. Cells were maintained in the same conditions as SW1353 cells, grown to

confluency and used in experiments at passage 1 or 2.

PHC Isolation

Femoral heads or knee joints were obtained in sterile phosphate buffered saline

(PBS) following surgical procedures. In a ducted biosafety hood, cartilage pieces

were dissected off the subchondral bone and placed in PBS. The cartilage pieces

were incubated overnight at 37°C, shaking at 180rpm in 5ml/g cartilage digestion

medium (DMEM GlutaMAX low glucose supplemented with 0.4% (w/v) HEPES,

0.1% (w/v) collagenase type 1A (Sigma), 1% (v/v) 10,000 U/mL pen/strep). Fol-

lowing the digestion period, cells were passed over a 70µM cell strainer (BD Fal-

con) and the eluent was centrifuged at 180xg for 5 minutes. The cell pellet was

washed in standard culture media (described above) and centrifuged again. The

cells were then plated at a density of 4x104 cells/cm2 of culture vessel and al-

lowed to adhere over a 9-day period and were either used in experiments or

cryopreserved.

2.2 Compounds & Reagents

UDP, ADP, MRS2578, MRS2693 and thapsigargin were purchased from Tocris

Bioscience. UDP-βS was purchased from Jena Bioscience. Recombinant human

IL-1β, TNF-α and TGF-β3 were purchased from R&D Biosystems. ATP and FURA-

2 AM were purchased from Abcam. All else was purchased from Sigma Aldrich

or Thermo Fisher.
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2.3 RNA Extraction and Reverse Transcription

2.3.1 RNA Extraction

Media was removed from cultured cells and 500µL of TRIzol (Invitrogen) was

added to each well of a six-well plate to lyse cells and transferred to a 1.5mL

Eppendorf. Following a 10-minute incubation at room temperature with TRIzol,

250µL of chloroform was added and the Eppendorf was inverted 10 times. Af-

ter another 10 minute incubation at 4°C, the sample was centrifuged at 12,000xg

for 15 minutes at 4 °C. The upper, aqueous layer was carefully pipetted into a

new Eppendorf, avoiding transferring any interface of the aqueous and organic

layers. For small inputs, 10µg of RNAse-free glycogen (Invitrogen) was added

to the aqueous phase to aid in nucleic acid recovery by forming a more visible

pellet. 400µL of 2-propanol was added and inverted to mix thoroughly, in order

to precipitate the RNA. Another 10 minute incubation at 4°C allowed for com-

plete precipitation, followed by centrifugation at 12,000xg for 10 minutes at 4°C.

Subsequently, the supernatant was removed carefully, avoiding disrupting the

pellet. 500µL of cold 75% (v/v) ethanol was added to the pellet, and vortexed

briefly, followed by another centrifugation step at 7,500xg for 5 minutes at 4°C.

The ethanol supernatant was removed and the pellet was allowed to air dry for

10 minutes. The pellet was then resuspended in 20µL RNAse-free water and in-

cubated at 50°C for 5 minutes followed by storage at -80°C. If TRIzol was not

used, RNeasy kit (Qiagen) was used according to manufacturers’ instructions.

2.3.2 Reverse Transcription

MMLV (moloney murine leukaemia virus) reverse transcriptase (Invitrogen) was

used to synthesise cDNA from RNA. Extracted RNA was quantified using Nan-

odrop spectrophotometer (Invitrogen) and equalised across experimental sam-

ples in 8µL of RNAse-free water. 2µL of 200ng/µL random hexamers (Invitro-

gen) were added and incubated at 65°C for 5 minutes. Reactions were then set up

as in Table 2.1.

Following addition of 11µL of MMLV reaction mix, samples were incubated
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Table 2.1: 1X Reverse Transcriptase Reaction

MMLV 1µL (200 U)
5X RT buffer 4µL

DTT 0.1M 2µL
dNTPs (2.5mM each) 2µL

Water 2µL

at 25°C for 10 minutes, 37°C for 50 minutes followed by 70°C for 10 minutes to

inactivate the enzyme.

2.4 (q)PCR

Primer Design

Primers were either taken from publications as indicated or designed using NCBI

primer blast to be specific to the sequence, be intron spanning, have a GC content

not exceeding 60% and have no or low predicted secondary structures. Primers

were ordered lyophilised from Merck, reconstituted to 100µM and stored at -

20°C. They were used at a final concentration of 200nM. Annealing temperatures

for primers pairs were tested in optimisation stages ± 5°C around the specified

melting temperature.

PCR

cDNA was amplified using 2X PCR Master Mix (Promega) or Cloneamp HiFi

PCR Premix (Takara) and visualised using agarose gel electrophoresis. PCR prod-

ucts were run on a 1% (w/v) agarose gel in 1X TAE (10X: 400mM Tris, 200mM

glacial acetic acid and 10mM EDTA pH 8.0) and run for 1 hour at 100V. Subse-

quently, the gel was bathed in 5% (v/v) ethidium bromide in 1X TAE buffer (v/v)

for 15 minutes and imaged using a UVP ultraviolet imager.

For quantitative PCR, reactions are set up as follows for 20µL reactions in a

96 well plate. 384 well plates were prepared at 0.5X. The polymerase used was

PCR Biosystems 2X probe mix Lo ROX. Primers and probes were purchased from

Merck and supplied lyophilised. Once reconstituted to 100µM, they were further

diluted to 10µM as a working stock. Probe-based assays utilised an oligo tagged
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with a 5’ FAM and 3’ TAMRA, also supplied lyophilised from Merck, and were

reconstituted to a working stock of 5µM. Some assays were designed using the

Roche Universal Probe library assay design center, and Roche universal probes

were used also at 5µM working stock. Some primers were used with SYBR green

100X (Invitrogen), in which case the probe was replaced with 0.2µL of 100X SG

and made up to volume with water. Where SYBR green was used in place of a

probe, a melt curve analysis was run post amplification, and PCR products were

run on an agarose gel to confirm specificity of the primers.

Table 2.2: 1X PCR Reaction

2X Taq Master Mix 12.5µL
10µM F/R Primers 0.5µL each

cDNA 50ng
Water To 25µL

Table 2.3: 1X qPCR Reaction

2X Probe Mix 10µL each
10µM F/R Primers 0.5µL

cDNA (2ng/µL) 2.5µL housekeeper, 5µL GOI
Probe (5µM) 0.5µL

Water 5µL housekeeper, 2.5µL GOI

Cycling conditions were as follows.

Table 2.4: PCR cycling conditions

1X Denaturation 95°C 2 mins
40X: Denaturation 95°C 30s
Annealing Tm°C (variable)

Extension 72°C 60s.
1X Final Extension 72°C 5 mins

Table 2.5: qPCR cycling conditions

1X Initial hold 50°C 2 mins
1X Denaturation 95°C 2 mins
40X: Denaturation 95°C 10s

Annealing 60°C 30s

qPCR CT values were analysed using the Comparative CT method [210, 211].

CT values from gene of interest (GOI) were subtracted from housekeeper values.
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Biological and technical replicates of housekeeper genes were within 1.5 CT of

each other as a quality check of technical variation, as theoretically there should

be no biological variation in housekeeper gene expression. 2−CT was then car-

ried out to reverse the direction of change i.e. so that a lower CT value results

in a higher value. If there was high inter-replicate variability, fold change was

calculated from an experimental control.

2.5 SDS PAGE

SDS PAGE (sodium dodecylsulfate polyacrylamide gel electrophoresis) was used

to detect proteins in cell lysates. Cultured cells were scraped into 1mL of cold

PBS pH 8.0 and centrifuged at 300xg for 3 minutes. The cell pellet was then re-

suspended in 100µL of RIPA buffer (Thermo Fisher) supplemented with 1X Halt

protease inhibitor cocktail (Fisher) and incubated on a vertical rotary mixer for

30 minutes at 4°C, followed by centrifugation at 14,000xg for 15 minutes to col-

lect cell debris. The supernatant was collected and the protein measured and

equalised using the Bradford assay (Bio-Rad). Bovine serum albumin (BSA) was

used to construct a standard curve (2mg/mL to 50µg/mL) by mixing 200µL of 1X

Bradford reagent with 2µL of protein lysate or BSA standard. The reaction was

mixed by pipetting and the absorbance read at 595nm. Protein concentrations

were extrapolated from the BSA standard curve. Once equalised to the same

concentration, DTT was added to a concentration of 50mM as well as 5X load-

ing buffer (Bio-Rad), and the samples were boiled at 96°C for 5 minutes prior to

loading.

10% (w/v) polyacrylamide gels were cast according to the following recipe

using the Bio-Rad mini-PROTEAN system (Table 2.6), using 10X resolving buffer

(1.5M Tris base, 0.4% (w/v) SDS, pH 8.8) and 10X stacking buffer (500mM Tris

base, 0.4% SDS, pH 6.8). Initially, the resolving layer was cast first, and covered

in a layer of isopropanol. When set, the isopropanol was poured off and the

stacking layer was cast and allowed to set with the combs in place.
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Table 2.6: 10% (v/v) Acrylamide Gel 1X

Lower Resolving Layer Upper Stacking Layer
3mL 30% (w/v) acrylamide 0.65mL 30% (w/v) acrylamide
2.5mL 10X resolving buffer 1.25mL 10X stacking buffer

4.5mL water 3mL water
50µL 10% (w/v) APS 25µL 10% (w/v) APS

7µL TEMED 5µL TEMED

Once loaded into the polyacrylamide gel along with the Bio-Rad precision

plus dual colour standards, running buffer (25mM Tris base, 190mM glycine,

0.1% (w/v) SDS, pH 8.3) was added to the inner chamber. Voltage was applied at

90V until the samples had passed the stacking layer, and then increased to 140V

until the samples had reached the bottom of the gel.

Transfer of the protein to a polyvinylidene difluoride (PVDF) membrane was

achieved by sandwiching the gel on top of the membrane flanked by filter paper

soaked in transfer buffer (25mM Tris base, 190mM glycine, 20% (v/v) MeOH, pH

8.3). Transfer buffer was added to the rest of the chamber and voltage was applied

at 90V for 90 minutes. Following transfer, the membrane was blocked in 2.5%

(w/v) non-fat milk in TBST (20mM Tris base, 150mM NaCl, 0.1% (v/v) Tween-20,

pH 7.6) for 1 hour at room temperature with gentle agitation. The membrane was

then incubated in primary antibody diluted in milk overnight at 4°C, followed by

3x 5 minute TBST washes with gentle agitation. Subsequently, the membrane was

incubated with HRP-conjugated secondary antibody for 1 hour at room temper-

ature, followed by a further 3x 5 minute TBST washes. Chemiluminescence was

then detected using the Pierce ECL chemiluminescent detection kit (Invitrogen)

and a Bio-Rad chemidoc imager.

Table 2.7: Antibodies

Target Antibody Dilution
P2Y6 Abcam ab92504 1:10,000
P2Y6 Alomone APR-011 1:550
P2Y6 Invitrogen PA5-106912 1:1250

α-tubulin CST 2144 1:1000
GAPDH CST 14C10 1:1000

β-actin HRP Invitrogen 15739 1:1000
Na/K ATPase Antibodies.com A94985 1:1000

Goat anti-rabbit HRP Invitrogen 31460 1:1000

53



2.5.1 Biotinylation Assay

To assess whether proteins were on the cell surface, intact cells (and therefore

proteins only found on the cell membrane) were treated with biotin and the bi-

otinylated proteins were extracted using streptavidin beads. Briefly, cells were

washed in cold PBS pH 8 and treated with 0.5mg/mL EZlink Sulfo-NHS Biotin

(Thermo Fisher) at 4°C for 1 hour. The reaction was then quenched with ice-cold

PBS-TG (1x PBS, 25mM Tris, 192mM glycine) by washing the cells twice. Protein

was then extracted as normal (as in 2.5).

25µL of Pierce strepdavidin agarose resin (Thermo Fisher) was aspirated using

a wide-mouth pipette tip and placed into an Eppendorf. The resin was washed

by adding 200µL of RIPA buffer, inverting a few times and centrifuging at 5000xg

for 30s. The beads collect at the bottom, and the supernatant is removed carefully

using gel loading tips. This ’purge’ was repeated before 80µg of biotinylated pro-

tein lysate was added to the resin. The volume was made to 500µL with RIPA

buffer (with protease inhibitor) and the resin/lysate was incubated overnight at

4°C on a rotary mixer. The next day, the resin was purged three times with cold

RIPA buffer, and the remaining proteins were eluted in 5X loading buffer con-

taining 50mM DTT by boiling at 96°C for 10 minutes. Protein was re-quantified

and loaded as normal onto a polyacrylamide gel.

2.6 Fura-2 AM Calcium Mobilisation Assay

Cells to be assayed were seeded in a 96 well plate at a density between 10,000 and

20,000 cells/well, dependent on cell type, and allowed to adhere overnight. The

following day, cells were washed once in salt buffered saline (SBS) (130mM NaCl,

5mM KCl, 1.2mM MgCl2, 1.5mM CaCl2, 8mM D-Glucose, 10mM HEPES, pH 7.4,

mOsm 310), followed by a 30 minute incubation at 37°C with 2µM FURA-2 AM

(Abcam) in loading buffer (0.1% (w/v) Pluronic F-27 in SBS). After this, the cells

were washed twice with SBS and loaded into the Flexstation III, along with sterile

tips and a drug plate. The Flexstation dilutes a specified amount of drug (50µL)

into the media that the cells are bathed in (200µL). Drug concentrations in the

drug plate were 5X the final concentration to account for this final dilution step.
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MRS2578 and ionomycin were dissolved in dimethyl sulfoxide (DMSO) to a stock

of 10mM and diluted in SBS to a final DMSO concentration of 0.5% (v/v) in the

well. A vehicle control of 0.5% (v/v) DMSO was included on each plate and sub-

tracted from readings. Nucleotides were dissolved in water to a stock of 10mM,

and aliquoted and stored at -20°C, to be diluted in SBS prior to use. Post addition

of drug to cells, the plate was read at dual excitation of 340/380nm and emission

of 510nm for a period of 240 seconds. The data is presented as an F ratio, which is

a ratio of the fluorescence at ex340/ex380, as FURA-2 AM is ratiometric, meaning

that as intracellular calcium concentrations rise, there is increased fluorescence at

ex340/em510 and decreased fluorescence at ex380/em510. Pre-stimulation flu-

orescence is reported as a raw F ratio, whereas stimulation data is presented as

a change from a zero baseline. Initially, background from negative control wells

were subtracted from experimental readings. The raw peak f ratio value for each

experimental condition was normalised to a maximal agonist response (includ-

ing vehicle control) and presented as a percentage. The data was then analysed

using the Hill equation (y = start+(end− start) xn

kn+xn ) in OriginLab 2021, where

k = michaelis constant and n = cooperative sites (Hill coefficient).

2.6.1 DNA Constructs & Transformation

In some experiments, cells were transfected with exogenous DNA prior to be-

ing used in the calcium mobilisation assay. To overexpress P2Y6, a pcDNA3.1+

construct containing the P2Y6 ORF (open reading frame) and a DYKDDDDK C-

terminus flag-tag sequence was purchased from Genscript, as well as an empty

vector. The plasmids were transformed using DH5α competent cells. Briefly, cells

were thawed on ice and 400ng of plasmid DNA was added, mixed well and in-

cubated on ice for a further 30 minutes. To facilitate uptake, the cells were heat

shocked at 42°C for 30 seconds, followed by addition of 500µL of SOC medium.

The cells were then allowed to proliferate by shaking at 180rpm for 1 hour at

37°C. Subsequently, the cells were pelleted by centrifugation at 6000xg for 2 min-

utes, resuspended in 100µL of SOC medium and spread on ampicillin containing

(100µg/mL) LB agar plates. The plates were incubated upside down overnight at

37°C. The next day, single colonies were picked and placed in 5mL of ampicillin
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containing (100µg/mL) LB broth, and incubated at 37°C with shaking at 180rpm

overnight again. Plasmid DNA was then purified from these cultures using the

Qiagen plasmid DNA miniprep kit. Glycerol stocks of these cultures were made

by mixing equal parts of glycerol and culture, and stored at -80°C. Cells were

transfected with constructs in a T25 flask using Lipofectamine 3000, using 4µg of

plasmid DNA and 10µL of Lipofectamine 3000, according to manufacturers pro-

tocol. The next day, cells were seeded into a 96 well plate and assayed the day

after.

2.7 Enzyme-linked Immunosorbance Assay (ELISA)

MMP-3 Duo-Set ELISA (RnD Biosystems) was used to assay MMP-3 concen-

trations in cell culture supernates. Briefly, cell culture supernates from vari-

ous experimental conditions were collected and stored at -80°C. Maxisorp 96-

well plates (Fisher) were coated with the working concentration of capture anti-

body overnight, followed by 3X washes in wash buffer (0.05% (v/v) Tween in

PBS). Samples were added, followed by biotin-conjugated detection antibody,

strepdavidin-HRP and TMB substrate with wash steps between each addition.

The substrate colour was allowed to develop for 20 minutes, and the absorbance

was read at 450nm with background subtraction at 570nm using a Perkin Elmer

Envision plate reader.

2.8 Lactate Dehydrogenase Release Assay (LDH)

LDH release was used as a measure of the cytotoxicity of compounds to different

cell types. Briefly, cells were cultured in 96 well plates and incubated for various

time periods with experimental compounds. 45 minutes prior to harvest, 10X ly-

sis solution was added in triplicate to the cells to create an experimental maximal

LDH release. After this time period, 50µL of culture media was mixed with 50µL

of Cytotox 96 non-radioactive assay (Promega) in a new 96 well plate and incu-

bated for 30 minutes at room temperature, followed by the addition of 50µL of

stop solution. Bubbles were popped with a needle and absorbance was read at

492nm. Data was analysed using Graphpad Prism.

56



2.9 Alcian Blue Staining

Cells were fixed in 4% (w/v) paraformaldehyde (PFA) in PBS for 15 minutes at

room temperature, followed by 2X PBS washes. 1% (w/v) Alcian Blue (Sigma)

in 0.1M HCl was added to the fixed cell layer overnight with gentle agitation.

The following day, the Alcian blue was removed and the cells were washed 2X

with 0.1M HCl and pictures were taken under a light microscope. The dye was

then eluted in 200µL of 6M Guanidine HCl (Invitrogen) with gentle agitation for

1 hour at room temperature, and the absorbance was read at 650nm using the

Flexstation III (Molecular Devices).

2.10 Sirius Red Staining

Cells were cultured in regular growth media supplemented with 50µg/mL 2-

phospho-L-ascorbic acid (Invitrogen) and any experimental compounds for a pe-

riod of 48 hours. Cells were then fixed in Bouin’s fluid (Fisher) for 1 hour at room

temperature, followed by 3X PBS washes. Picro-Sirius Red solution (Abcam) was

added to the cells for 1 hour at room temperature with gentle agitation. Follow-

ing removal of the dye, the cell layer was allowed to dry overnight. Cells were

then washed 4X with 0.01M HCl and the dye was eluted in 0.1M 200 µL NaOH.

The absorbance of the eluted dye was then read at 550nm. Adapted from [212].

2.11 Luciferase Reporter Assay

2.11.1 Optimisation of Transfection

Optimisation of transfection of ATDC5 cells was carried out using Turbofect (In-

vitrogen) and Fugene HD (Promega) at different ratios of transfection reagent :

plasmid DNA. The plasmid used to optimise transfection was E8491 pGL4.32[luc2P/NF-

κB-RE] (Promega), which is an NFκB response element-driven luciferase plas-

mid. The plasmid was transformed (as in 2.6.1) using DH5α cells and purified

using the Qiagen miniprep kit. ATDC5 cells were seeded at 7,500 cells/well

in a black clear-bottom 96 well plate and the next day transfected with 100ng
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of plasmid DNA and varying transfection conditions in antibiotic-free complete

media. After 48 hours, the cells were stimulated with 5ng/mL interleukin-1β for

four hours and firefly luciferase expression was measured using the Dual Glo

luciferase assay (Promega) and a Perkin Elmer Envision luminometer. For fu-

ture experiments, the same procedure was carried out, using a 6:1 ratio of Turbo-

fect:plasmid.

Figure 2.1: ATDC5 Transfection Optimisation. ATDC5 cells were transfected
with either Turbofect (Thermo Fisher) or Fugene HD (Promega) using different
ratios of transfection reagent to NF-κB luciferase plasmid (µL reagent:100X ng
DNA). After 48 hours, IL-1β (5ng/mL) was added for four hours and luciferase
activity was quantified using Dual-Glo luciferase kit (Promega).

2.12 RNA Interference (RNAi)

Small interfering RNAs (siRNA) were used for RNA interference in primary chon-

drocytes. Two Flexitube siRNAs (Qiagen) targeting P2Y6 and AllStar non-targeting

siRNA (Qiagen) were purchased and resuspended in diethyl pyrocarbonate (DEPC)

treated water to a concentration of 20nmol. Primary chondrocytes were seeded

in 24 well plates at a density of 40,000 cells/well and left to adhere overnight.

The media was then changed to antibiotic-free complete media and both siRNAs

were co-transfected using Lipofectamine 3000 (Invitrogen) to a final concentra-

tion of 50nM (25nM each) following manufacturer’s protocol. After 48 hours,

experimental conditions were added and downstream processing occurred.
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2.13 Transcriptome Sequencing

Cells were cultured as previously described and total RNA was extracted us-

ing Qiagen RNeasy kit using on-column DNAse digestion (Qiagen RNase-free

DNAse kit) to remove any genomic DNA present. RNA purity and integrity

was quantified using Nanodrop spectrophotometer and Agilent 4200 Tapesta-

tion. 260/280nm ratio values above 1.8 and a RIN (RNA integrity number) of

above 7 was considered suitable for sending. A minimum of 200ng of RNA was

sent to Novogene (Cambridge, UK) for poly(A) selection, library preparation and

adapter ligation, Illumina sequencing and bioinformatic analysis. Analysis was

conducted using the DESeq2 method of differential gene expression by Novogene

[213].

2.14 CRISPR-Cas9 knockout of P2Y6

Figure 2.2: Cas9 Activity. Short oligonucleotide guide RNAs, composed of the
crRNA and tracrRNA and displayed in green, direct the Cas9 enzyme to a spe-
cific locus of the genome. When complexed, Cas9 cleaves the DNA at a site just
upstream of a PAM sequence, creating a double strand break. The repair process
(non-homologous end joining) facilitates ligation of the break, but often produces
indels and can result in a non-functional gene (synthego.com).
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2.14.1 Plasmid Delivery

gRNA Design

Genscript algorithms were used to design two sgRNA sequences targeting P2Y6

in the mouse genome for knockout of P2Y6 in the ATDC5 cell line. They were

screened for both on- and off- target activity and the two top performing se-

quences were selected. The target sites were in exons thought to be crucial for

protein functionality. These sequences were cloned separately into the PX459

plasmid backbone [214] by Genscript and delivered lyophilised.

Transformation

The plasmids were transformed using recombination deficient Stbl3 competent

cells (Invitrogen) due to the presence of long terminal repeats (LTR) in the PX459

plasmid. Transformation was performed as in 2.6.1. Plasmid DNA was isolated

using Qiagen Maxiprep kit to achieve a high concentration minimum of 1µg/µL.

Puromycin Toxicity

To determine the lowest concentration of puromycin that maintains its cytotoxic

effects, cells were seeded in 96 well plates and treated with varying concentra-

tions of puromycin. After 2 days of treatment, cells were washed 2X with PBS to

remove detached cells and the cell layer was fixed for 15 minutes at room temper-

ature with 4% PFA. The cell layer was stained for DNA content with Crystal violet

(0.5% (w/v) in 20% (v/v) methanol) (Invitrogen) for 1 hour at room temperature

with gentle agitation. The cell layer was subsequently washed with PBS 2X, al-

lowed to dry overnight and the bound dye was eluted in 50µL 100% methanol.

The absorbance was read at 540nm.

Transfection

Plasmids were transfected into ATDC5 cells using Turbofect (Fisher Scientific)

in antibiotic-free media using previously optimised conditions. The PX459 plas-

mids were also electroporated into the cells using Ingenio Electroporation Solu-

tion (Mirus Bio). Briefly, 1 million cells were pelleted and resuspended in 250
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µL of electroporation solution and transferred to a 4mm cuvette with 5 µg of

high concentration plasmid (1 µg/ µL). The cells were then electroporated using

a square-wave form pulse of 280V for 15 ms using the Bio-Rad XCell Electro-

poration System. Following electroporation, the cells were transferred to a T25

flask containing pre-warmed media. After 24 hours, the cells were selected with

puromycin as above for a further 48 hours prior to assaying for genomic indel

formation as in 2.14.4.

(a) Puromycin Kill Curve (b) PX459 Map (Addgene)

Figure 2.3: Puromycin Kill Curve & PX459 Plasmid Map ATDC5 cells were
treated with varying concentrations of puromycin for 48 hours, before the cell
layer was fixed and stained with crystal violet, as an estimation of remaining
cells that had survived the puromycin challenge.

Table 2.8: sgRNA-targeting sequences

Targeting Sequence PAM
sgRNA 1 CAGCACCACCGAGTATACCG GTG
sgRNA 2 CGGCAGGCGAGGTCTCCGAA CTT

2.14.2 Ribonucleoprotein Delivery

gRNA Design

3 pre-designed synthetic crRNA (crispr RNA) were purchased from Integrated

DNA Technologies (IDT). IDT also supplied the tracrRNA (trans-activating crispr
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RNA) and recombinant Cas9 enzyme. The guide RNAs were selected for highest

on target specificity and lowest predicted off-target effects. Positive control HPRT

guide RNA was also supplied by IDT.

Table 2.9: gRNA-targeting sequences

Targeting Sequence PAM
AA GCGTCTACCGTGAGGATTTC AGG
AB TGACCCGTTCCGCTGTGTAC GGG
AC TATGGTATGGCCCTCACGGT GGG

RNP Formation and Transfection

Synthetic crRNAs and tracrRNA were resuspended in supplied nuclease-free

duplex buffer to a concentration of 100µM. In sterile, nuclease-free conditions,

gRNA complexes were formed by diluting each individual crRNA with tracr-

RNA separately to a final concentration of 1µM in duplex buffer. The RNA was

heated to 95°C for 5 minutes, and allowed to cool to room temperature. The Cas9,

supplied at 52µM was diluted to 1µM in Opti-MEM (Invitrogen), again in sterile,

nuclease-free conditions. Lipofectamine CrisprMAX (Invitrogen) and TransIT-X2

(Mirus Bio) were used to transfect. To form the RNP complex, the following was

combined and allowed to incubate at RT for 5 minutes.

Table 2.10: RNP Formation

1µM gRNA 8µL each (x3)
1 µM Cas9 28.8 µL

Cas9 PLUS reagent 12.5 µL
Opti-MEM 59.7 µL

In a separate tube, 7.5µL of Lipofectamine CrisprMAX reagent was added

to 125µL of Opti-MEM, and vortexed. The diluted lipofection reagent was then

added to the RNP complex and allowed to incubate for 15 minutes at room tem-

perature. In this time, ATDC5 cells were trypsinised and diluted to a concentra-

tion of 400,000 cells/mL in antibiotic-free complete media. After the incubation

period, 250µL of RNP-transfection mix was added to a 6 well plate and 500µL of

cell suspension was added. Forward transfection was also tested, using the same

concentration of gRNA and Cas9, but plating cells 24 hours before adding the
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transfection complex. The media was changed after 24 hours and incubated for a

further 24 hours before proceeding. This protocol was also scaled down to 24 well

plates for subsequent experiments, mainaining the concentration of gRNA/Cas9.

Where TransIT-X2 (Mirus Bio) was used, manufacturer guidelines were followed.

2.14.3 Lentiviral Delivery

Generation of a stable ATDC5-Cas9 line

Cells were plated in 6 well plates at a density of 20,000 cells/well to achieve ap-

proximately 50% confluency the next day. After an overnight incubation, the cells

were transduced with pLV[Exp]-CBh/hCas9/Hygro lentiviral particles (Vector

Builder) and 5µg/mL of polybrene (Vector Builder) at an MOI (multiplicity of in-

fection) of 100. The cells were incubated overnight, and the media was replaced

the next day. After a further 24 hours to allow for sufficient expression of antibi-

otic resistance genes, 200µg/mL of hygromycin B (Invitrogen) was added to the

media. After 10 days, the resistant cells were expanded in normal growth media.

PCR was used to detect the insertion of the Cas9 gene in the genomic DNA. All

lentiviral waste was treated with 10% (v/v) Chemgene for 24 hours.

Transfection of Guide RNAs

Synthetic guide RNAs that were used in the RNP delivery method were trans-

fected into the ATDC5-Cas9 cells alone using Turbofect at a final concentration of

30nM.

2.14.4 Assessment of Indel Formation

Genomic DNA was extracted from a mixed population of cells using Monarch

genomic DNA extraction kit (New England Biolabs) or LGC QuickExtract DNA

solution. A region of DNA spanning the gRNA cut sites (primer sequences in 8.1)

was amplified using CloneAmp HiFi PCR 2X premix (Takara) and purified using

the Macherey Nagel PCR purification kit.
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T7E1 Cleavage Assay

17µL of the purified amplicon (∼400ng) was mixed with 2µL of 10X NEBuffer 2

and heated to 95°C for 10 minutes, followed by cooling to 85°C at a ramp rate of

-2°C/s and a subsequent cooling step to 25°C at a ramp rate of -0.3°C/s to create

heterodimers. 10U of T7E1 (New England Biolabs) was then added to the reaction

and incubated at 37°C for 15 minutes, followed by the addition of 1µL of 0.25M

EDTA to quench the reaction. DNA products were then analysed by agarose gel

electrophoresis. Multiple products indicates heterodimers were formed by indel

formation and cleaved by the nuclease.

Sanger Sequencing

Amplicons were also sent for sanger sequencing by Source Bioscience and en-

tered into deconvolution algorithms to estimate the percentage of cells in the

mixed pool that had genomic indels. Four algorithms were used; SeqScreener

(Thermo Fisher), TIDE (Tracking of Insertion and Deletion Events) [215], DE-

CODR (Deconvolution of Complex DNA Repair) [216] and ICE (Inference of

CRISPR Edits, Synthego) [217].

2.14.5 Clonal Dilution

To obtain a knockout cell line that originates from a single cell, the mixed pop-

ulation of cells that were verified to have indels were serially diluted. 4000 cells

were put into the top left corner of a 96 well plate and diluted 1 in 2 down the first

column and then every row across the plate to achieve single cell suspensions at

the lower right hand corner of the plate. The plate was incubated for around

two weeks until colonies were seen in individual wells. These were trypsinised

and expanded into larger plates/flasks and assayed for P2Y6 knockout by sanger

sequencing, PCR and western blot.

2.15 Protein Arrays

Protein arrays were purchased from RayBiotech. They were supplied as 8 sample

kits, detecting phosphorylation of proteins from common signalling pathways
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(AAH-PPP-1-8) and cytokines (AAH-CYT-5-8). For the phosphorylation array,

cells were cultured in twelve-well plates at a density of 50,000 cells/well and

following an overnight incubation, cultured in serum free media. Following an-

other overnight incubation to serum starve the cells, they were stimulated with

UDP-βS and harvested using the lysis buffer provided supplemented with phos-

phatase and protease inhibitors. Protein was quantified using the Bradford assay

(as in 2.5) and equalised to 150µg/mL in supplied blocking buffer. Membranes

spotted with antibodies were blocked for 30 mins at room temperature, followed

by incubation with the sample for 4 hours at room temperature. After five washes

(three with wash buffer I and two with wash buffer II, 5 minutes each on a ro-

tary rocker), the membranes were incubated with supplied detection antibody

overnight at 4°C on a rotary rocker. The next day, another wash sequence was

performed and the membranes were incubated with supplied rabbit IgG-HRP

for two hours at room temperature, followed by another wash sequence and de-

tection using chemiluminescent detection kit (also supplied).

For the cytokine array, cells were plated and serum starved as above. Prior to

stimulation, media was changed to fresh serum-free media, and cells were stim-

ulated with UDP-βS for 48 hours, collecting cell culture supernatants at 24 and

48 hours post stimulation and stored at -80°C. The procedure for detection was

similar to the phosphorylation protein array, except for the use of biotinylated

detection antibodies and strepdavidin-bound IgG-HRP for chemiluminescent de-

tection.

Data Analysis

Following chemiluminescent detection, data was analysed in ImageJ. Initially the

image was inverted and the mean pixel density of each spot was measured. Back-

ground values from the negative control spots of each corresponding membrane

were subtracted from the test spots. From this, technical duplicates were av-

eraged. Fold change was calculated by taking into account the variability be-

tween each membrane, as each time point was assayed on a different membrane.

There was a positive control spot on each membrane, which accounts for inter-

membrane variability and allows for comparison. The time point 0/control mem-
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brane (T0) was used to determine fold change of each subsequent time point (Tx)

from. The formula FC = (x2 ∗ r1/r2)/x1 was used. x1 is the T0 test spot, x2 is

the experimental (Tx) test spot, r1 is the T0 positive control spot, r2 is the positive

control spot on the Tx membranes.

Figure 2.4: Proteomic Membrane Analysis. For analysis of the solid phase pro-
teomic arrays, positive control spots on both the time point 0 (T0) and later time
point membranes (Tx) were used to account for inter-membrane variability using
the formula described in section 2.15.

2.16 Statistical Analyses

Graphpad Prism 9.0 was used for statistical analyses. Data was tested for normal

distribution with a Shapiro-Wilk test. For normally distributed data, an ANOVA

with Tukey’s post-hoc test of multiple comparisons was used to test for signifi-

cance between more than two groups. For two groups, a t-test was carried out.

For non-normally distributed data, a Kruskal-Wallis ANOVA followed by post-

hoc tests was carried out. To test if a fold change is significantly different from a

hypothetical fold change of 1 (i.e. where there was no change), a one sample t test

was used where there was Gaussian distribution. A p value <0.05 was taken as

significant. N represents biological replicates, n represents technical replicates.
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Chapter 3

Investigating Expression and

Function of P2Y6 in PHC

3.1 Introduction

Whilst there has been some exploration of the purinergic expression profile of

chondrocytes in the literature, this has often been in non-human cells [161], and

the full expression profile of both human cell lines and primary human chondro-

cytes has not been fully elucidated. Moreover, whilst the purinergic system has

been very well characterised functionally in other physiological modalities, e.g.

the cardiovascular system where there are clinically used antagonists, the role

of purinergic signalling in chondrocytes and whether this pathway may be ex-

ploited for treatment of disease remains to be as fully explored. In disease states

such as OA, chondrocytes’ dysregulated signalling contributes to the degradation

of the tissue and their inability to repair, thus propagating the disease. Under-

standing better which signalling pathways contribute to this dysfunctional state

may illuminate new strategies to prevent cartilage degradation and maintain the

chondrocyte phenotype as well as structural integrity of the ECM tissue. The use

of transgenic mice has revealed skeletal phenotypes that indicate an important

role for purinergic signalling. For example, A3 and A2A knockout mice both

develop signs of OA, such as cartilage loss and pain [171, 176]. Moreover chon-

drocytes have been shown to release nucleotides in response to hypoxia and me-

chanical stress [218] and P2X4 has been shown to mediate calcium currents that
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are a prerequisite for chondrogenic condensation, which itself is a prerequisite to

the first stages of chondrogenesis [194]. It is clear from the existing literature that

there is involvement of nucleotides in the regulation of cells found in the muscu-

loskeletal system. As such, the hypothesis of this chapter was that one or more

purinergic receptors may be differentially expressed across disease phenotypes

and may play a role in homeostasis of cartilage tissue and pathogenesis.

The aims of this chapter are to:

• To investigate functional expression of purinergic receptors by human chon-

drocyte models, both primary and immortalised cell lines.

• To analyse existing datasets to see if expression changes in disease states.

• To understand how any identified receptors may influence expression of

key chondrocyte genes that are disease relevant.

3.2 Results

3.2.1 Chondrocyte cell lines and PHC express multiple puriner-

gic receptors

Initially, RT-PCR and gel electrophoresis was carried out to investigate purinergic

mRNA expression by chondrocytes, however owing to the lack of reproducibility,

specificity and quantitation, a qRT-PCR approach was chosen. Figure 3.1 com-

pares the expression of all nineteen purinergic receptors across three cell types -

C28/I2 immortalised costal chondrocyte line, SW1353 chondrosarcoma line and

KOA (knee osteoarthritis) PHC (primary human chondrocytes). The CT values

are shown in Table 3.1 with 18S housekeeper CT values subtracted from them.

P2RY13 mRNA is not expressed by any of the cells, and P2RX3 was only ex-

pressed by KOA PHC. The cell lines are consistent with primary cells in the lack

of P2RY13 expression, however, the cell lines lack P2RX3 expression, whereas

PHC do express mRNA for this receptor.

Expression levels of each receptor was compared within each cell type. For

KOA cells, the most highly expressed receptor was A1R, whereas for C28/I2 and
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SW1353, it was ADORA2B and P2RX4, respectively. However, P2RX4 was also

highly expressed by C28/I2 and KOA, being ranked as second mostly highly

expressed by those two cell lines. Other receptors that are ranked in the top five

for all three cell lines include ADORA2B and P2RY6. P2RX5 is third most highly

expressed by C28/I2, whereas expression levels are much lower in the other two

cell types. Of note, SEM values are much higher in the KOA means that the two

cell lines, which is consistent with donor heterogeneity. CT values over 35 were

assumed to be non-specific amplification as a high amount of cDNA was used

(12.5ng).
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Figure 3.1: mRNA Expression of Purinergic Receptors. RNA was extracted from
KOA PHC (A), C28/I2 (B) and SW1353 (C) followed by qRT-PCR for the puriner-
gic receptors. CT values >35 were discounted and taken as non-specific amplifi-
cation. N=3 (separate patient isolates for PHC), data presented as mean.
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Table 3.1: mRNA Expression of Purinergic Receptors - CT Values. RNA was ex-
tracted from SW1353, C28/I2 and PHC, followed by qRT-PCR for the purinergic
receptors. CT values >35 were discounted and taken as non-specific amplifica-
tion. N=3 (separate patient isolates for PHC), data presented as mean CT values
with 18S housekeeper CT values subtracted. NE = Not Expressed.

Receptor KOA CT (SEM) C28/I2 CT (SEM) SW1353 CT (SEM)
ADORA1 14.1 (2.5) 17.1 (0.3) 10.7 (0.3)

ADORA2A 18 (0.9) 20 (0.3) 13.2 (0.3)
ADORA2B 16.7 (2.7) 11.3 (0.3) 10.7
ADORA3 18.7 (1.2) 18.6 (0.6) 18.5 (0.3)

P2RX1 17.6 (1.6) 22.1 (1.4) 20 (0.4)
P2RX2 16.9 (0.4) 22.2 (0.5) 18.4 (0.6)
P2RX3 19.9 (0.8) NE NE
P2RX4 15.1 (2.8) 16.3 (0.3) 10.4 (0.5)
P2RX5 19.7 (3.0) 16.6 (0.6) 17.5 (0.4)
P2RX6 17.2 (3.0) 20.3 (0.4) 14.1 (0.7)
P2RX7 18.9 (2.8) 19.7 (0.6) 12.1 (0.7)
P2RY1 20.3 (0.8) 19.9 (0.2) 19.8 (0.4)
P2RY2 16.5 (1.9) 24.1 (0.7) 19.8 (0.7)
P2RY4 19.3 (2.7) 22.2 (0.2) 18.0 (0.2)
P2RY6 15.8 (2.8) 18.2 (0.3) 13.5 (0.3)

P2RY11 17.8 (1.6) 21.1 (0.3) 15.7 (0.5)
P2RY12 19.9 (2.6) 19.9 (0.2) 18.5 (0.5)
P2RY13 NE NE NE
P2RY14 22.8 (3.2) 20.5 (0.6) 20 (0.3)

3.2.2 SkeletalVis reveals P2Y6 to be upregulated in OA

One indication as to whether a receptor might be important in disease processes

is whether its expression levels change between disease states. This strategy was

employed as it is a relatively easy and quick method of finding receptors that

might be relevant to pathophysiology. In order to detect changes in puriner-

gic receptor expression between healthy and diseased chondrocytes in existing

datasets, an online transcriptomics database pertaining to musculoskeletal dis-

eases was used. An analysis of five separate datasets contained within SkeletalVis

[219], comparing chondrocytes from normal tissue to that from osteoarthritic tis-

sue, found P2Y6 to be upregulated (Fig. 3.2). Its expression is 1.88-fold higher

(SEM ±0.3, p = 0.09) in OA chondrocytes. The datasets collated by SkeletalVis

were from these publications [220–224], and are summarised in Table 3.2.
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Table 3.2: Publications Collated by SkeletalVis. SkeletalVis was used to inter-
rogate existing transcriptomics data pertaining to musculoskeletal diseases. Data
from the publications summarised in this table were analysed.

Reference PMID Author Summary
[220] 22659600 Xu et al., 2012 NOF vs HOA n=9.

[221] 24361742 Snelling et al., 2014 Damaged vs undamaged from the same knee.
Phenotype of anteromedial gonarthrosis. n=9.

[222] 29273645 Soul et al., 2018 KOA (n=44) vs NOF (n=10)

[223] 25054223 Ramos et al., 2014 Damaged vs undamaged from the same joint,
both hip and knee n=33.

[224] 26973327 Dunn et al., 2016 Damaged vs undamaged from the same knee
n=8.

Figure 3.2: Existing Dataset Analyses. SkeletalVis [219] was used to interrogate
purinergic receptor expression by chondrocytes from diseased and healthy carti-
lage, compiled from five separate experiments. A one sample t test was used to
test for significance from a theoretical fold change of 1. Data represented as mean
± SEM.

qRT-PCR was then used to detect P2Y6 mRNA expression by chondrocytes

isolated from hip or knee OA joints and NOF (neck of femur) healthy cartilage

hip joints from patients who were undergoing surgery for non-OA pathology

i.e. trauma. P2RY6 is significantly increased in expression by OA chondrocytes

compared to those isolated from NOF tissue (Fig. 3.3).
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Figure 3.3: P2RY6 mRNA Expression by OA and NOF Chondrocytes. cDNA
was provided by Dr. Matt Barter (Newcastle University) from chondrocytes iso-
lated from neck of femur (NOF) and osteoarthritis (OA) tissue. P2RY6 mRNA
was detected by qRT-PCR. Unpaired t-test, *p =< 0.05. N=5/7 patient isolates.
Data represented as mean ± SEM.
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3.2.3 Expression of functional P2Y6 in cell lines

It then became pertinent to understand whether P2Y6 was expressed in the pri-

mary cells and cell lines that were to be used for future experiments. To determine

if PHC, SW1353 and C28/I2 express P2Y6 protein, cell lysates were probed with

two different P2Y6 antibodies by SDS-PAGE. The first antibody, alomone APR-

011, a polyclonal antibody, produced bands of around 150kD that were not at the

expected weight of 37kD (Fig. 3.4), and so was deemed non-specific. Another an-

tibody tested was a monoclonal antibody, abcam ab92504, which produced bands

at the expected weight of 37kD (Fig. 3.5). Its specificity to P2Y6 was demonstrated

with cell lysates from native and P2Y6-expressing 1321N1 astrocytoma cells. This

shows that P2Y6 protein is expressed by all three cell types, with slightly darker

bands produced from the SW1353 and C28/I2 cell lysates.

Figure 3.4: SDS PAGE with Alomone P2Y6 Antibody. SW1353 and C28/I2 cells
were lysed and the proteins were solubilised RIPA buffer. Following quantifica-
tion, 40µg total protein was loaded onto an acrylamide gel. Primary antibody
was used at 1:550.
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Figure 3.5: SDS PAGE with Abcam P2Y6 Antibody. Cell lysates from KOA,
SW1353 and C28/I2 were solubilised with RIPA buffer and probed for P2Y6 pro-
tein. 40ug total protein was loaded onto an acrylamide gel, and the primary anti-
body was used at 1:10,000. From left to right; P2Y6 expressing 1321N1, parental
1321N1, SW1353, C28/I2, KOA 1, KOA 2.

Functionality of the expressed P2Y6 was then tested by measuring intracel-

lular calcium changes elicited by UDP stimulation, as would be expected from a

Gq coupled GPCR. Initially, SW1353 chondrosarcoma cells were stimulated with

UDP over a range of doses (maximally 1mM). Despite expressing P2RY6 mRNA

and protein, there was no characteristic increase in intracellular calcium elicited

by any dose of UDP nor ATP. Ionomycin, a Ca2+ ionophore, did elicit calcium re-

lease, showing that the cells were loaded with FURA-2 and the assay was work-

ing. This finding was the same for C28/I2 cells (Fig. 3.6), despite this being a

different cell line in that it is non-neoplastic and costal in origin.

To understand why SW1353 may not have a UDP elicited response, thapsigar-

gin was used to stimulate the cells to understand if they had intracellular calcium

stores. Thapsigargin inhibits SERCA (sarco/endoplasmic reticulum Ca2+ AT-

Pase), causing calcium to leak out of the endoplasmic reticulum, which did occur,

meaning they contain intracellular calcium stores (Fig. 3.7A). SW1353 cells were

then transfected with a P2Y6 over-expression plasmid (pcDNA3.1 backbone) and

assayed again for a calcium response to UDP. SW1353 over-expressing P2Y6 did

have a UDP-elicited calcium response, whilst transfection with an empty vector

had no effect (Fig. 3.7B/C). Of note, cells that were seeded in a 96 well plate

and then transfected in situ did not have this calcium response (data not shown),
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only the cells that were transfected in the flask and then seeded did. Another

hypothesis that could account for the lack of resposne was that the endogenously

expressed P2Y6 was not trafficked to the cell surface, which would be required to

elicit a calcium response. To prove or disprove this, membrane bound proteins

from SW13553 were biotinylated and extracted using strepdavidin agarose resin

to capture the membrane bound proteins only, as shown in Fig. 3.8, and probed

for P2Y6 using western blotting. There was no signal from the biotinylated pro-

teins for P2Y6 nor actin. As a positive control, a sodium/potassium ATPase was

also used to probe the biotinylated proteins, however this antibody produced

bands that were not at the expected size of 112kD, but at approximately 27kD.

Figure 3.6: Calcium responses in C28/I2 and SW1353. C28/I2 (A) and SW1353
(B) cells were loaded with FURA-2 AM and changes in fluorescence were mea-
sured after stimulation with UDP and ionomycin. N=3, data presented as mean
± SEM. F ratio is the fluorescence ratio of 340/380ex and 510em, scaled to a 0
baseline.
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Figure 3.7: Effect of thapsigargin and exogenous P2Y6 expression on UDP
elicited calcium responses. (A) SW1353 cells were incubated with FURA-2 and
stimulated with thapsigargin. SW1353 cells were transfected with pcDNA3.1-
DYK encoding the P2Y6 ORF (B) or empty vector (C) 48 hours prior to being incu-
bated with FURA-2 AM and stimulated with UDP and MRS2693. N=3, data pre-
sented as mean ± SEM. F ratio is the fluorescence ratio of 340/380ex and 510em,
scaled to a 0 baseline.
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Figure 3.8: SW1353 Biotinylated Proteins were probed by SDS-PAGE. SW1353
cells were treated with biotin for 1 hour, followed by protein extraction with
RIPA and extraction of the biotinylated proteins with strepdavidin agarose
resin. Proteins were then detected by SDS PAGE (A) P2Y6 and β-actin or (B)
Sodium/Potassium ATPase.
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3.2.4 Expression of functional P2Y6 in PHC

Following the lack of a UDP elicited calcium response in two chondrocyte cell

lines, it became pertinent to understand if PHC also lacked this response. Some

optimisation had to be carried out as the primary cells were showing signs of tox-

icity to FURA-2 during the incubation period, whereas the cell lines did not. This

included being washed away during wash steps and morphological changes. Fig.

3.9 shows that the response to 10µM UDP as a percentage of the 1mM response

was higher in cells that were incubated with FURA-2 for only 30 minutes com-

pared to 1 hour. Moreover, initial fluorescent ratiometric values were the same,

indicating that the cells were equally loaded with FURA-2 in both conditions. 30

minute FURA-2 incubations were then used for the subsequent experiments.

In contrast to SW1353 and C28/I2, UDP did elicit a calcium response in a dose de-

pendent manner in KOA PHC. This response was blocked maximally by 81% by

10µM MRS2578. KOA PHC also responded to other nucleotides, ATP and ADP,

in similar dose-dependent manners. ATP had the lowest EC50, followed by ADP

and UDP. These responses were also partially blocked by 10µM MRS2578 (Fig.

3.10 and Table 3.3). MRS2578 had the highest inhibitory effect on the 1mM UDP

response, followed by ADP and ATP. The pharmacological dynamics of MRS2578

in PHC was also tested, in experimentally determining the IC50 by varying the

concentration of MRS2578 but keeping the concentration of UDP constant. The

experimental IC50 of MRS2578 with respect to the UDP response is 428nM ±

182nM (Fig. 3.11). The effect of MRS2578 on the ionomycin response and LDH

release was also carried out as an indicator of toxicity of MRS2578 to PHC. It had

no significant effects on the ionomycin calcium response, LDH (lactate dehydro-

genase) release nor pre-stimulation fluorescence readings.

Table 3.3: Nucleotide Elicited Calcium Responses in PHC. PHC were incubated
with FURA-2 and calcium responses were tracked in response to UDP, ATP and
ADP. EC50 ± SEM and maximal inhibition ± SEM by MRS2578 are shown.

Agonist EC50 Inhibition by MRS2578 of 1mM Response
UDP 30.8 µM ± 4.77 81.4% ± 5.2
ATP 3.35 µM ± 1.32 71.3% ± 6.7
ADP 11.7 µM ± 2.57 78.5% ± 4.3
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Figure 3.9: PHC FURA-2 Incubation Time Optimisation. PHC were seeded into
a 96 well plate and incubated with FURA-2 for 1 hour or 30 minutes prior to stim-
ulation with UDP and measurement of dual fluorescence excitation of 340/380nm
and emission of 510nm in the Flexstation. The peak of the 10µM response was
normalised to that of the 1mM resposne. N=3. T test was carried out.
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Figure 3.10: UDP, ATP and ADP elicit a calcium response in PHC. PHC were
incubated with FURA-2 AM and intracellular calcium changes were measured in
response to UDP (A,B), ATP (C,D) and ADP (E,F) stimulation, ± 10µM MRS2578.
Data represented as mean ± SEM. N=4 (separate patient isolates). Peak of the
response F ratio (340/380ex and 510em) was normalised to 1mM response.
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Figure 3.11: MRS2578 Pharmacology & Toxicity. MRS2578 IC50 was determined
(A) as well as its effect on LDH release for 30 minutes (B), the ionomycin response
(C) and pre-stimulation fluorescence (D) in PHC. Data presented as mean ± SEM.
N=3.
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3.2.5 The Function of P2Y6 in PHC

With the evidence that PHC express a functional P2Y6 receptor and that it is over-

expressed in diseased chondrocytes, the next step was to try and understand why

it is over-expressed by investigating how it can affect chondrocyte phenotype, if

at all.

IL-1β is a cytokine commonly used in in vitro chondrocyte research as it is thought

to mimic the inflammatory environment of OA and stimulates a lot of the path-

ways that are over-active. When stimulated with 5ng/mL recombinant human

IL-1β for 6 hours, the expression of P2Y6 decreases significantly in PHC, but not

in SW1353 nor C28/I2 cells, where it displays a trend to increased expression (Fig.

3.12).

Figure 3.12: Effect of IL-1β stimulation on P2RY6 mRNA. P2RY6 mRNA lev-
els were detected by qRT-PCR following stimulation with 5ng/mL IL-1β for six
hours in KOA (A), C28/I2 (B) and SW1353 (C) cells. The P2RY6 primer set uti-
lized a FAM/TAMRA based fluorescent probe for detection. Data represented ±
SEM, N=3/4, unpaired t-test *p =< 0.05.

3.2.6 UDP-βS nor MRS2578 has any effect on collagen deposi-

tion in PHC

The primary function of a chondrocyte is to produce the extracellular matrix that

forms the cartilage tissue, of which one of the major components is collagen. Al-

teration of production and secretion of collagen fibres is relevant to OA as it is

part of the remodelling and anabolic process of matrix turnover that becomes

dysregulated. Intially, a Sirius Red staining protocol was tested in PHC, showing
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that addition of ascorbic acid to the media increased collagen deposition and that

TGF-β3 and apyrase increased and decreased it, respectively, over a period of 48

hours. UDP-βS, a non-hydrolysable analogue of UDP, was used in longer term

studies to agonise P2Y6 as UDP, as well as other nucleotides, are relatively unsta-

ble and can be metabolised by cellular ectonucleotidases [225]. As such, to avoid

both the introduction of other nucleotides (as metabolites of UDP) and to ensure

chronic UDP exposure, the non-hydrolysable agonist was used. When P2Y6 is

activated with UDP-βS or inhibited with MRS2578 over the same 48 hour period,

there was no change in collagen deposition observed (Fig. 3.13).
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Figure 3.13: Effect of UDPβS and MRS2578 on Collagen Deposition. HOA PHC
were stimulated with 2-Phospho L-ascorbic acid (asc) ± TGFβ-3 ± apyrase (A,C),
UDP-βS or MRS2578 (B) for 48 hours, followed by fixation and staining of the
cell layer with sirius red. Data represented ± SEM, N=3, one-way ANOVA with
Tukey’s post-hoc test, *p =< 0.05, **p =< 0.01, ***p =< 0.001, ****p =< 0.0001.

3.2.7 MRS2578 abrogates IL-1β induced MMP expression in PHC

A hallmark of chondrocyte phenotype is the induction of expression of catabolic

proteases, such as matrix metalloproteinases and ADAMTS’, upon stimulation

with cytokines, such as interleukin-1β or tumour necrosis factor α (TNFα). To as-

sess the contribution of P2Y6 to this response, if any, HOA PHC were incubated

with IL-1β in the presence and absence of varying concentrations of MRS2578

(P2Y6 antagonist)(Fig. 3.14). MRS2578 significantly inhibited the IL-1β induction
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of MMP13 and MMP3 at 10µM in a dose-dependent manner at the mRNA level.

The difference between 10µM and 0.1µM was statistically significant, as well as

that between 1µM and 0.1µM for both MMP13 and MMP3. MMP1 showed a sim-

ilar trend, albeit not statistically significant.

This alteration of MMP induction was also seen at the protein level, using an

ELISA (Fig. 3.15). There was a significant reduction in the amount of MMP-

3 protein secreted into the cell culture supernatant by PHC in the same 6 hour

period with the addition of 5µM MRS2578, however the addition of the non-

hydrolysable UDP analogue, UDP-βS, had no effect. NFκB has long been estab-

lished as a key mediator of interleukin signalling. To understand whether NFkB

was mediating the inhibition of the this response by MRS2578, a luciferase re-

porter plasmid was used. ATDC5 cells were used as they are easily transfectable,

whereas primary cells are not. In ATDC5 cells transfected with the NFκB lu-

ciferase reporter plasmid, there was significantly less luciferase activity when

cells were incubated with IL-1β and 5µM MRS2578 for 6 hours (Fig. 3.15B) com-

pared to IL-1β alone.
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Figure 3.14: Effect of MRS2578 on IL-1β induced MMP expression. HOA PHC
were stimulated IL-1β ± MRS2578 for 6 hours, followed by qRT-PCR for MMP13
(A), MMP1 (B) and MMP3 (C). Data represented ± SEM, N=3, one-way ANOVA
with Tukey’s post-hoc test, *p =< 0.05, **p =< 0.01, ***p =< 0.001, ****p =<
0.0001.
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Figure 3.15: Effect of MRS2578 on MMP secretion and NFκB Activity. (A) PHC
were stimulated IL-1β ± MRS2578 or UDP-βS for 6 hours. MMP-3 secretion was
detected in culture supernatants by ELISA. (B) ATDC5 cells were transfected with
an NFkB luciferase plasmid and treated with IL-1β ± MRS2578 for 6 hours, fol-
lowed by detection of luciferase activity. Data represented ± SEM, N=4, one-way
ANOVA with Tukey’s post-hoc test, *p =< 0.05, **p =< 0.01, ***p =< 0.001,
****p =< 0.0001.
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The hypothesis that followed from these data was that if inhibiting P2Y6 with

MRS2578 reduced the IL-1β induced MMP expression, that activating with UDP-

βS should increase it. As such, PHC were incubated with IL-1β ± MRS2578 and

UDP-βS (0.1µM - 200µM) for 6 hours (Fig. 3.18). There was no significant in-

crease in MMP13, MMP3 nor MMP1 expression with UDP-βS compared to IL-1β

alone. There was also relatively high inter-donor variability. Some donors did

have increased MMP expression with UDP-βS, for example donor 2 and MMP13,

however this was not in a dose-dependent manner. Donor 3 does seem to have a

dose-dependent increase in MMP expression with UDP-βS, which is most clearly

seen with MMP3. However, this was not repeated across donors and is not sta-

tistically significant as it is only 1 biological replicate. As such, this data cannot

prove the hypothesis that UDP-βS increases IL-1β induced MMP expression.

89



Figure 3.16: Effect of MRS2578 and UDP-βS on IL-1β stimulated MMP13 ex-
pression. HOA PHC were stimulated IL-1β ± MRS2578 or UDP-βS for 6 hours,
followed by RNA extraction and qRT-PCR for MMP13. Data represented ± SEM,
N=3, one-way ANOVA with Tukey’s post-hoc test. Where no transcript was am-
plified within 40 cycles, this is represented by #. A represents all donors com-
bined. B,C and D are the three donors separated.
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Figure 3.17: Effect of MRS2578 and UDP-βS on IL-1β stimulated MMP1 ex-
pression. HOA PHC were stimulated IL-1β ± MRS2578 or UDP-βS for 6 hours,
followed by RNA extraction and qRT-PCR for MMP1. Data represented ± SEM,
N=3, one-way ANOVA with Tukey’s post-hoc test. Where no transcript was am-
plified within 40 cycles, this is represented by #. A represents all donors com-
bined. B,C and D are the three donors separated.
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Figure 3.18: Effect of MRS2578 and UDP-βS on IL-1β stimulated MMP3 ex-
pression. HOA PHC were stimulated IL-1β ± MRS2578 or UDP-βS for 6 hours,
followed by RNA extraction and qRT-PCR for MMP3. Data represented ± SEM,
N=3, one-way ANOVA with Tukey’s post-hoc test. Where no transcript was am-
plified within 40 cycles, this is represented by #. A represents all donors com-
bined. B,C and D are the three donors separated.
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One possible reason for the lack of induction of MMP responses by UDP-βS is

that the interleukin signalling system is already maximally activated at 5ng/mL,

and so to test whether this hypothesis, lower concentrations of IL-1β (0.5ng/mL

- 5ng/mL) were used to stimulate ± UDP-βS at 100µM (Fig. 3.19). There was

no significant induction of MMP13, 1 or 3 at any concentration of IL-1β, and

again there was relatively high inter-donor variability. The donor depicted with

the black dots does show an induced MMP response with 5ng/mL IL-1β and

UDP-βS, compared to IL-1β alone, that is seen across all three matrix metallopro-

teinases measured.

Moreover, the donor depicted by the blue dot does show a trend of induction of

MMP13 with 200µM UDP-βS at a concentration of 2.5ng/mL IL-1β. However,

these responses are not significant, not repeated across donors and not robust.

Collagen II was also measured as an indicator of toxicity, and it shows that there

was a slight induction with 5ng/mL IL-1β but no significant changes across the

experimental groups. LDH release was also measured from PHC with the ad-

dition of MRS2578 ± IL-1β for six hours (Fig. 3.20), showing an approximate in-

crease of 10% above vehicle control with 10µM of MRS2578, that increases further

by about 5% with the addition of IL-1β. This toxicity reduces in a dose dependent

manner.
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Figure 3.19: Effect of MRS2578 and UDP-βS on IL-1β stimulated MMP expres-
sion. HOA PHC were stimulated IL-1β ± MRS2578 or UDP-βS for 6 hours, fol-
lowed by RNA extraction and qRT-PCR for MMP13 (A), MMP1 (B), MMP3 (C)
and COL2A1 (D) as a measure of toxicity. Data represented ± SEM, N=3, one-way
ANOVA with Tukey’s post-hoc test.
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Figure 3.20: Effect of MRS2578 on LDH release by PHC. HOA PHC were stim-
ulated with IL-1β ± MRS2578 for 6 hours, and lactate dehydrogenase release into
cell culture supernatants was measured as a function of cytotoxicity. Data repre-
sented ± SEM, N=3.

To ensure the specificity of the assay and MRS2578, the dependency of MRS2578

on P2Y6 expression was deemed important to understand. To test the hypothesis

that MRS2578 is not acting via P2Y6 to facilitate this response, P2RY6 expression

was reduced with a small interfering RNA (siRNA). Fig. 3.21 shows that the

siRNA was successful in reducing P2Y6 expression significantly at the mRNA

level. Fig. 3.22 shows the functional impact of this reduction in P2RY6 tran-

script by assessing the UDP-elicited calcium response. Whilst the reduction in

mRNA is statistically significant, the reduction in peak size of the calcium re-

sponse is not. In the P2Y6-knockdown cells, there was no alteration in the action

of MRS2578 in reducing the IL-1β induction of MMP13, 1 nor 3 between the con-

trol and knockdown cells. The control siRNA mix (depicted as NTC) also showed

that the transfection had a slight effect on the expression of P2RY6, but not sig-

nificantly compared to control. The action of MRS2578 on IL-1β induced genes

was also tested in SW1353 as they did not have a UDP-elicited calcium response

(Fig. 3.23) and would therefore provide further data on the reliance of this re-

sponse on functional P2Y6 expression. MRS2578 had a similar effect in SW1353

compared to PHC. Although not significant, there was a similar trend of a re-
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duction in MMP13, 3 and 1 expression and a lack of induction by UDP-βS. This

effect was also seen when stimulating with another cytokine, TNFα. With this in-

flammatory mediator, there was a significant reduction in MMP expression with

MRS2578 and a lack of significant induction with UDP-βS. This response was also

tested in 1321N1 cells, both parental and P2Y6 expressing. Similarly to SW1353

cells, parental 1321N1 do not mount any calcium responses to nucleotides, and

a P2Y6 expressing 1321N1 cell line had been previously made and characterised.

Fig. 3.24 shows that this response is dependent on P2Y6 expression and function,

as the reduction in IL-1β induced MMP13 expression, catalysed by MRS2578, is

only significant in the P2Y6 expressing cells.

Figure 3.21: Effect of siRNA knockdown of P2Y6 on MRS2578 mediated inhi-
bition of IL-1β response. PHC were transfected with two P2Y6 targeting siRNA
(25nM each) and a non-targeting control (NTC). Cells were then stimulated with
IL-1β-β ± MRS2578 for 6 hours, followed by qRT-PCR for P2RY6 (A), MMP13
(B), MMP1 (C), MMP3 (D). Data represented ± SEM, N=3.One-way ANOVA with
Tukey’s post-hoc test, *p =< 0.05, **p =< 0.01.
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Figure 3.22: Effect of siRNA knockdown of P2Y6 on UDP elicited calcium
response. HOA PHC were transfected with two siRNA targeting P2Y6 (25nM
each). 48 hours later, the cells were assayed for UDP calcium responses using the
flexstation. A: trace showing calcium response, B: bar chart showing peaks. Data
represented ± SEM, N=1, student’s t test.
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Figure 3.24: Effect of MRS2578 on IL-1β response in P2Y6 expressing and
parental 1321N1 cells. Parental and P2Y6 expressing 1321N1 cells were seeded
into a 24 well plate and stimulated with IL-1β ± MRS2578 for 6 hours. RNA was
extracted and qRT-PCR was performed. Data represented ± SEM, N=3, one way
ANOVA with Tukey’s post-hoc test *p =< 0.05, **p =< 0.01, ***p =< 0.001.
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3.3 Discussion

3.3.1 Two commonly used chondrocyte cell lines have pheno-

typic differences to PHC.

As well as primary human chondrocytes, two cell lines were used. These are

a fibroblast-like chondrosarcoma cell, SW1353 and an SV40-immortalised costal

chondrocyte line, C28/I2 [226]. Both of these cell lines have been used exten-

sively in chondrocyte research, and the literature contains numerous examples

of how they are similar to PHC, often pertaining to the upregulation of matrix

metalloproteinases in response to IL-1β stimulation [227]. However, gene ex-

pression profiling revealed that whilst SW1353 do have an IL-1β response, there

were some differences to PHC, including key mediators like bone morphogenetic

proteins (BMPs) not being induced by IL-1β [228]. Owing to the relatively little

known about the role of purinergic signalling in chondrocytes, it was also un-

known how these two commonly utilised cell lines differ from each other and

PHC in their purinergic expression profile and functionality.

Initially, mRNA expression of the purinergic receptors was tested with a com-

parative quantitative RT-PCR approach. To ensure robustness and validity, Ct

values over 35 were discounted as non-specific/unreliable amplification as a rel-

atively high amount of cDNA, 12.5ng, was used across all samples. None of the

cells tested express P2RY13, showing consistency between the cell types. More-

over, generally speaking, the expression was relatively similar across cell types.

P2RX3 was only expressed by PHC. P2RX4 was one of the most highly expressed

transcripts across all three cell types, as well as ADORA2B. Moreover, there was

larger variability in the KOA cell type as evidenced by larger SEM values. This is

to be expected as a result of donor heterogeneity.

Where the cell lines and PHC differ more starkly is in their nucleotide-elicited

calcium responses. PHC, along with most cell types, respond to ATP, UDP and

ADP with a characteristic dose-dependent and transient intracellular calcium

elevation. However, neither C28/I2 nor SW1353 mounted such responses, de-

spite expressing multiple purinergic receptors. There has been no documented
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nucleotide-elicited calcium response in the literature in SW1353 cells, however a

calcium response to 2-ABP, an activator of orai store-operated calcium entry chan-

nel, has been shown [229]. Intracellular calcium transients have been demon-

strated in response to histamine and cannabidol in C28/I2 cells as well [230, 231].

SW1353 were sensitive to thapsigargin, showing that they do have intracellular

calcium stores and so the reason for their lack of nucleotide-elicited calcium re-

sponses is not clear. To test if it was as a result of a lack of membrane localisation

of P2Y6, membrane proteins were biotinylated and extracted using strepdavidin.

There was no detection of P2Y6 in the biotin extracted fraction of the cell lysate,

however this data is weakened by the lack of a positive control. The cells also did

not respond to ATP, which would activate multiple P2X receptors, so it would be

unlikely that none of these receptors were being expressed at the cell surface de-

spite there being mRNA expression. Moreover, when SW1353 overexpress P2Y6

by means of transfection of exogenous DNA, they did have a UDP-elicited cal-

cium response. It is therefore possible that the endogenous P2RY6 expressed does

not function as expected, it is not trafficked to the membrane or that simply the

expression is not high enough.

Another area where the cells differ from PHC is in how P2RY6 expression changes

in response to IL-1β stimulation. P2RY6 is significantly downregulated with a 6h

stimulation of 5ng/mL IL-1β in PHC, whereas there was no significant change in

either C28/I2 nor SW1353. This indicates that there are differences to the path-

ways activated by IL-1β, despite all the cells mounting a classical induction of

MMPs.

3.3.2 P2Y6 is over-expressed in OA

With an initial focus on understanding how the purinergic system affects chon-

drocyte phenotype in the context of OA, existing data was analysed using Skele-

talVis [219], which is an accessible online transcriptomics database pertaining to

musculoskeletal physiology and disease. Analysis of five separate experiments

showed a trend of higher expression in OA chondrocytes compared to pheno-

typically normal chondrocytes, with a fold change of 1.88 (± 0.3 SEM). This is

not significant at the level of 0.05, but is at the level of 0.1. The five experi-

101



ments were somewhat heterogeneous, for example, between hip and knee OA,

as well as across different subtypes of OA such as anteromedial gonarthrosis.

However, each study explores a facet of the OA vs normal chondrocyte tran-

scriptome, and the heterogeneity adds confidence to the finding as it is repro-

ducible across multiple experimental variables. cDNA kindly provided by Dr.

Matt Barter (Newcastle University) from isolated chondrocytes of OA joints and

NOF (neck of femur) healthy joints were assayed for P2RY6 by qRT-PCR and

showed significantly higher expression of P2RY6 from OA chondrocytes. Stud-

ies looking at UDP concentrations in synovial fluid found it to be significantly

higher in rheumatoid arthritis but not OA, and stimulated proliferation and IL-6

secretion in RA fibroblast-like synoviocytes [232]. Using chondrocytes from pa-

tients undergoing arthroplasty secondary to OA always presents large variability

as the criteria for surgical intervention is often pain, which does not always cor-

relate with histological or radiographic measures of severity. As such, there can

be high inter-donor variability.

3.3.3 Functionality of P2Y6 in PHC

Initially, detection of P2Y6 protein was determined by western blotting. Two anti-

bodies were tested - an Alomone polyclonal antibody and an Abcam monoclonal

antibody. The polyclonal antibody produced bands that were much higher than

expected, which can happen if the protein is modified in some way eg glycosy-

lated, or if the conditions were not reducing/denaturing. However, the bands

produced were over 100kD larger than expected, so it was deemed that this anti-

body was non-specific, which can happen with a polyclonal antibody. The other

antibody produced bands at the expected weight and was confirmed using a

parental and P2Y6-expressing astrocytoma cell line, showing that both PHC iso-

lates express P2Y6 protein. KOA PHC cells were then tested for a UDP, ATP and

ADP-elicited calcium response using FURA-2 AM to determine that the protein

expressed was functional. Initially, cells were incubated for 1 hour with the dye,

but this resulted in high cytotoxicity, necessitating a reduction in the incubation

time to 30 minutes. This led to lower cytotoxicity but equally efficient loading
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of the dye into the cells as assessed by unstimulated fluorescence values (load-

ing values). PHC mounted a dose-dependent calcium response to UDP, ATP and

ADP with an EC50 of 30.8 µM, 3.35 µM and 11.7 µM, respectively. The contribu-

tion of P2Y6 to these responses was tested by incubation of cells with MRS2578

10µM for 20 minutes prior to nucleotide stimulation. 10µM was chosen as the

inhibitory concentration from the literature as a commonly used concentration

to achieve maximal inhibition [232–234]. MRS2578 is a diisothiocynate antago-

nist of P2Y6, that is described as insurmountable, meaning it both depresses the

maximal response and causes a rightward shift in the dose response curve. It has

shown to be potent at P2Y6, with a reported EC50 of 37nM, and demonstrated to

be selective to this receptor, with the exception of showing approximately 20% in-

hibition of the 2-MeSADP response at the P2Y1 receptor [235]. MRS2578 inhibited

the response to UDP, ATP and ADP at a maximal concentration by 81%, 71% and

78%, respectively. As expected, it inhibited the UDP response to the largest extent

but somewhat unexpectedly also inhibited the ATP and ADP response by ≥ 50%.

The main agonist of P2Y6 is UDP, with ADP as a partial agonist. This may ex-

plain why MRS2578 inhibited the ADP response as much as it did. Furthermore,

the rapid metabolism of ATP by ectonucleotidases to ADP may also have meant

that a proportion of the ATP calcium response was in fact caused by ADP stim-

ulation of P2Y6, which is why the ATP response was also blocked by MRS2578.

Another possibility is that the concentration of MRS2578 used was too high. Ex-

perimentally, the IC50 of MRS2578 was determined to be 428nM with respect to

UDP, and so at 10µM the antagonist may have been acting non-specifically to in-

hibit the ATP and ADP response. These dose response experiments could not be

repeated at a lower concentration of MRS2578 to test this hypothesis owing to the

lack of supply of primary chondrocytes. The inhibition seen with MRS2578 was

unlikely to be as a result of toxicity, as MRS2578 had no effect on the magnitude

of the cells’ response to ionomycin nor caused significant LDH release within the

30 minute time period.
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3.3.4 MRS2578 inihbits the inflammatory response to IL-1β in

PHC

IL-1β has long been identified as a mediator of inducing inflammatory responses

in chondrocytes, owing to its overproduction in OA tissues and ability to over-

whelm the balance of anabolic and catabolic factors towards catabolism of the

extracellular matrix that forms the cartilage tissue[236]. It is therefore often used

to recapitulate the OA environment in in vitro research, despite its utility for this

purpose being questioned, as discussed in 1.3.2. Nevertheless, it is a potent in-

ducer of matrix degrading enzymes that are thought to contribute to the OA

pathology of thinned cartilage. MMP13, MMP3 and MMP1 mRNA were cho-

sen to be the measured outcomes of IL-1β stimulation as they are disease rele-

vant [237] and thought to be differentially regulated [238]. The contribution of

P2Y6 to the induction of these genes by IL-1β was tested by addition of MRS2578

for the full time period of six hours. MRS2578 at 10µM brought expression lev-

els of MMP13, MMP1 and MMP3 down to basal levels, which was statistically

significant in the case of MMP13 and MMP3. It did this in a dose dependent

manner and was a robust response seen across donor heterogeneity. This signifi-

cant inhibitory effect was also seen at the MMP-3 protein level as determined by

ELISA, and in NFkB activity in ATDC5 cells with the use of a luciferase construct.

MRS2578 inhibition of NFkB activity has been demonstrated in HMEC-1 cells at

similar concentrations and stimulation times [239]. Within the classical model of

agonism and antagonism, the next hypothesis to be tested was that if MRS2578

inhibited the response, agonising UDP would magnify it. To add confidence to

this data, PHC were co-stimulated with IL-1β and UDP-βS, and the concentration

of MRS2578 was reduced to 5µM. 5µM MRS2578 still largely maintained a sig-

nificant inhibition, however UDP-βS (200µM - 0.1µM) did not robustly increase

the expression of MMP13, MMP1 nor MMP3 above that seen from induction by

IL-1β. There was high inter-donor variability, and one donor did have slightly

induced expression above IL-1β levels, but not significantly. Moreover, where

CT values were returned undetermined, it was inferred that this is as a result of

lower than detectable transcript within the 40 cycles, rather than technical fault.
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One approach that can be taken is to use a value of 40 as the cycle threshold,

however this has been shown to introduce substantial bias in normalised gene

expression [240]. To this end, non-detects have been represented with symbols.

It is possible that the reason for the lack of induction by UDP is as a result of

the system being maximally activated by a concentration of 5ng/mL IL-1β and

therefore cannot be induced any further. Concentrations commonly used in other

studies range between 5 and 10ng/mL [9, 241]. As such, MMPs were induced

by lower concentrations of IL-1β (0.5-5 ng/mL) with or without the addition of

100µM UDP-βS. There was no significant induction at any concentration of IL-1β,

meaning it is unlikely that the IL-1β system being already maximally activated is

the reason as to why there is no induction. Collagen II was also measured as

an indicator of whether any combinations of IL-1β, UDP-βS or MRS2578 were

toxic as the mRNA levels of collagen II should not change in response to any of

these treatments. Whilst there was slight induction with IL-1β at 5ng/mL, the

other conditions did not change the levels of expression. LDH release was also

measured to assess the toxicity of IL1 and/or MRS2578 to PHC, with a maximal

concentration of DMSO at 1% (v/v), although 0.5% was more commonly used in

experiments. There was toxicity above the vehicle control at 10µM that increased

further with IL-1β, however at 5µM the toxicity above vehicle control is negligi-

ble. Whilst there is around 30-40% cell death, this is still unlikely to be the reason

for the transcriptomic changes detected by qRT-PCR, especially since more often

than not, the final concentration of DMSO was half as much.

MRS2578 has been assessed to be specific to P2Y6 according to the literature, with

some activity at P2Y1. To understand if MRS2578 is mediating its effects through

P2Y6 or another mechanism, an siRNA to P2Y6 was used to assess the impact of

P2Y6 knock-down on the MRS2578 inhibition of IL-1β induced MMP expression.

P2Y6-targeting siRNA at 50nM significantly reduced P2Y6 transcript, however

did not significantly reduce the UDP-induced calcium response, meaning there

was still functional P2Y6 being expressed. There was no change or reduction of

sensitivity to MRS2578 with respect to its ability to reduce IL-1β induced MMP13,

MMP3 and MMP1 expression in PHC. It is hard to prove nor disprove the hy-

pothesis that MRS2578 is acting in a mechanism independent of P2Y6 because of
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the lack of complete knockout. Whilst it would be expected that there might be

a small reduction in sensitivity if the hypothesis was incorrect, it is possible that

qPCR is not sensitive enough to detect those small changes and/or it may not

reach significance. The effect of MRS2578 on IL-1β induced gene expression was

also tested in the SW1353 cell line as they do not have a UDP elicited calcium

response, and it can therefore be assumed that they do not express functional

P2Y6. MRS2578 was able to reduce the IL-1β and TNF-α induced MMP expres-

sion in these cells, which may also be because this effect is facilitated independent

of P2Y6, but again, cannot prove nor disprove the hypothesis. The only way to

definitively know if MRS2578 is acting independently of P2Y6 would be with a

validated knockout cell line or animal model. UDP-β also did not induce the ex-

pression of MMPs in these cells above IL-1β levels, which is consistent with what

was seen in PHC. Conversely, in P2Y6 or parental 1321N1 cells, which do and do

not mount a UDP calcium response (data not shown, cells previously validated

by Fountain lab, UEA), respectively, the ability of MRS2578 to inhibit the IL-1

response was only significantly present in the P2Y6 expressing cells, suggesting

that the mechanism of inhibition is dependent on P2Y6. More work would need

to be done, likely with a P2Y6 knockout, to fully elucidate the dependence of

functional P2Y6 expression on this pathway and MRS2578’s ability to inhibit it.
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Chapter 4

Investigating Role of P2Y6 in

Chondrogenesis

4.1 Introduction

The previous chapter explored the effects of P2Y6 signalling on one facet of chon-

drocyte hallmark phenotype - the ability to upregulate matrix degrading genes

in response to inflammatory cytokines. As well as the impact on mature chon-

drocyte phenotype, any affects of P2Y6 signalling processes on the differentiation

of precursors into chondrocytes would be pertinent. Not only because it might

affect the differentiation fate of cells, but also because there are many similarities

between events that occur in chondrogenesis and OA (discussed in section 1.3.1),

meaning it may also be disease relevant. Chondrogenesis is the process by which

mesenchymal stem cells differentiate into chondrocytes, which is mainly orches-

trated by SOX9 expression. MSCs are multipotent and can differentiate into bone

cell types and adipocytes. During this process, the precursors express more ECM

components, such as collagen II and aggrecan, as well as SOX9/SOX6. This pro-

cess can be modelled with human bone marrow or adipose derived stem cells as

well as a murine teratocarcinoma cell line, ATDC5, both of which are commonly

used in the field. This approach is often taken to understand the determining fac-

tors in this process, for example, P2Y6 was shown to enhance osteogenic differ-

entiation of rat BM-MSC in combination with titanium dioxide nanotubes [206].

The aims of this chapter were to;
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• To establish chondrogenesis from an in vitro model.

• To understand how P2Y6 might affect key aspects of the process.

• To create a P2Y6 knockout cell line to validate experimental data obtained

with antagonists.

4.2 Results

Initially, bone marrow derived mesenchymal stem cells (BM-MSC) were pro-

vided by Dr. Matt Barter (Newcastle University). They were isolated from mixed

populations of bone marrow derived cells and had been passaged a number of

times and cryopreserved prior to this experiment. They were expanded, pelleted

and induced with chondrogenic medium (see section 2.1.5 for methods) for a to-

tal of 14 days. RNA was extracted at regular intervals over the time course and

qRT-PCR was carried out to verify that increases in characteristic marker gene ex-

pression had occurred. Figure 4.1 shows that there were not sustained increases

in two chondrogenesis gene markers, SOX9 and collagen X. There was an increase

in collagen X in the differentiated cells up to day 7, however this was not sustained

across the time course. There was no characteristic increase in SOX9 expression.

As a result of a lack of availability of other BM-MSC isolates, we employed a more

accessible ATDC5 model, which is also widely used and has been well established

to model chondrogenesis well [242]. ATDC5 are a murine teratocarcinoma cell

line that can differentiate into a chondrocyte phenotype when stimulated with

insulin, transferrin and selenium as well as ascorbic acid. ATDC5 were cultured

in monolayer and induced with chondrogenic medium for 21 days. qRT-PCR

showed that the cells had increased transcription of chondrogenic gene mark-

ers, such as COL2, SOX9, aggrecan and collagen X. Collagen II showed the greatest

increase between day 0 and 21. RUNX2 mRNA expression increased between

day 0 and 12, but then decreased between day 12 and 21. SOX9 also seemed

to plateau after day 16. Two purinergic genes were also measured, P2RY6, be-

cause of its over-expression in OA, and ADORA2B as data from a collaborator

suggested this receptor may be important in chondrogenesis (data not shown).

This data showed that P2RY6 increased in expression between day 16 and day
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21, whilst ADORA2B did not change in expression across the time course (Fig.

4.2B).

4.2.1 Human BM-MSC failed to undergo chondrogenesis

Figure 4.1: Human BM-MSC Chondrogenesis. Isolated human BM-MSC were
maintained in DMEM with 5ng/mL FGF-2. To induce chondrogenesis, 1x105 cells
were pelleted by centrifugation in a round-bottom 96 well plate and cultured in
chondrogenic induction media for 14 days, with media changes every 3 days.
Subsequently, RNA was extracted and qRT-PCR was carried out for chondroge-
nesis markers SOX9 (A) and COLX (B). 1 isolate, n=4.
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4.2.2 ATDC5 cells follow a process analogous to chondrogenesis

Figure 4.2: ATDC5 Chondrogenesis. 5x104 ATDC5 cells were seeded in a 24 well
plate and allowed to adhere overnight. Subsequently, they were cultured in in-
duction media (DMEM supplemented with 50µg/mL ascorbate and 1X ITS) for
21 days, with media changes every 3 days, being careful not to disrupt the mono-
layer. This was followed by RNA extraction and qRT-PCR for chondrogenesis
markers (A) as well as ADORA2B and P2RY6 (B). β-actin was used as the house-
keeping gene. Student’s t test. N=4.
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4.2.3 MRS2578 inhibits ATDC5 chondrogenesis at low concen-

trations

Once the chondrogenic model had been validated, it became pertinent to then

assess whether P2Y6 contributed to the chondrogenic process. ATDC5 cells were

induced with chondrogenic media in the presence or absence of MRS2578 at ei-

ther 2µM or 500nM. These concentrations were chosen to balance toxicity, as it is a

long term experiment, with efficacy. Previous experiments had shown that 10µM

was possibly too high, and effects on primary chondrocytes were maintained at

5µM. These two concentrations were also chosen to try and establish dose depen-

dency.

MRS2578 inhibited differentiation at the last time point of the 21 day experiment.

It dose-dependently inhibited expression of collagen X, collagen II and aggrecan at

day 21 (Fig. 4.3). It also inhibited proteoglycan staining by alcian blue at day 16

and day 21, again, in a dose dependent manner. It had non-dose dependent ef-

fects on SOX9 and RUNX2 expression. 500nM MRS2578 seemed to induce SOX9

expression at day 21, however 2µM had no effect. Similarly, 500nM seemed to

inhibit RUNX2 expression whilst 2µM had no effect. An LDH assay showed that

these effects were unlikely to be mediated by toxicity (Fig. 4.4B).
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Figure 4.3: ATDC5 Chondrogenesis ATDC5 cells were seeded in a 24 well plate
and put in induction media ± MRS2578 for 21 days, followed by RNA extraction
and qRT-PCR. Two-way ANOVA with Tukey’s post-hoc test. N=4.*p =< 0.05,
**p =< 0.01, ***p =< 0.001, ****p =< 0.0001.
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Figure 4.4: ATDC5 Chondrogenesis ATDC5 cells were seeded in a 24 well plate
and put in induction media ± MRS2578 for 21 days, followed by alcian blue stain-
ing (A). (C) ATDC5 were stimulated with MRS2578 and LDH activity in the cell
culture supernatant was measured after 1 hour. Two-way ANOVA with Tukey’s
post-hoc test. N=4.*p =< 0.05, **p =< 0.01, ***p =< 0.001, ****p =< 0.0001.
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4.2.4 Knockout of P2Y6 in ATDC5 cell line

In the previous chapter, the specificity of MRS2578 was questioned, with no con-

clusive answer able to be drawn. As such, to add confidence to data collected

with P2Y6 antagonist MRS2578, CRISPR-Cas9 was utilised to attempt to knock

out P2Y6 from the ATDC5 cell line. CRISPR-Cas9 utilises a bacterial defence

mechanism whereby double stranded breaks are created and indels are formed

by non-homologous end joining (NHEJ). There are a number of ways in which

the system can be delivered into cells, which are summarised in the figure be-

low. Initially, the ribonucleoprotein (RNP) method was utilised, which involves

transfecting recombinant Cas9 complexed with synthetic guide RNAs targeting

the P2Y6 gene. This method has the advantage in that all of the components are

already active and only need to successfully get inside the cell to work.

CRISPR/Cas9 Delivery Methods. The components of the CRISPR-Cas9 sys-
tem can be delivered into cells in a number of ways. This includes as plasmid
DNA encoding the guide RNA and Cas9 either together or in separate plasmids,
mRNA encoding those components, as a lentivirus or already functional RNP.
Plasmid DNA and RNP can also either be transfected with cationic polymers
or liposomal transfection reagents or by electroporation. Created with bioren-
der.com.
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4.2.5 Ribonucleoprotein (RNP) Delivery

In the first instance, the RNP delivery method was chosen as it was thought that

the ATDC5 cell line were easily transfectable, and delivery already active com-

ponents (unlike DNA, which has to be transcribed and translated) would confer

higher editing activity. Three guide RNAs targeting P2Y6 were chosen using In-

tegrated DNA Technologies’ (IDT) algorithm to provide highest on target activity

whilst reducing off target activity. This is represented in the Doench score, which

estimates the efficiency of knockout using this guide RNA. The base mismatches

to off-target effects (OTE) metric is an estimation of how many bases need to be

replaced for the guide RNA to recognise a different sequence to the one intended,

and as such, is a measure of specificity.

Multiple transfection reagents and conditions were used to try and transfect

the RNP into the ATDC5 cells. Two protocols were used, one following that rec-

ommended by IDT and that from the Lipofectamine CrisprMAX protocol. As

well as this, the mass of Cas9 and gRNA transfected was varied, but the ratio

of the two components was maintained. The outcome measure was analysis of

Sanger sequencing data of a PCR amplicon spanning the cut sites (primers in

appendix), whereby deconvolution algorithms were used to detect alterations in

the sequences. Four algorithms were used; SeqScreener (Thermo Fisher), TIDE

(Tracking of Insertion and Deletion Events) [215], DECODR (Deconvolution of

Complex DNA Repair) [216] and ICE (Inference of CRISPR Edits, Synthego) [217].

These work to deconvolute the traces from the sanger sequencing and identify

different sequences from a mixed population. From this, it can estimate what

percentage of the cells in that population have any indels. This is a useful step

as it allows for verification before moving on with the lengthy process of clonal

dilution and also provides an estimate of how many clones need to be isolated.

Table 4.2 shows the output of the deconvolution software from each of the trans-

fection conditions, showing that the transfection was not successful enough to

carry forward these mixed populations in any of the conditions. It also allows

for comparison of the deconvolution software. Seqscreener estimated that 100%

of the cells in the population had an indel, however the sequence was clearly the

same as wild type, so this was deemed a false positive. TIDE seemed to consis-
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tently return an estimation of ∼4%, which was assumed to be background, and

DECODR and ICE seemed to be most accurate, giving the lowest percentages.

For one transfection group, AA HI, ICE and DECODR were consistent in that

they estimated a very small percentage had indels, however this was too low to

continue forward. Interestingly, all three deconvolution algorithms did detect

higher than background indel levels. An HPRT gRNA was also purchased from

IDT and transfected as recommended from the manufacturer to see if it was an

issue with the guide RNA sequences, but transfection of RNP with this complex

did not produce indels either (Table 4.2).

Another verification method was used to see if indels were created, which is the

T7E1 assay. In this assay, amplicons spanning the cut sites from transfected cells

were heated and cooled to create heterodimers (if indels had been formed), which

were then cleaved by the T7E1 enzyme, producing multiple bands when run on

an agarose gel. The T7E1 assay for the HPRT positive control aligned with the

deconvolution algorithm output in that the transfection was not successful. To

test if the crRNA and tracrRNA were combining to form a functional guide RNA

and that the Cas9 was active, an in vitro simulation of what should be happen-

ing inside the cell was carried out. This shows that the guide RNA and Cas9

system was working, as it cut the amplicon, producing two bands (Fig. 4.5). An-

other transfection reagent, TransIT-X2 (Mirus Bio) was also tested to transfect the

RNP complex, and a T7E1 assay was carried out to see if the transfection had

been successful, gel electrophoresis showed that it was not in either the P2Y6-

targeting guide RNAs nor the HPRT positive control when transfected following

manufacturers guidelines.

Table 4.1: RNP gRNA Doench scores [243]. OTA = on-target activity, OTE =
off-target effects.

Doench OTA Score Base Mismatches to OTE
gRNA 1 (AA) 0.629 3
gRNA 2 (AB) 0.619 2
gRNA 3 (AC) 0.497 3
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Table 4.2: Optimisation of RNP lipofection conditions. ATDC5 cells were
seeded into 6 well plates and Crispr/Cas9 RNP was transfected into the cells
with varying conditions. Genomic DNA was then extracted and the amplicon
surrounding the cut sites was amplified and sequenced by sanger sequencing. It
was then entered into deconvolution algorithms to estimate the efficiency of indel
formation. SS: SeqScreener; D: DECODR; FT : Forward Transfection; RT : Reverse
Transfection. AA, AB, AC are the three guide RNAs. LO: 500ng Cas9/120ng
gRNA. MED: 1.25µg Cas9/260ng gRNA. HI: 2µg Cas9/420ng gRNA. IDT pro-
tocol uses 6µL of lipofectamine, lipofectamine protocol uses 1.5µL for a 24 well
plate.

P2Y6 RNP

Protocol FT/RT gRNA/Cas9 SS % ICE % TIDE % D %

IDT FT ALL3 100 0 4 0
RT ALL3 100 0 4 0

Lipo

FT AA LO 0 2 0
FT AA MED 0 2.5 0
FT AA HI 1 13.5 3.1
FT AB LO 0 2 0
FT AB MED 0 2.4 0
FT AB HI 0 1.5 0
FT AC LO 0 2.4 0
FT AC MED 0 2.3 0
FT AC HI 2 1.5 0
FT ALL3 LO 0 2.7 0
FT ALL3 MED 0 7.3 0
FT ALL3 HI 0 3.9 0

HPRT RNP IDT
FT LO 0 4.8 0
FT MED 0 3.8 0
FT HI 0 5.9 0
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Figure 4.5: .
T7E1 Assay from HPRT RNP transfection and in vitro cleavage test. L: ATDC5

cells were transfected with HPRT targeting RNP using Lipofectamine
CrisprMAX. gDNA was extracted and PCR was used to amplify amplicon

spanning cut site, which was then incubated with T7E1 enzyme. R: AA P2Y6
gRNA was complexed with Cas9 and incubated with a cut-site spanning

amplicon at 37 °C and run on a gel.

Figure 4.6: T7E1 Assay from RNP transfection with TransIT-X2. ATDC5 cells
were transfected with P2Y6 targeting RNP complexes using TransIT-X2 (Mirus
Bio), followed by gDNA extraction, amplification of region spanning cut sites by
PCR and incubation with the T7E1 enzyme.
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4.2.6 All-in-one Plasmid Delivery

The RNP method was not able to induce indels in these cells. An in vitro test had

shown that the Cas9 was active and the gRNA was able to target the Cas9, so it

was assumed that it was a transfection issue. The next strategy employed was an

all-in-one plasmid that encoded Cas9 enzyme and the guide RNA. Two separate

plasmids encoding two guide RNA sequences detailed in Table 4.3 were cloned

into the PX459 plasmid and were about 9 kilobases in size. They were transfected

into ATDC5 using Turbofect, which had previously been optimised for these cells

(see 2.1) and electroporated using previously optimised conditions for these cells,

using 5µg of high concentration (1µg/µL) DNA and a square wave form pulse of

280V for 15ms. The deconvolution algorithms showed that the transfection of

plasmids with Turbofect was not successful. With electroporation, ICE and TIDE

were unable to detect alignment between the WT and experimental sequences,

however DECODR identified 10% of the cells to have an indel in the mixed pop-

ulation (Table 4.4). A T7E1 assay showed multiple bands in cells transfected with

both guide RNAs, indicating the presence of indels (Fig. 4.7). Theoretically, there

should have been three bands; one wild type (assuming there was not 100% effi-

ciency), and one from either side of the cut site, which cannot clearly be seen from

this gel. For the first guide RNA, the amplicons either side of the cut site would

have been 163 and 656bp, so should have been easily distinguishable. Neverthe-

less, from these cells, populations that had been selected with puromycin for 48

hours post transfection were clonally diluted to isolate homogeneous cell popu-

lations. From single cell isolates, many of the clones did not expand once trans-

ferred out of the 96 well plate. 8 single cell clones were isolated, however sanger

sequencing showed them to have wild type sequences (data not shown).

Table 4.3: Plasmid gRNA Doench Scores [243]. OTA = on-target activity, OTE =
off-target effects.

Doench OTA Score Base Mismatches to OTE
gRNA 1 0.763 3
gRNA 2 0.661 3
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Table 4.4: Deconvolution algorithm output from CRISPR plasmid transfection.
ATDC5 cells were electroporated and transfected with PX459 plasmids encoding
Cas9 and two separate gRNAs. Post transfection, gDNA was extracted, an am-
plicon spanning the cut sites was amplified by PCR and sanger sequenced. NA =
No Alignment.

gRNA ICE % TIDE % D %

Turbofect Transfection 1 0 6 0
2 0 2 0

Electroporation square wave 280V 15ms 1 NA NA 10
2 NA NA 0

Figure 4.7: T7E1 assay from electroporation of CRISPR plasmids. PX459 plas-
mids encoding Cas9 and two separate gRNA sequences were electroporated into
ATDC5 cells using a square-wave form pulse of 280V for 15ms. The cells were
selected with 1µg/mL puromycin for 48h. gDNA was extracted and an ampli-
con spanning the cut sites was amplified using PCR, heated and cooled to form
heterodimers and was subsequently incubated with the T7E1 enzyme to detect
indels.
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4.2.7 Lentiviral Delivery of Cas9 and transient transfection of

gRNA.

The next strategy that was employed was creation of a stable Cas9 expressing

ATDC5 cell line and subsequent transient transfection of the small RNA guides

that were used in RNP formation. This strategy was employed because it alle-

viated the need for being able to transfect large constructs into cells by transient

transfection. Lentiviral transduction often has much higher efficiency than tran-

sient transfection and also is a two-step process that can be verified at each stage

to prevent wastage of time. Initially, ATDC5 cells were transduced with Cas9-

encoding lentiviral particles and selected with 200µg/mL Hygromycin B for 10

days (a time point where all control/untransduced cells had died). Resistant cells

were then expanded and insertion of the Cas9 gene into the genomic DNA was

verified by PCR. Figure 4.8 shows the insertion to be successful. The next stage

was to transfect the Cas9 positive cells with the P2Y6-targeting guide RNAs. The

three guide RNAs, along with the HPRT-targeting positive control, were trans-

fected both separately and together at a final concentration of 30nM. Figure 4.9 is

a T7E1 assay from transfection of the synthetic guide RNAs in the Cas9+ ATDC5.

It shows more than one band in the AA group and the ALL3 group, although

the distribution of bands is not entirely clear. Theoretically, there should be three

bands - the wild type, and the two amplicons either side of the cut site.

The deconvolution algorithms revealed that the majority of cells had indels in

all of the groups that were transfected with the small RNAs. AC and all three

of the guides transfected together had the highest efficiency, with DECODR and

ICE estimating that a similar percentage of these indels produced a frame shift

in the genomic sequence. DECODR even estimated that the AC group had 100%

indel efficiency and 100% of the cells had a frame shift mutation that was likely

to lead to non-functional protein. Interestingly, TIDE seemed to estimate lower

indel percentages in this case than ICE and DECODR, whereas when the trans-

fection was not working, it seemed to overestimate. One disadvantage to TIDE

is that it also does not have the capability to estimate the percentage of cells that

have a frame shift.
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From these populations of cells, clonal dilution was carried out to isolate colonies

originating from a single cell, and therefore genetically homogeneous. Again,

many of the cells would not expand out from single cell colonies, however five

single cell isolates from the AC group and three from the ALL3 group were iso-

lated. Initially, the AC group clones were sanger sequenced and entered into

the DECODR algorithm for clonal analysis. Figure 4.10 shows the mutated se-

quences of each clone. Three of the five clones had mutated sequences, and for

one (not shown), DECODR could not produce statistical alignment between the

experimental and control sequences. AC.1.2 had wild type sequence and AC2.2

had a one base pair deletion. AC.5.2 and AC.7.2 had more than one correspond-

ing sequence, meaning it is likely that the population originated from more than

one cell, however each sequence had at least a one base pair deletion or inser-

tion i.e. there was no wild type sequence detected in these groups. RT-PCR for

P2RY6 mRNA in the AC.5.2 clone (Fig. 4.11 showed a band at the same size as

the wild type band, at around 500bp, but also had a band slightly higher that

was not in the wild type sample. This made it hard to interpret what this band

was, but did show a difference between the two. Western blot, however, showed

that the clones all still expressed wild type P2Y6. There were bands that were

much higher than the expected weight of P2Y6, between 150 and 250kD that were

present in the wild type and not in the transfected cell populations, but was de-

termined to be too high to be P2Y6. Clones from the A3 group also expressed

wild type P2Y6 as detected by western blot (Fig. 4.12B).

Table 4.5: Deconvolution Algorithm Output. Amplcions spanning cut sites from
Cas9+ ATDC5 cells transfected with guide RNAs were amplified by PCR and
sanger sequenced, followed by analysis by deconvolution algorithms. D = DE-
CODR.

Guide ICE % (Indel/Frame Shift) TIDE % D % (Indel/Frame Shift)
AA 40/31 38 48/38
AB 47/41 33 50/45
AC 75/75 79 100/100

ALL3 87/80 57 77/20
HPRT 79/75 74 85/77
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Figure 4.8: Cas9 Genomic PCR. ATDC5 cells that had been transduced with Cas9
encoding lentivirus were selected with 200µg/mL Hygromycin B. Genomic DNA
was extracted and PCR was carried out to check for integration of the Cas9 gene.

Figure 4.9: T7E1 assay from lentiviral Cas9 delivery and transient transfec-
tion of guide RNAs. ATDC5 cells that had confirmed Cas9 expression by PCR
and were Hygromycin resistant were transfected with guide RNAs for P2Y6 and
HPRT as a positive control. Subsequently, an amplicon spanning cut sites was
amplified by PCR and incubated with T7E1 enzyme.
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Figure 4.11: AC.5.2 mRNA Expression of P2RY6. RNA was extracted from
AC.5.2 clone and reverse transcribed to cDNA. End point PCR was carried out
for P2RY6 on both wild type and AC.5.2 transfected clones and run on an agarose
gel.
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Figure 4.12: Western blot for P2Y6 in AC and ALL3 (A3) group clones. ATDC5
Cas9+ cells that were transfected with AC gRNA or all three of the gRNAs target-
ing P2Y6 were seeded in 6 well plates post transfection. Proteins were solubilised
in RIPA buffer and SDS PAGE was carried out to detect P2Y6 using Invitrogen
PA5-106912. A shows the WT protein lysates as well as that from clones trans-
fected with the AC guide RNA, B shows the WT protein lysates as well as that
from clones transfected with all three P2Y6 targeting guide RNAs.
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4.3 Discussion

4.3.1 Establishment of Chondrogenesis Model

Initially, human bone marrow derived mesenchymal stem cells (BM-MSC) gifted

from Dr. Matt Barter were tested to model chondrogenesis. However, markers of

chondrogenesis, namely SOX9 and collagen X, did not increase in a characteristic

way when induced to differentiate. Collagen X did increase between day 1 and

7, but then decreased after this time point. There are a number of possible rea-

sons why they failed to undergo the chondrogenic process. Firstly, the cells were

isolated from a mixed population of bone marrow derived cells and selected for

stemness based on their expression profile. As such, they may not be a pure pop-

ulation of cells with the ability to differentiate, and may be contaminated with

immune cells or other precursor cells. Moreover, these cells has been cultured

in monolayer previously, cryopreserved and passaged seven times, so it is pos-

sible that they had phenotypic shift and lost their ability to differentiate. Doing

this again, it would be pertinent to use a better isolated group of cells that had

not been passaged nor cryopreserved to retain their stemness. Owing to the lack

of availability of more primary cells and the high cost of commercially available

BM-MSC cells, a cell line murine model of chondrogenesis was used. ATDC5

cells are a good model of the early stages of chondrogenesis [244, 245], whereby

progenitors condense and begin to produce ECM components, such as collagen

II and aggrecan. ATDC5 cells successfully underwent this process in monolayer

over a time course of 21 days. qRT-PCR showed characteristic increases in collagen

X, collagen II, SOX9 and aggrecan. Looking to purinergic expression, ADORA2B

and P2RY6 were measured by qRT-PCR as collaborators’ data (Dr. Matt Barter,

Newcastle University) showed that ADORA2B may be regulated in chondroge-

nesis (data not shown) and P2RY6 increases in expression in OA. Over this time

course, ADORA2B expression remained stable but P2RY6 increased in expression

over the time course, especially between day 16 and 21, and almost reached sta-

tistical significance between day 1 and day 21 (p=0.06).
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4.3.2 MRS2578 inhibits ATDC5 Chondrogenesis

With the knowledge that P2Y6 is overexpressed in OA chondrocytes, and its ex-

pression was regulated during the chondrogenic process in ATDC5 cells, it be-

came pertinent to see what effect inhibiting P2Y6 has on this process. As such,

ATDC5 cells were differentiated in the presence or absence of MRS2578, which

has activity at mouse P2Y6 [239] and has been used for murine in vivo studies

[246, 247]. Two concentrations (2µM and 500nM) were chosen to try and establish

dose dependency. These were chosen to be low enough to not cause toxicity but

high enough to have an effect, as the IC50 in PHC was approximately 400nM, and

in the literature was found to be 37nM [235]. MRS2578 affected the differentiation

process towards the latter end of the assay, where P2RY6 expression was highest.

It dose dependently inhibited proteoglycan deposition as detected by Alcian blue

staining at day 16 and 21, as well as inhibited collagen X, collagen II and aggrecan

mRNA expression at day 21 dose dependently. It had less predictable and clear

effects on SOX9 and RUNX2. 500nM MRS2578 seemed to increase SOX9 expres-

sion at day 21, whereas it seemed to decrease RUNX2 expression also at day 21,

however these effects were not dose dependent. Moreover, MRS2578 was not

toxic to ATDC5 cells as measured by LDH release when incubated for 1 hour

with the antagonist at any concentration. Whilst this is only an indicative assay

as in the chondrogenesis time course, the cells were exposed to MRS2578 for 21

days, the effects are still unlikely to be mediated by cellular toxicity as not all of

the markers measured decrease in the same way.

Figure 3.15B shows MRS2578 to inhibit NFκB signalling, as has been shown by

others in the literature [151, 248], irrespective of whether this effect is mediated

by P2Y6. The inhibition of chondrogenesis markers in ATDC5 cells by MRS2578

would also be consistent with inhibition of NFκB. NFκB has been shown to regu-

late aspects of the process and its activation is a prerequisite for many of the hall-

marks of chondrogenesis [207, 249]. However, somewhat inconsistently, SOX9

has also been shown to be regulated by NFκB [250], but was not affected in a dose

dependent manner by MRS2578. It is possible that at higher doses this would

have been the case. Collagen II, X and aggrecan are also under control of TGFβ

signalling, and it is possible that this is the mechanism by which MRS2578 ex-
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erts these effects [251]. Overall, these data suggest that the blockade of P2Y6 by

MRS2578 has a detrimental effect on the expression of ECM components, specif-

ically collagen X, collagen II and aggrecan. To strengthen this data, it would

pertinent to repeat the ATDC5 chondrogenesis assay in the presence of UDP-βS

to provide evidence that the opposite phenotype is also seen i.e. that activation

of P2Y6 positively regulates ECM components. From the inhibitory data pro-

duced by MRS2578 in this experiment, the hypothesis would be that agonising

P2Y6 would accelerate chondrogenesis, with increased expression of key chon-

drogenic markers and increased proteoglycan deposition as assessed by Alcian

blue staining. However, it would be comprehensible that in a similar way to the

results from the IL-1 induction of MMPs in PHC, it can be inhibited but not in-

duced, which could be explained for a number of reasons. This might be because

the system is already maximally activated, or that P2Y6 in the process is not the

limiting factor and only has cross-talk or tonic regulation of the key pathways.

4.3.3 Failure of CRISPR-Cas9 Knockout of P2Y6 in ATDC5 cells

CRISPR-Cas9 is a very versatile system that has been harnessed from the bacterial

defense system of S. Pyrogenes to edit genomic DNA. It’s use in editing genomic

DNA in eukaryotic cells was first described in 2013 [252] and consists of two ma-

jor components - Cas9, the nuclease and a guide RNA, which directs the Cas9

to the genomic site intended to be cleaved. Design of guide RNAs is limited to

sites which contain a protospacer adjacent motif (PAM) site of NGG, as this is

required for Cas9 to function. There are also many ways with which to deliver

the components of the Cas9 system, such as plasmid DNA, mRNA, ribonucle-

oprotein (RNP), lentiviral and AAV (adeno-associated virus). Often one of the

biggest challenges arising from this system is being able to get the components of

the system into the cell. For hard-to-transfect cells, transfecting a 10kB+ plasmid

or large protein cargo into a cell can be challenging. Moreover, the validation of

genomic cutting experimentally can be a lengthy process.

Initially, the RNP method was chosen to deliver the Cas9 components. RNP

has the advantage over other methods in that it does not rely on the endoge-

nous cellular machinery to produce the active components, unlike transfection
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with plasmid DNA, as it utilises recombinant Cas9 protein and synthetic guide

RNAs. There are not many commercial transfection reagents that are optimised

for use with RNP transfection, but the two that were used here were Lipofec-

tamine CrisprMAX (Thermo Fisher) and TransIT-X2 (Mirus Bio). Lipofectamine

CrisprMAX is a lipid nanoparticle formulation and Transit-X2 is a lipid and poly-

mer mix transfection reagent. Two methods were used for outcome measure-

ment; the first being a deconvolution algorithm assessment of sanger sequencing

traces and the second is a T7E1 assay. In the first method, genomic DNA is ex-

tracted from transfected cells and a region spanning the cut sites is amplified by

PCR, followed by sanger sequencing. The traces are then entered into a deconvo-

lution algorithm which estimates the percentage of cells in that population that

have an indel. The advantage to this is that it allows for a measurement of success

in a mixed pool before clonally isolating them. The second method is more crude;

it involves a similar process of amplifying a region of DNA spanning cut sites, but

then involves heating and cooling the DNA slowly to form heterodimers where

there is sequence mismatch caused by indels. The heterodimers are then incu-

bated with the T7E1 enzyme, which cuts the DNA at any mismatch sites. The

disadvantage to this method is that the T7E1 enzyme cannot detect 1 base pair

mismatches, and that it is more qualitative in nature.

Both outputs show that the RNP was ineffective in creating indels at the cut sites,

despite efforts to optimise the transfection. This included following different pro-

tocols (IDT or Thermo Fisher) and altering the amounts of Cas9/gRNA, single or

co-transfection and forward or reverse transfection. Some HI (2µg Cas9/420ng

gRNA) groups had 1% or 2% indel creation as estimated by by ICE, indicating

that the higher amounts of Cas9 and guide RNA were more effective, however,

isolating that percentage of cells in a mixed population would not be practical.

An in-vitro test (i.e where the reaction is carried out outside of a cell) showed the

Cas9 and guide RNA to be active when complexed together, highlighting that is is

likely an issue with the transfection itself. Moreover, an experimentally validated

guide RNA positive control (HPRT) was not able to produce indels either, mean-

ing it was unlikely to be an issue with the guide RNA sequences. In using four

different deconvolution algorithms, a comparison is able to be drawn between
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them. SeqScreener (Thermo Fisher) was discounted early on as it estimated that

100% of the cells in the population had an indel, however this was assumed to

be a false positive because the sequence was clearly the same as wild-type and

the other deconvolution algorithms did not concur. TIDE seemed to consistently

return a value of between 2-5%, so is likely to overestimate that amount over any

true indels, but ICE and DECODR seemed to more accurately deliver a 0% value

where it did not detect any sequence variations. As tools, ICE was easiest to use

and allowed for the input of 3 guide sequences, whereas DECODR allowed for

the input of only 2.

The next method used was to try a plasmid delivery option, with the additional

benefit of being able to use electroporation to transfer it into the cell as well as

lipofection methods. Previously used electroporation parameters and previously

validated transfection conditions in these cells were used. The downfall of this

method is that it still requires large cargo to be delivered into cells. Transient

transfection with Turbofect failed to induce indels as determined by deconvolu-

tion algorithms and electroporation of the plasmids produced less clear results.

ICE and TIDE were not able to find good statistical alignment between the control

and transfected sequences, however DECODR estimated 10% indel formation for

the first guide sequence when cells were electroporated with that plasmid. More-

over, the T7E1 assay produced multiple bands. Theoretically, there should be

three bands - one wild type, and the two fragments either side of the cut site in

the wild type sequence. The fragment sizes for guide 1 should have been 183bp

and 656bp, and for guide 2 they should have been 371bp and 468bp. These frag-

ments are large enough that they should be distinguishable on a gel, however

there is only two clear bands on the T7E1 gel. Moreover, they are at the same size

for each guide, so are unlikely to be the cut fragments. As expected, the eight

clones isolated all had wild type sequences. If this method were to be developed

further, it would be useful to verify Cas9 expression with a western blot post

transfection to ensure that the plasmid was getting inside the cell and that it was

being expressed sufficiently. It would also help to optimize the electroporation

further and/or try different transfection reagents.

The third method utilised a different strategy to contain multiple phases for which
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there were checkpoints to validate the process, thus saving time and money. It

also does not rely on the inefficient delivery of large cargo into seemingly trans-

fection resistant cells. This involved creating a Cas9+ stably expressing ATDC5

cell line, and transient transfection of synthetic guide RNAs. PCR from genomic

DNA showed that the integration of the Cas9 gene into the Hygromycin B resis-

tant cells was successful post transduction, and that they were likely to be ex-

pressing Cas9. Following expansion and freezing of this cell line, the synthetic

guide RNAs that were used with the RNP method were transfected into these

cells using Turbofect. Deconvolution algorithms suggested that this method was

successful in creating indels and did so very efficiently, with the third guide se-

quence, AC, showing the highest indel percentage alone or the three combined

being most efficient at 87%, according to ICE. Both ICE and DECODR also es-

timated that at least 20% (in most cases, higher) of these cells had a frame shift

induced by the indel, which is what would be needed to induce a loss of tran-

scription and therefore a knockout cell line. The T7E1 assay did not show the

same result as clearly. For AB, AC and HPRT gRNA transfected cells, there seems

to be nothing other than the wild type band. For AA transfected cells, there is a

"smudge" at a low molecular weight, and for all three co-transfected (A3/ALL3),

there is a clear lower band and seems as though the wild type band is slightly

lower than expected, however this is difficult to interpret and there would be

more than 5 fragments created from all three guide RNAs. Following clonal di-

lution of the cells through serial dilution, 8 clones expanded successfully from

the AC and ALL3 transfected cell populations. Sanger sequencing showed that

AC.1.2 had only wild type sequence, but AC.2.2, AC.5.2 and AC.7.2 contained no

wild type sequence. DECODR did estimate, however, that they did not originate

from a single cell but from three in the case of AC.5.2 and AC.7.2. Nevertheless,

they did not contain any wild-type sequence. DECODR could not find sequence

alignment for AC.6.2 and whilst the base-called sequence from Sanger sequenc-

ing was not wild-type, there may have been some wild type within as this can

only be determined from deconvolution of the peaks. A western blot, however,

showed all of these cells to still express P2RY6. The band from AC.6.2 did seem

slightly fainter, however this was assumed to be due to incomplete transfer. On
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this blot, there were two bands at around 200kD that were only present in the

wild type sample and not in the transfected cell lysates. It is possible this is an

artefact of the wild type sample going through two freeze-thaw cycles as it was

collected prior to the transfected samples, and is highly unlikely to be P2Y6 due

to its size. To prove this, an siRNA or blocking peptide to P2Y6 could be used to

see if this band changes in the wild type sample, or to repeat it with a lysate that

has not been subjected to freeze/thaw cycles.

In terms of method development, it is clear that the lentiviral delivery of Cas9 and

transient transfection of guide RNAs was the best method as it did not rely on

transient transfection of large cargo. However, it still failed to produce a knock-

out, and unfortunately there was not enough time nor money to continue to de-

velop this method. There are a number of reasons why this might be the case. The

first, which might be the simplest, is that the antibody used is not specific and is

not detecting wild-type P2Y6, as this antibody has not been knockout validated.

With more time and funds, other antibodies would have been tested using a pos-

itive and negative control (or blocking peptide) to see if they also detected P2Y6

protein. Another explanation is that the deconvolution algorithms estimated in-

correctly or overestimated, and there were no indels formed, or the indels formed

did not lead to the production of a non-functional protein or a lack of transcrip-

tion. Moreover, it is also possible that more clones needed to be isolated to find

the knockout, and strategies could have been employed to increase the number

of cells that were able to expand out of the 96 well plate, for example, using pre-

conditioned media or cloning rings. There are also specialist machines that can

dispense 1 cell into each well of a 96 well plate.
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Chapter 5

Transcriptomics

5.1 Introduction

To obtain a more global picture of how P2Y6 signalling affects chondrocyte phe-

notype, a transcriptome-wide approach was used. The overarching aim is to un-

derstand why P2Y6 is overexpressed in OA and how its signalling may contribute

to or oppose pathophysiological phenotypic changes. As such, total RNA was

extracted from PHC from tissue isolated from OA hips. These hips originated

from four patient donors and the extracted cells were stimulated with UDP-βS

or MRS2578 with and without IL-1β for six hours. This time point was chosen

as it had proven to be effective in previous experiments, and is short enough to

result in primary effects but long enough to allow a large enough response. In

published phenotypic assays using both compounds, stimulation times can vary

from 1 hour [234] to 24 hours [232], commonly using MRS2578 at 10µM, whereas

a concentration of 5 µM was used for this experiment. UDP-βS has been shown to

be more potent than UDP [253] with an EC50 of 3µM in a vascular smooth muscle

cell model [225], and as such 100µM was chosen as a maximal concentration. This

concentration has also been used by others in similar phenotypic studies [200].

The aim of this transcriptomic approach was to answer the following questions;

• How does MRS2578 inhibit the IL-1 induced expression of MMPs - which

genes may be mediating this effect?

• What effect does UDP-βS have on both IL-1 stimulated and unstimulated
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gene expression in PHC?

• Is it possible to infer the specificity of MRS2578 by analysing the reciprocity

of differentially expressed genes resulting from UDP-βS and MRS2578 stim-

ulation?

RNASeq Experimental Design. Four hip OA chondrocyte patient isolates were
stimulated with IL-1β 5ng/mL ± UDP-βS ± MRS2578 for six hours prior to
RNA extraction, library prep and Illumina mRNA sequencing. Figure made with
biorender.com.

5.2 Results

5.2.1 MRS2578 induces differential expression of over 6,000 genes

whilst UDP-βS causes differential expression of less than

300 genes in non-stimulated cells.

In this experiment, there were four direct comparisons made, comparing the ef-

fect of UDP-βS and MRS2578 in both unstimulated and IL-1β stimulated cells on
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differential gene expression. There were many fold more significantly differen-

tially expressed genes (DEG) by p value in the MRS2578 groups compared to the

UDP-βS groups (Fig. 5.1), with fewer than 100 genes overlapping in both stimu-

lated and non-stimulated comparisons.

Figure 5.1: Venn diagram showing DEG between experimental groups. Four
comparisons were made for differential gene expression analysis between vehi-
cle control and UDP-βS or MRS2578 in unstimulated and IL1-β (5ng/mL) stimu-
lated cells using DESeq2. DEG quoted here are significant by p value, as none of
the UDP-βS comparison groups remained significant after adjustment using the
Benjamini-Hochberg false discovery rate method.
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A - VC vs UDP-βS

B - VC vs MRS2578

Figure 5.2: Volcano Plot showing DEG in non-stimulated PHC.
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A - IL-1β vs IL-1β + UDP-βS

B - IL-1β vs IL-1β + MRS2578

Figure 5.3: Volcano Plot showing DEG in IL-1β stimulated PHC.
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5.2.2 UDP-βS causes reduced expression of multiple pro-inflammatory

mediators.

When comparing the vehicle control group and the cells treated with UDP-βS,

there was reduced transcription of a number of inflammatory mediator genes.

This includes facets of NFκB signalling, such as RELB, NFκBIA, which encodes

the IkB-α protein, and IRAK2, which is an interleukin-1 receptor associated ki-

nase. Elements of TNF signalling are also downregulated, namely TNFAIP8/3

and TIFA, which has a TRAF6 binding domain [254]. Some of the genes targeted

by NFκB are also downregulated, such as IL-6, MMP9, ADAMTS9/7, PTGES and

NOD2. The downregulation of these genes caused by P2Y6 agonism are all in

opposition to the action of IL-1, and as shown by blank spaces on the heat map,

were often not differentially expressed in the MRS2578 group (Fig. 5.4). These

genes were significantly different by p value, but were not significant when ad-

justed for multiple testing using the Benjamini-Hochberg method (Table 5.1).

Analysing all of the genes that were significantly differentially expressed by p

value, Gene Ontology (GO) [255], Reactome [256] and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analysis [257] was performed to provide a

more standardised view of how these genes might affect the chondrocyte pheno-

type. Both gene ontology and reactome analysis highlighted cytokine/chemokine

receptor binding, as well as the cellular response to interleukins and toll-like re-

ceptor signalling as being impacted based on the full DEG list (Fig. 5.6). GO term

analysis also flagged chemotaxis of immune cells (neutrophils/granulocytes) and

the response to interferon-gamma and interleukin-1 (Fig. 5.5). These GO and Re-

actome terms have been found to be significantly enriched by p adjusted value,

by comparing the background distribution of annotation to that of the differen-

tially expressed gene list. The KEGG pathway analysis maps show the genes

already mentioned involved in NFκB signalling, chemokine signalling and NOD-

like receptor signalling, and where in their respective pathways they lie.

To understand what might be mediating these responses or if the genes have a

common regulator or transcription factor, Enrichr [258] was used to probe for

predicted transcription factors. Four different analyses were used, three of which
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returned RELA, an NFκB protein, as a predicted controlling factor (Fig. 5.10).

Others predicted include c-Jun, STAT1, IRF8 and NFAT.

qRT-PCR was then used to validate some of the differentially expressed genes in

the same RNA that was used for sequencing. Of those tested, IRAK2 and CX3CL1

showed a similar trend of downregulation to the sequencing data, but not signif-

icantly. qRT-PCR was not able to verify the sequencing data for NOD2, CCL8 and

BDKRB1 with regards to UDP-βS stimulation (Fig. 5.11). qRT-PCR was also used

to test these responses in ATDC5 cells and CCL8, CXCL2 and IL6 showed a similar

trend of downregulation to the sequencing, yet again, not statistically significant.

An NFκB luciferase construct was then used to see if any change in NFκB activ-

ity could be seen with UDP-βS stimulation. There were no significant changes

in luciferase activity across the six hour time course (Fig. 5.12). There was no

significant GO term enrichment in the IL-1 vs IL-1 + UDP group (Fig. 5.13), and

the genes that are differentially expressed have a less clear impact on phenotype.

These genes were not significantly differentially expressed by adjusted p value

(Table 5.2).
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Figure 5.4: Heat map. Disease relevant genes were extracted from the DEG gene
list in the unstimulated groups, whilst comparing to the action of IL1-β alone.
Blank spaces infer that the gene was not significantly differentially expressed in
this group.
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Figure 5.5: Gene Ontology Enrichment Analysis - VC vs UDP-βS. Gene On-
tology [255] term enrichment analysis was performed on the DEG list, whereby
grouping of genes were analysed for significant enrichment.
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Figure 5.6: Reactome Enrichment Analysis - VC vs UDP-βS. Reactome[256] en-
richment analysis was performed on the DEG list, whereby grouping of genes
were analysed for significant enrichment.
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Figure 5.10: Predicted Transcription Factors of DEG. Enrichr [258] was used to
predict common transcription factors of DEGs in the VC vs UDP-βS comparison.
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Figure 5.11: qRT-PCR Verification in PHC. Reserved RNA that was sent for se-
quencing was reverse transcribed and qRT-PCR was used to assess changes in
gene expression as detected by mRNA sequencing. Data presented as mean ±
SEM. Student’s t test. N=4.
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Figure 5.12: ATDC5 qRT-PCR and NFκB Luciferase. ATDC5 cells were treated
with UDP-βS for six hours and RNA was extracted and reverse transcribed. qRT-
PCR was carried out (A). (B) ATDC5 cells were transfected with NFκB luciferase
construct and treated with UDP-βS, followed by measurement of firefly luciferase
activity upon cell lysis.

149



Figure 5.13: Gene Ontology Enrichment Analysis - IL-1 vs IL-1 + UDP-βS.
Gene Ontology [255] term enrichment analysis was performed on the DEG list,
whereby grouping of genes were analysed for significant enrichment.
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Table 5.1: VC vs UDP Top 50 DEG by p value

FC p value p adj Gene Description
2.61 1.1E-05 0.32002 SMIM11A small integral membrane protein 11A
-1.28 1.8E-04 0.99997 CX3CL1 C-X3-C motif chemokine ligand 1
-1.82 2.1E-04 0.99997 BDKRB2 bradykinin receptor B2
-2.15 2.2E-04 0.99997 BDKRB1 bradykinin receptor B1
-1.12 2.8E-04 0.99997 CMPK2 cytidine/uridine monophosphate kinase 2
-0.84 3.4E-04 0.99997 TBC1D3D TBC1 domain family member 3D
-1.64 5.4E-04 0.99997 SERF1B small EDRK-rich factor 1B
-2.62 9.4E-04 0.99997 NOD2 nucleotide binding oligomerization domain containing 2
0.24 2.1E-03 0.99997 ARHGEF17 Rho guanine nucleotide exchange factor 17
-1.19 3.0E-03 0.99997 IRAK2 interleukin 1 receptor associated kinase 2
0.56 3.2E-03 0.99997 ZFN704 zinc finger protein 704
-0.67 3.2E-03 0.99997 DDX60 DExD/H-box helicase 60
-4.28 3.7E-03 0.99997 MIR3132 microRNA 3132
-3.25 4.1E-03 0.99997 NSFP1 N-ethylmaleimide-sensitive factor pseudogene 1
-0.80 4.3E-03 0.99997 CYP7B1 cytochrome P450 family 7 subfamily B member 1
-1.57 4.3E-03 0.99997 RELB RELB proto-oncogene, NF-kB subunit
-1.08 4.9E-03 0.99997 BCL3 B cell CLL/lymphoma 3
-2.12 5.5E-03 0.99997 AIRE autoimmune regulator
-2.81 6.1E-03 0.99997 CABP7 calcium binding protein 7
-1.42 6.4E-03 0.99997 NFκBIA NFκB inhibitor alpha
-0.96 6.5E-03 0.99997 NPL N-acetylneuraminate pyruvate lyase
-1.98 6.6E-03 0.99997 MAGED4B MAGE family member D4B
-1.51 7.0E-03 0.99997 SCO2 SCO2, cytochrome c oxidase assembly protein
-1.08 7.6E-03 0.99997 CSF1 colony stimulating factor 1
0.31 7.6E-03 0.99997 PXDC1 PX domain containing 1
-1.73 7.7E-03 0.99997 FP565260.3 Homo sapiens ICOS ligand, mRNA
0.41 7.8E-03 0.99997 PPCDC phosphopantothenoylcysteine decarboxylase
-2.52 7.9E-03 0.99997 IL6 interleukin 6
-3.64 8.0E-03 0.99997 C15orf48 chromosome 15 open reading frame 48
-5.43 8.2E-03 0.99997 CCL8 C-C motif chemokine ligand 8
-1.43 8.4E-03 0.99997 ZC3H12A zinc finger CCCH-type containing 12A
-0.32 9.4E-03 0.99997 CCNL1 cyclin L1
-1.88 1.0E-02 0.99997 CCL7 C-C motif chemokine ligand 7
-0.63 1.0E-02 0.99997 EPSTI1 epithelial stromal interaction 1
-1.27 1.0E-02 0.99997 TNFRSF1B TNF receptor superfamily member 1B
-4.05 1.1E-02 0.99997 GNGT2 G protein subunit gamma transducin 2
2.50 1.1E-02 0.99997 DUOX2 dual oxidase 2
-2.15 1.1E-02 0.99997 BIRC3 baculoviral IAP repeat containing 3
-0.69 1.1E-02 0.99997 RARRES3 retinoic acid receptor responder 3
-1.78 1.2E-02 0.99997 HIST2H4B histone cluster 2 H4 family member b
-1.17 1.2E-02 0.99997 IRF1 interferon regulatory factor 1
2.52 1.3E-02 0.99997 BISPR BST2 interferon stimulated positive regulator
-3.00 1.3E-02 0.99997 HAVCR1 hepatitis A virus cellular receptor 1
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Table 5.2: IL-1 vs IL-1 + UDP-βS Top 50 DEG by p value

FC p value p adj Gene Gene Description
1.06 0.0008 0.9999 SCAI suppressor of cancer cell invasion
1.16 0.0011 0.9999 EIF3C eukaryotic translation initiation factor 3 subunit C
-0.88 0.0039 0.9999 PSMC1P1 proteasome 26S subunit, ATPase 1 pseudogene 1
1.96 0.0064 0.9999 SNHG22 small nucleolar RNA host gene 22
-2.99 0.0066 0.9999 SIRT4 sirtuin 4
3.67 0.0083 0.9999 AL162430.1 ribosomal protein S2 (RPS2) pseudogene
-1.26 0.0089 0.9999 RASA4 RAS p21 protein activator 4
1.95 0.0090 0.9999 AL136981.2 novel zinc finger protein pseudogene
0.85 0.0091 0.9999 FGD4 FYVE, RhoGEF and PH domain containing 4
1.58 0.0096 0.9999 CBWD4P COBW domain containing 4 pseudogene
2.31 0.0097 0.9999 AC090912.1 novel transcript, antisense to RBBP8
0.60 0.0097 0.9999 AC022167.2 novel transcript, antisense to CARHSP1
-1.77 0.0103 0.9999 FSIP1 fibrous sheath interacting protein 1
-1.26 0.0106 0.9999 TEX22 testis expressed 22
0.96 0.0115 0.9999 AC120114.3 novel transcript, sense intronic to KCTD13
2.74 0.0116 0.9999 POLQ DNA polymerase theta
3.37 0.0118 0.9999 SALL1 spalt like transcription factor 1
4.01 0.0127 0.9999 STPG4 sperm-tail PG-rich repeat containing 4
0.91 0.0128 0.9999 BCO2 beta-carotene oxygenase 2
0.80 0.0143 0.9999 37226 deleted in esophageal cancer 1
-0.34 0.0144 0.9999 ZNF581 zinc finger protein 581
2.92 0.0147 0.9999 IGSF6 immunoglobulin superfamily member 6
-1.04 0.0148 0.9999 SMG1P5 SMG1 pseudogene 5
-2.07 0.0156 0.9999 NEURL3 neuralized E3 ubiquitin protein ligase 3
1.16 0.0165 0.9999 AC024075.3 novel transcript, antisense C19orf42
-3.86 0.0166 0.9999 OTOA otoancorin
-3.92 0.0168 0.9999 AC079630.1 novel transcript, antisense to LRRK2
1.21 0.0168 0.9999 Z98884.2 novel transcript, sense intronic to VAMP3
-1.63 0.0168 0.9999 TIGD3 tigger transposable element derived 3
1.61 0.0171 0.9999 FBXL16 F-box and leucine rich repeat protein 16
-2.05 0.0171 0.9999 AL163540.1 COBW domain containing protein pseudogene
0.54 0.0179 0.9999 SEC61A2 Sec61 translocon alpha 2 subunit
-2.24 0.0180 0.9999 PRAM1 PML-RARA regulated adaptor molecule 1
2.82 0.0182 0.9999 PRH1 proline rich protein HaeIII subfamily 1
3.47 0.0183 0.9999 LINC00987 long intergenic non-protein coding RNA 987
3.32 0.0185 0.9999 EAF1-AS1 EAF1 antisense RNA 1
0.30 0.0199 0.9999 HECTD2 HECT domain E3 ubiquitin protein ligase 2
-0.41 0.0204 0.9999 SS18L2 SS18 like 2
0.71 0.0212 0.9999 BRCA1 BRCA1, DNA repair associated
3.55 0.0212 0.9999 AC004594.1 novel transcript, antisense to CADPS2
1.63 0.0215 0.9999 AC233968.1 aminopeptidase puromycin sensitive pseudogene
0.89 0.0217 0.9999 BNC1 basonuclin 1
0.97 0.0218 0.9999 ACVR1C activin A receptor type 1C
0.69 0.0220 0.9999 AC093162.2 retinol saturase pseudogene
-3.76 0.0220 0.9999 MESP2 mesoderm posterior bHLH transcription factor 2
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5.2.3 Some of the DEG caused by UDP-βS also change at the pro-

tein level.

Owing to the lack of statistical power to use the Benjamini-Hochberg method to

validate true findings as well as to add weight to what is seen at the mRNA level,

a proteomic solid-phase array was used to detect changes in cytokine secretion

in PHC following UDP-βS stimulation. A longer time course was chosen as it

takes longer for a cell to transcribe, translate and secrete the protein than produce

the mRNA, so time points of 24 and 48 hours were chosen. The same concentra-

tion of UDP-βS was used (100µM), and the media was replaced at the beginning

of the stimulation to create a basal or 0 starting point. A pooling approach was

taken due to the prohibitive cost of the membranes - as such, whilst the samples

contained the variation of 3 different donors, the variation cannot be measured.

Shown in Figs. 5.14 and 5.15 is the densitometric analysis of the arrays, pictures

can be seen in the appendix. At the 24 hour time point, many of the cytokines

detected were below background levels in the control group but not in the stimu-

lated group, including IL-2,3,4,5,6 and 7 as well as CCL1 and IL-10,12,13 and 15.

CCL2 detection was higher in the stimulated group, as well as CXCL8, CCL4 and

angiogenin. The detection of some cytokines was also lower in the stimulated

group, including NT-3 and NT-4, CXCL7, TGF-β2/3 and CXCL10. At the 48 hour

time point, many similar trends are also seen. CCL2 detection is also higher in

the stimulated group. The same is true for many of the interleukins. However,

detection in the stimulated group is also lower for many of the cytokines, includ-

ing TGF-β2/3, PLGF, PARC, SPP1, NT-3, CCL13, CX3CL1, CCL26, CXCL1 and

CCL22.
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Figure 5.14: Proteomic Array in PHC 24hr post UDP-βS stimulation. 3 PHC
isolates were incubated were plated into a 12 well plate, serum starved for 24
hours and stimulated with UDP-βS 100µM for 24 hours, followed by detection of
cytokines in cell culture supernatant with a solid-phase proteomic array. Densit-
ometry analysis was performed in Fiji/Image-J. N=1.
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Figure 5.15: Proteimic Array in PHC 24hr post UDP-βS stimulation. 3 PHC
isolates were incubated were plated into a 12 well plate, serum starved for 24
hours and stimulated with UDP-βS 100µM for 48 hours, followed by detection of
cytokines in cell culture supernatant with a solid-phase proteomic array. Densit-
ometry analysis was performed in Fiji/Image-J. N=1.
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5.2.4 UDP-βS may mediate these effects via inhibition of STAT6.

To understand which proteins may mediate downstream effects of P2Y6 activa-

tion, a solid phase protein array detecting phosphorylated proteins was carried

out. Following UDP-βS stimulation, cells were lysed and proteins were solu-

bilised (with phosphatase and protease inhibitors) at three time points - 15 min-

utes, 30 minutes and 60 minutes, as kinases can act very quickly to phosphorylate

proteins [259]. Again, a pooling approach was taken, so that the samples contain

the variation from three PHC donors, but the variance cannot be measured. There

were five membranes, detecting phosphorylation of proteins from different fami-

lies - namely NFκB, MAPK, AKT, JAK/STAT and TGF. Densitometric analysis of

the detection of phosphorylated proteins is shown in Figs. 5.16 - 5.20, and images

of the membranes are in the appendix. Data are shown as fold change from a

control, basal phosphorylation membrane and adjusted for intra-membrane vari-

ablity with a positive control spot on each individual membrane. Of the NFκB

proteins, many of the proteins’ phosphorylation remain unchanged between con-

trol and UDP-βS stimulated groups. At 15 minutes, however, TAK1 and TBK1 are

higher in the stimulated group, as is ATM at 30 minutes. Of the MAPK proteins,

at 30 minutes post stimulation, detection of phosphorylated p38 is higher in the

stimulated group, but that of ERK1/2 and MSK2 is higher in the control group. Of

the AKT proteins, at 15 minutes, detection of phosphorylated PRAS40 is higher

in the control group. At 30 minutes, that of PRAS40 reverses and is higher in the

stimulated group, as does that of PTEN. The most stark change is that of STAT6,

part of the JAK/STAT family of proteins. The detection of phosphorylated STAT6

is lower in the stimulated group at all three time points, and becomes lower than

that of basal control at 30 and 60 minutes, with a negative fold change. As well

as this, EGFR phosphorylation is lower than the untreated control and basal con-

trol at 60 minutes. At 30 and 60 minutes, the detection of phosphorylated JAK1,

STAT5, TYK2 and SHP1 are also lower in the UDP-βS stimulated groups than

control. Phosphorylation of many of the TGF proteins also changes with UDP-

βS stimulation. At 15 minutes, detection of phosphorylated SMAD, ATF2 and

c-Fos/c-Jun is higher in the stimulated group. This effect is not maintained at the

30 minute and 60 minute time points, and SMAD1 shows reduced phosphoryla-
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tion in the stimulated group at the 30 and 60 minute time points. That of SMAD2

and SMAD5 then becomes lower at the 60 minute time point.

Figure 5.16: Proteomic Array NFκB. PHC were seeded into a 12 well plate, serum
starved for 24 hours and stimulated with UDP-βS for the time indicated on the
individual graph. Following this, phosphorylated proteins were detected by a
solid phase proteomic array and densitometric analysis was carried out with
Fiji/ImageJ. N=1.
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Figure 5.17: Proteomic Array MAPK. PHC were seeded into a 12 well plate,
serum starved for 24 hours and stimulated with UDP-βS for the time indicated
on the individual graph. Following this, phosphorylated proteins were detected
by a solid phase proteomic array and densitometric analysis was carried out with
Fiji/ImageJ. N=1.
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Figure 5.18: Proteomic Array AKT. PHC were seeded into a 12 well plate, serum
starved for 24 hours and stimulated with UDP-βS for the time indicated on the
individual graph. Following this, phosphorylated proteins were detected by a
solid phase proteomic array and densitometric analysis was carried out with
Fiji/ImageJ. N=1.
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Figure 5.19: Proteomic Array JAK/STAT. PHC were seeded into a 12 well plate,
serum starved for 24 hours and stimulated with UDP-βS for the time indicated
on the individual graph. Following this, phosphorylated proteins were detected
by a solid phase proteomic array and densitometric analysis was carried out with
Fiji/ImageJ. N=1.
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Figure 5.20: Proteomic Array TGF. PHC were seeded into a 12 well plate, serum
starved for 24 hours and stimulated with UDP-βS for the time indicated on the
individual graph. Following this, phosphorylated proteins were detected by a
solid phase proteomic array and densitometric analysis was carried out with
Fiji/ImageJ. N=1.
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5.2.5 UDP-βS and MRS2578 cause differential gene expression

often in the same direction of change.

There were a lot of genes in which UDP-βS and MRS2578 both elicited reduced

transcription in PHC compared to vehicle control. Fig. 5.21 highlights the top 30

genes, by p value, in the form of a heat map that are reciprocally differentially

expressed in non-stimulated PHC. Many of the genes are involved in inflamma-

tory processes. These include chemokines (CX3CL1, CCL8/7) and inflammatory

signalling factors (TNFAIP8, NOD2, NFκBIA, VCAM1, TNFSF10), whose expres-

sion was repressed by MRS2578. Conversely, MRS2578 did induce some genes,

including HES7, EGR1, and CCL1.

In the IL-1β stimulated PHC, UDP-βS and MRS2578 also caused differential gene

expression in the same direction of change, although this trend is less clear. Fig.

5.22 shows the top 30 genes by p value that are reciprocally differentially ex-

pressed in the IL-1β stimulated group. There is a wider range of genes in this list,

and there is not a clear grouping of function. Of the genes that are expressed re-

ciprocally in differing directions, these include MESP2, which is a type of bHLH

transcription factor, NKILA, which is an NFκB lncRNA, and TEX22.
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Figure 5.21: Non-stimulated Reciprocal Heatmap. Genes that were reciprocally
differentially expressed and significant by p value in the UDP-βS and MRS2578
groups were extracted and graphically presented in a heat map.
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Figure 5.22: IL-1β Stimulated Heatmap. Genes that were reciprocally differen-
tially expressed and significant by p value in the IL-1β stimulated UDP-βS and
MRS2578 groups were extracted and graphically presented in a heat map.
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5.2.6 MRS2578 may inhibit the IL-1 induced expression of MMPs

through likely more than one mechanism.

There were many more differentially expressed genes in the MRS2578 groups

in both the IL-1β stimulated and unstimulated PHC (Fig. 5.1) than the UDP-βS

groups, showing it to be a highly potent molecule. The majority of these genes

are significant by both p value and adjusted p value in both groups. The genes

that are induced or repressed encode proteins that are from different families and

have wide ranging cellular functions. This includes mitochondrially encoded

metabolic genes and many heat shock genes in the unstimulated group. In the

stimulated group, genes from many key pathways, such as MAPK, Wnt and

JAK/STAT are differentially expressed. Enriched GO terms include interferon

signalling, toll-like receptor signalling and deubiquitination. In the unstimulated

group, the enriched GO terms include various aspects of ubiquitination, facets

of cell-cell juxtacrine communication and protein/RNA catabolic processes (Fig.

5.24). KEGG pathway analysis revealed that the most enriched pathways from

the IL-1 vs IL-1 + MRS2578 groups were the MAPK and JAK/STAT pathways.

From the MAPK pathway, activators of the pathway such as growth factors and

their tyrosine receptor kinases are downregulated, as well as NFκB and c-Jun.

Heat shock proteins that inhibit JNK are upregulated (Fig. 5.25). JAK/STAT sig-

nalling factors are also downregulated, as are many of the genes whose expres-

sion is influenced by this pathway, such as Bcl2 and SOCS (Fig. 5.26). The most

enriched KEGG pathways from the VC vs MRS2578 groups are protein process-

ing in the endoplasmic reticulum, phosphatidylinositol signaling system and the

FoxO pathway (not shown).
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Figure 5.23: Reactome Enrichment Analysis - IL-1 vs IL-1 + MRS2578. Reac-
tome[256] enrichment analysis was performed on the DEG list, whereby group-
ing of genes were analysed for significant enrichment.
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Table 5.3: VC vs MRS2578 Top 50 DEG by p value

FC p value p adj Gene Description
6.73 5.02E-71 9.50E-67 HSPA6 heat shock protein family A (Hsp70) member 6
7.64 5.59E-53 5.28E-49 HSPA7 heat shock protein family A (Hsp70) member 7
2.95 6.22E-52 3.92E-48 CIART circadian associated repressor of transcription

-2.14 2.35E-50 9.01E-47 MT-ND5 mitochondrially encoded NADH:ubiquinone
oxidoreductase core subunit 5

-2.79 2.38E-50 9.01E-47 MT-ND6 mitochondrially encoded NADH:ubiquinone
oxidoreductase core subunit 6

-3.51 2.17E-47 6.83E-44 MT-TN mitochondrially encoded tRNA asparagine
-3.88 1.12E-45 3.03E-42 MT-TC mitochondrially encoded tRNA cysteine
2.86 4.65E-38 1.10E-34 HSPA1A heat shock protein family A (Hsp70) member 1A
1.09 5.21E-36 1.10E-32 CLASRP CLK4 associating serine/arginine rich protein
-1.09 6.49E-36 1.23E-32 IFNAR1 interferon alpha and beta receptor subunit 1
-1.49 1.00E-35 1.73E-32 ATXN1 ataxin 1
2.80 3.09E-34 4.50E-31 HSPA1B heat shock protein family A (Hsp70) member 1B
-3.89 6.62E-34 8.95E-31 MT-TY mitochondrially encoded tRNA tyrosine
-1.63 4.53E-32 5.71E-29 FAM217B family with sequence similarity 217 member B
-1.49 4.40E-30 5.21E-27 ZBTB41 zinc finger and BTB domain containing 41
1.25 3.20E-29 3.37E-26 IER2 immediate early response 2
2.43 3.20E-29 3.37E-26 DNAJB1 DnaJ heat shock protein family (Hsp40) member B1

-2.58 3.88E-28 3.87E-25 LDLRAD4 low density lipoprotein receptor class A
domain containing 4

1.87 2.28E-27 2.15E-24 PER1 period circadian regulator 1
0.95 5.55E-26 5.00E-23 DMTF1 cyclin D binding myb like transcription factor 1
-1.09 6.39E-26 5.50E-23 MIB1 E3 ubiquitin protein ligase 1
1.30 2.28E-24 1.88E-21 CCDC84 coiled-coil domain containing 84
1.17 8.12E-24 6.40E-21 KPTN kaptin, actin binding protein
1.97 9.77E-24 7.32E-21 IER5 immediate early response 5
3.47 1.01E-23 7.32E-21 NR4A1 nuclear receptor subfamily 4 group A member 1
-1.33 2.79E-23 1.96E-20 ITGAV integrin subunit alpha V
0.78 7.56E-23 5.11E-20 SELENOW selenoprotein W
3.26 2.32E-22 1.51E-19 FOS Fos proto-oncogene, AP-1 transcription factor
-1.44 2.99E-22 1.88E-19 LRRC58 leucine rich repeat containing 58
1.15 4.35E-22 2.66E-19 DDX39A DExD-box helicase 39A
-1.08 4.69E-22 2.77E-19 CHM CHM, Rab escort protein 1
0.91 4.85E-22 2.78E-19 BAX BCL2 associated X, apoptosis regulator

-1.21 6.11E-22 3.40E-19 PTAR1 protein prenyltransferase alpha subunit
repeat containing 1

0.87 7.12E-22 3.85E-19 RBM39 RNA binding motif protein 39
1.25 9.58E-22 5.04E-19 SRSF7 serine and arginine rich splicing factor 7
0.86 1.03E-21 5.26E-19 SLC12A4 solute carrier family 12 member 4
-1.34 2.03E-21 1.01E-18 NORAD non-coding RNA activated by DNA damage
-1.11 2.62E-21 1.27E-18 GTF3C4 general transcription factor IIIC subunit 4
1.34 2.83E-21 1.34E-18 EGR1 early growth response 1
0.99 4.23E-21 1.95E-18 ULK3 unc-51 like kinase 3
-0.81 6.62E-21 2.98E-18 MTPN myotrophin
-1.12 8.66E-21 3.81E-18 SEL1L SEL1L, ERAD E3 ligase adaptor subunit
-1.06 9.73E-21 4.18E-18 PPARA peroxisome proliferator activated receptor alpha
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Table 5.4: IL-1 vs IL-1 + MRS2578 Top 50 DEG by p value

FC p value p adj Gene Description
-3.34 3.60E-137 8.31E-133 SMS spermine synthase
-3.13 5.92E-125 6.85E-121 KPNA2 karyopherin subunit alpha 2
-6.61 1.53E-122 1.18E-118 CCL5 C-C motif chemokine ligand 5
5.59 6.20E-121 3.58E-117 ID3 inhibitor of DNA binding 3, HLH protein
-9.65 1.22E-114 5.66E-111 ESM1 endothelial cell specific molecule 1
-4.50 8.71E-110 3.35E-106 GPR68 G protein-coupled receptor 68
-3.23 6.68E-106 2.21E-102 TNIP1 TNFAIP3 interacting protein 1
-5.33 1.42E-95 4.10E-92 CSF1 colony stimulating factor 1
-3.52 7.36E-91 1.89E-87 NFκB2 nuclear factor kappa B subunit 2
-3.66 1.03E-87 2.37E-84 TLNRD1 talin rod domain containing 1
-2.82 8.73E-81 1.83E-77 EHD1 EH domain containing 1
-3.38 7.16E-79 1.38E-75 ISG20 interferon stimulated exonuclease gene 20
-5.05 1.33E-78 2.37E-75 BDKRB1 bradykinin receptor B1

3.03 1.75E-75 2.69E-72 PLEKHG2 pleckstrin homology and RhoGEF
domain containing G2

-4.20 1.12E-74 1.61E-71 C1QTNF1 C1q and TNF related 1
-2.92 2.07E-73 2.82E-70 CACHD1 cache domain containing 1
-2.44 4.07E-73 5.23E-70 A4GALT alpha 1,4-galactosyltransferase (P blood group)
-2.89 1.05E-72 1.28E-69 NMI N-myc and STAT interactor
-3.61 2.91E-72 3.37E-69 MCC MCC, WNT signaling pathway regulator
-3.92 3.67E-71 3.86E-68 MT-TC mitochondrially encoded tRNA cysteine
-3.12 1.08E-70 1.09E-67 DENND5A DENN domain containing 5A
-3.89 1.32E-70 1.27E-67 MAP3K8 mitogen-activated protein kinase kinase kinase 8
3.09 1.42E-69 1.31E-66 PIK3IP1 phosphoinositide-3-kinase interacting protein 1
-8.13 7.10E-69 6.31E-66 CXCL6 C-X-C motif chemokine ligand 6
-6.22 1.90E-68 1.62E-65 TSLP thymic stromal lymphopoietin
-3.23 7.03E-68 5.80E-65 PDPN podoplanin
5.09 1.45E-65 1.15E-62 DBP D-box binding PAR bZIP transcription factor
4.88 2.34E-65 1.80E-62 DEPP1 DEPP1, autophagy regulator
-2.91 4.24E-65 3.16E-62 SERPINB8 serpin family B member 8
-6.87 7.66E-65 5.54E-62 GPR37L1 G protein-coupled receptor 37 like 1
-3.94 2.06E-63 1.44E-60 FGF2 fibroblast growth factor 2
-6.86 8.11E-63 5.51E-60 MIR3142HG MIR3142 host gene
-1.83 1.84E-62 1.22E-59 TNKS1BP1 tankyrase 1 binding protein 1
-3.36 5.66E-62 3.63E-59 PLPP3 phospholipid phosphatase 3
-4.49 1.79E-61 1.12E-58 NFκB1 nuclear factor kappa B subunit 1
-4.49 2.35E-61 1.43E-58 VCAM1 vascular cell adhesion molecule 1
-2.71 2.87E-61 1.70E-58 SLC7A1 solute carrier family 7 member 1
-3.49 2.95E-61 1.71E-58 RNF144B ring finger protein 144B
-3.82 4.55E-61 2.56E-58 GFPT2 glutamine-fructose-6-phosphate transaminase 2
-3.25 8.84E-61 4.87E-58 ABHD17C abhydrolase domain containing 17C
-3.78 3.36E-60 1.81E-57 STAT5A signal transducer and activator of transcription 5A

-2.76 5.09E-60 2.67E-57 MT-ND6 mitochondrially encoded NADH:ubiquinone
oxidoreductase core subunit 6

-8.64 9.19E-60 4.72E-57 CXCL5 C-X-C motif chemokine ligand 5
-9.99 2.76E-59 1.39E-56 IL36G interleukin 36 gamma
-3.64 3.16E-59 1.55E-56 ID2 inhibitor of DNA binding 2
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Figure 5.24: Gene Ontology Enrichment Analysis - VC vs MRS2578. Gene On-
tology [255] term enrichment analysis was performed on the DEG list, whereby
grouping of genes were analysed for significant enrichment.
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5.3 Discussion

5.3.1 Analysis Methods for RNAseq Data.

DESeq2 [213] was used to analyse the raw data from the Illumina sequencing by

synthesis (SBS). There are a number of quality control measures that are taken

to ensure the data is robust. Initially, variation within groups is examined using

principal component plot analysis, and outliers are removed. Moreover, the raw

reads are normalised based on gene length and total number of mapped reads,

producing an FPKM (fragments per kilobase of transcript per million mapped

reads. This FPKM is then used to calculate fold change between control and

treated groups. DESeq2 normalises data across samples to account for varying se-

quencing depth and is a robust and accurate method for reducing bias. From this

analysis, a Wald test is used to test for significance of a logarithmic fold change

from 0, producing a p value. An adjusted p value is then produced to account for

the issue of multiple testing using the Benjamini-Hochberg method. The adjusted

p value takes into consideration the large number of genes that are being tested

in an NGS experiment and tests the hypothesis that the significant genes are false

positives. None of the DEG in the UDP-βS groups are significant by the adjusted

p value and so false positives cannot be excluded from these gene lists. However,

excluding all of the values would also exclude true positives and so it becomes

harder to distinguish between true and false positives.

Some of the genes that were significant by p value were measured by qRT-PCR to

try and validate whether they are true findings or by chance. Some genes, namely

CX3CL1 and IRAK2 showed a trend of expression that is similar to the that found

by NGS, but not significantly by t test at the 0.05 level. There are a number of rea-

sons why this might be the case. Firstly, PCR uses primers that only amplify a

small section of the gene (∼100 base pairs) and therefore might not be capturing

the full expression due to sequence variations like splice variants. There may also

be an element of reverse transcription bias, although this step is also part of the

NGS workflow, albeit with different enzymes used. Moreover, more technical

replicates would give higher accuracy and more statistical power, likely resulting
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in significance by qPCR. The precision and sensitivity of NGS is also higher than

qPCR because of the depth of sequencing [260], meaning qPCR might not be able

to detect smaller differences with the same accuracy. That said, it might also be

because the difference is not a true finding and that the q value estimation of false

positives is accurate.

There is also some confidence that the NGS findings are not all false positives

provided in the types of genes that are differentially expressed. For example,

in the VC vs UDP-βS group, a lot of the genes that are in the DEG list and are

significant by p value are from a similar gene grouping, eg cytokines and media-

tors of inflammation. This is reflected in the significantly enriched (by adjusted p

value) GO terms and KEGG pathway analyses. On the other hand, the genes in

the IL-1 vs IL-1 + UDP comparison, there are no significantly enriched GO terms

and no clear grouping of the genes. This does not mean that they are any more

likely to be false positives, but it could be argued that one way of differentiating

between false and true positives in the lack of quantitative data is looking at the

relationship of the genes to each other i.e it is likely that more than one gene in a

group of genes would be differentially expressed if their regulation was altered.

For example, there are many genes under transcriptional control of NFκB, and so

alterations in NFκB activity would likely lead to differential expression of more

than one target of it.

Another potential reason for the lack of statistical power, and therefore signifi-

cance by p adjusted value, might be the high variability between donor groups.

PHC from OA patients are always heterogeneous between donors because of

the stage of disease often being different. This is due to the critical factor for

joint replacement being pain, not histological or other more quantitative meth-

ods of disease scoring. Since pain is not a good measure of disease severity as

it is very dependent on the individual, disease progression will be different and

this would have implications on the isolated chondrocytes’ phenotype. It may

have been pertinent to conduct a power calculation to alleviate the question of

whether sample size is a factor in the lack of significance.
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Figure 5.27: Structure of UDP and UDP-βS.

5.3.2 UDP-βS vs UDP and receptor desensitisation

Uridine-5’-O-2’thiodiphosphate (UDP-βS) is a non-hydrolysable analogue of UDP

that is a potent agonist of P2Y6 and has a lower EC50 than UDP when measuring

contractility in the rat basilar artery [253]. The modification of the phosphate to a

thiophosphate group prevents ectonucleotidases from degrading the nucleotide

but allows it to retain its activity at P2Y6. In 1321N1 astrocytoma cell culture,

UDP was completely degraded after 2 hours, whereas UDP-βS remained sta-

ble [225]. As such, UDP-βS was used to create sustained activation of P2Y6 in

PHC, and prevent degradation into other agonists of purinergic receptors. The

pitfall with this approach is that the receptor may become desensitised and in

extremes, the agonist may start to have an antagonistic effect. It could also be

argued that the chronic exposure to agonist is not what happens physiologically,

as there would be more transient signalling. However, even exaggerated effects

would be useful to understand how P2Y6 signals in this system. Moreover, P2Y6

has been shown to be slow to desensitise, with a peak response maintained for at

least 3 hours as measured by IP3 accumulation in 1321N1 cells [261]. As such, it is

unlikely that any response seen is due to receptor desensitisation in the six hour

time period. It would also take time for any downstream signalling to occur after

that three hour period, so a six hour period is appropriate to see downstream ef-

fects. There is also no evidence to suggest that the modification of the phosphate

group confers any off-target activity.
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5.3.3 Action of UDP-βS

In the cells treated with UDP-βS, there were no significant differentially expressed

genes when p values were adjusted using the Benjamini-Hochberg method. As

such, any discussion of the differentially expressed genes needs to be in the con-

text of this lack of significance and resulting inability to prove or disprove a hy-

pothesis. With that said, the following discussion details the differentially ex-

pressed genes that were significant by unadjusted p value, and would require

further validation to be able to draw any conclusions from. UDP-βS may alter

the expression of a number of genes that are disease relevant and important to

inflammatory processes in non-IL-1β-stimulated PHC that are from OA patients.

In the IL-1 vs Il-1 + UDP-βS group, there was not a clear effect of the stable P2Y6

agonist, with no significantly enriched GO terms. It is also important to note that

the PHC cells were from osteoarthritic tissues and so would have a level of these

inflammatory pathways already activated.

Of the differentially expressed genes in the VC vs UDP-βS group, there are many

cytokines of the CX and CC families that were reduced in expression. These in-

clude CCL8, CX3CL1, IL6, CCL8, CXCL5, CXCL6, CCL13, CXCL3, IL34, CXCL2

and CCL2. These cytokines have the action of recruiting immune cells, for exam-

ple CX3CL1 is a membrane-bound chemokine that when bound to its receptor,

CX3CL1R found on effector T cells and macrophages, initiates inflammatory cas-

cades. It also has a soluble domain which causes the chemotaxis of leukocytes

[262]. Many of the proteins that these genes encode were found less abundantly

in the cell culture supernatant of PHC incubated with UDP-βS compared to con-

trol, albeit at N=1. These include CX3CL1, CXCL7, CCL22 and CXCL6. Interest-

ingly, the proteomic array showed UDP-βS to increase CCL2 release compared to

control at 24 and 48 hours. However, whilst this data contains the variation of

three PHC isolates, they are only at N=1 and were used to validate the findings

at the mRNA level.

CX3CL1 concentrations have been shown to be elevated in both serum and syn-

ovial fluid from OA patients [263] and it is transcriptionally regulated by IL-1β

[264]. The expression of many other chemokines by chondrocytes is also upregu-

lated in OA [265] and can act in an autocrine way to induce expression of MMPs
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[90]. It has been shown that many chemokines are under transcriptional con-

trol of NFκB and as well as upregulating MMPs, can cause chondrocyte apop-

tosis [266]. The action of CCL2 at CCR2 on chondrocytes activates p38 MAPK

and ERK signalling to induce expression of MMP1, MMP3, MMP13 and TIMP1

in healthy chondrocytes and in OA chondrocytes, only MMP1 and MMP3 with

longer exposure times [107]. CCL2 has also been found to mediate OA-related

pain in vivo [105]. IL-6 is also highly disease relevant, as it causes inflammatory

pain and cartilage degeneration [267]. As such, it is clear that these molecules are

very relevant to the pathophysiology of OA, but exactly how P2Y6 signalling may

modulate their expression is yet to be understood. Transcription factor analysis

estimated that from the list of differentially expressed genes caused by UDP-βS,

many of the genes are regulated transcriptionally by NFκB. It is possible that

P2Y6 inhibits NFκB activity to reduce transcription of inflammatory mediators,

such as cytokines. Whilst this was not the case in the ATDC5 cell line as tested

with a luciferase construct, it might be the case in the primary PHC. Down-

stream from P2Y6 signalling is calcium release, and there is literature surround-

ing the role of calcium signals in the canonical NFκB pathway, with complex

interplay between PKC, PI3K and calmodulin [268]. Whilst NFAT is more com-

monly thought of as the calcium-dependent transcription factor, in T-cells with

defective calcium entry, constitutive calcineurin activity reverses the inhibition of

NFκB activity caused by dysregulated calcium signalling. Moreover, constitutive

calmodulin kinase II activity rescues IkBa degradation [269].

There is a small amount of evidence linking P2Y6 to NFκB. In rabbit osteoclasts,

UDP and a stable analogue (INS48823) induced NFκB activation and increased

survival, an effect that was sensitive to lactacystin (a proteasome inhibitor) [151].

Moreover, in a macrophage cell line, UTP induced the LPS-induced NFκB re-

sponse, although the receptor was not identified [270]. In mouse intestinal ep-

ithelial cells, UDP induced CXCL10 expression [271] as well as CXCL8 [272]. Con-

versely, in skeletal muscle cells, UDP and MRS2693 (an agonist of P2Y6) protected

against TNF-α induced apoptosis through attenuation of NFκB activation and

ERK1/2 phosphorylation [273]. As such, the literature has conflicting evidence

but these data support the idea that there is cross-talk between signalling in some
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way.

As well as many of the genes that are differentially expressed being targets of

NFκB, there are also facets of the canonical NFκB pathway itself that have altered

expression with UDP-βS stimulation, namely IRAK2 (interleukin-1 receptor as-

sociated kinase 2), NFκBIZ/A (NFκB inhibitor zeta/alpha), RELB (p100/52) and

NFκB2 (subunit p100/p52 precursor). IRAK2 is a kinase involved in the transduc-

tion of TLR and IL-1R signalling in association with MyD88, and can phosphory-

late TRAF6 to affect the ubiquitination and degradation of IkBa. Downregulation

of IRAK2 along with direct NFκB subunits RELB and p100 (p52 precursor) would

reduce transcription of target genes. Somewhat inconsistently, inhibitors of NFκB

signalling are also downregulated. NFκBIA encodes the IkBa protein which se-

questers NFκB subunits in the cytoplasm and prevents them from entering the

nucleus. NFκBIZ is slightly different in that it is an atypical inhibitor; it resides

in the nucleus and has an ankyrin-repeat domain on the C-terminus [274]. In the

nucleus, it binds NFκB dimers and prevents them from binding to promoter re-

gions. The reduced transcription of the inhibitors may be as a direct consequence

of reduced transcription of cytokines and other molecules that can activate the

NFκB pathway, as the NFκBIZ/A genes are transcriptionally regulated by NFκB

themselves [275], rather than as a consequence of P2Y6 signalling. Moreover, reg-

ulation at the phosphorylation or cellular localisation level, rather than mRNA,

will also play a factor and is not captured in this data.

A proteomic array was also used to understand what signalling factors may be in-

volved in the functional effects of P2Y6 activation by looking at changes to phos-

phorylation of key mediators. Interestingly, this revealed that the phosphoryla-

tion of many NFκB proteins do not change with UDP-βS stimulation. 15 minutes

post addition, detection of phosphorylated TAK1 and TBK1 were slightly higher.

These are proteins involved in the cascade of activating the canonical NFkB path-

way, but can also interact with other signalling pathways, such as the TGF-β

pathway [276]. Another transcription factor that was highlighted to potentially

regulate the genes in the differentially expressed gene list was interferon regula-

tory factor 8 (IRF8). IRF8 is a transcription factor that binds the IFN-stimulated

response element (ISRE) in gene promoters to initiate transcription, of which is
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found in the promoters of many cytokines [277]. In chondrocytes, IRF8 is upregu-

lated in OA chondrocytes, and is involved in the IL-1 stimulation of MMP-13 via

janus kinase 2 (JAK2) [278], and in other cell types, has been shown to crosstalk

with NFκB signals [279].

UDP-βS also caused reduced transcription of nucleotide-oligomerisation domain

2 (NOD2), which is an intracellular pattern recognition receptor (PRR) that recog-

nises PAMPs and DAMPs (pathogen/damage associated molecular patterns).

NOD2 and other PRRs have been implicated in OA pathophysiology as release of

DAMPs from breakdown of the ECM can intiate inflammatory cascades through

these receptors [280]. In chondrocytes, fibronectin fragments have been shown

to activate NOD2 and stimulate MMP and IL-6 expression via MAPK and NFκB

activation, in synergism with TLR2 [281]. Also downregulated by UDP-βS are

the bradykinin receptors 1 and 2 (BDKRB1/2), of which their agonist, bradykinin,

has long long been associated with pain in OA [282]. In human chondrocytes,

bradykinin stimulates IL-6 and IL-8 release via p38 MAPK and NFκB activation

[283], and SNPs in the BDKRB2 gene correlate with OA severity [284]. It is clear

that UDP-βS has effects on many disease relevant genes and signalling processes.

The proteomic arrays also assayed the phosphorylation status of proteins from

many other signalling families. The most prominent change was of STAT6, which

may be how UDP-βS signals to reduce cytokine expression. At 60 minutes post

stimulation, the detection of phosphorylated STAT6 was 1.6X lower than the basal

control, whereas the control group was 1.9X higher than the basal control. STAT6

is part of the JAK/STAT family, which are mediators of inflammatory responses,

commonly being activated by cytokine and interleukin receptors, and contain a

classical SH2 domain. Upon phosphorylation, STAT proteins form homodimers

and initiate transcription of target genes. There is very little described about any

functional effect of STAT6 in chondrocytes. It is most commonly activated by IL-4

[285], which binds to the IL-4R, a tyrosine kinase, and phosphorylates STAT6 in

human chondrocytes [286]. More generally, JAK/STAT signalling has been impli-

cated in OA as the cytokines that are found more abundantly in OA joints, such as

IL-6, can activate JAK/STAT signalling and propagate inflammation [287]. In ca-

nine chondrocytes, IL-4 is anti-inflammatory, reducing the effects of IL-1−β and
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TNF-α [288] and in a rat model, IL-4 over-expression mediated by an adenovirus

reduced inflammation and cytokine production in an arthritis model [289]. The

anti-inflammatory effect of IL-4 was also shown in human chondrocytes, by in-

hibiting the IL1-β induced expression of MMP-13 and CCL5. IL-4 was also shown

to be less abundant in OA joints [290] and protect against blood-induced damage

in human cartilage explants, reducing IL-1β and TNFα production [291]. Inter-

estingly, STAT6 does not change in expression between OA and normal chon-

drocytes and a STAT6-independent IL-4 signalling pathway has been established

[286]. There is also an association between IL-4 SNPs and susceptibility to OA

[292]. There is a disconnect between the anti-inflammatory effect of IL-4, which

serves to increase phosphorylation of STAT6, and the anti-inflammatory effect of

reduced phosphorylation of STAT6 that is seen in this data. It is possible that IL-4

is mediating its effects through another pathway or that IL-4 actually serves to

reduce phosphorylation of STAT6. It may also be the case that STAT6 has a dual

role that when phosphorylated, serves to reduce MMP expression, but also can

reduce cytokine expression. However, the exact signalling is still unclear.

There was also detection of more phosphorylated TGF-β family protein members

at the 15 minute time point that only occurs transiently. These include SMAD2,

ATF2, c-Fos and c-Jun. TGF-β is often discussed in the context of development, as

it is crucial for chondrogenesis and growth plate proliferation. These proteins all

facilitate TGF-β signalling, which in development, regulates proliferation, con-

densation and differentiation of chondrocytes [251]. In an OA context, TGF-β

signalling can prevent chondrocyte hypertrophy [293] and in experimental OA

models, inhibition of TGF-β signalling reduced OA severity, indicating that its

effects are deleterious [294].

5.3.4 Action of MRS2578

MRS2578 was first described by Mamedova et al. in 2004 [235] as a diisothio-

cyanate derivative that had potent action at human P2Y6 with an IC50 of 37nM

as measured by inositol phosphate accumulation. MRS2578 was found to have

no activity at P2Y2, P2Y4 or P2Y11 with around 20% inhibition of the maximal

response at P2Y1. It also reversed the effects of UDP on TNFα-induced cell death
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Figure 5.28: NFκB signalling genes that may be regulated by P2Y6. Red stars
indicate where RNAseq data showed that activation of P2Y6 with UDP-βS in-
duced downregulation of the associated gene by p value only. At the mRNA
level, when chondrocytes are stimulated with UDP-βS, there is reduced expres-
sion at the mRNA level of many targets of NFκB signalling, as well as signal
mediators of inflammation, such as P52, IRAK2 and IκBα. Many of the genes
that are transcriptionally regulated by NFκB signalling, such as IL-6, CCL2 and
ADAMTS9, are also downregulated. Created with biorender.com

[235]. Since then, there have been 92 publications mentioning its use (Pubmed)

and has been used extensively to study the effects of P2Y6 both in vivo and in

vitro. It is also the only commercial selective P2Y6 antagonist available in the UK.

Initially, our aim was to understand how MRS2578 inhibits the IL-1β response in

PHC, but secondarily, to attempt to infer its specificity from these data.

In unstimulated cells (i.e without IL-1β), GO enrichment analysis revealed that it

has effects on some of the most basic cellular functions, including serine/threonine

kinase activity, ubiquitination, (m)RNA catabolism and focal adhesion. The genes

with the highest fold change of approximately 7 were heat shock protein family

A 6/7 (HSPA6/7). Many mitochondrially encoded metabolic genes were also very

significantly differentially expressed, such as NADH:ubiquinone oxidoreductase

(MT-ND5). In stimulated cells, the activity was related more to inflammatory
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processes, such as TLR cascades, interferon signalling and MAP kinase activa-

tion, according to GO enrichment analysis.

In answering the question of how does MRS2578 inhibit the action of IL-1β, it is

clear that it is likely through a number of mechanisms. As highlighted by KEGG

pathway enrichment analysis, many of the components of the MAPK signalling

pathway are downregulated, including NFκB components, c-Jun, IL-1 and TNF.

As well as this, transcription of members of the STAT and JAK family of genes

are downregulated, which may explain how MRS2578 can inhibit the response

to IL-1 as this pathway is a key regulator. It is also likely that the alteration of

some of the most basic functions, like ubiquitination, can interfere with activa-

tion of inflammatory cascades. For example, inhibiting the ubiquitination of IkB

can prevent NFκB from becoming able to translocate to the nucleus. It is also ev-

ident that MRS2578 has a large impact on phenotype, based on the sheer number

of genes that are differentially regulated and the extent to which they change.

There are a number of instances in the literature documenting a similar effect of

MRS2578. Genetos et al. showed in osteoblasts that MRS2578 (10µM) increased

IkB levels, serving to inhibit NFκB activity, an effect that was not reversed by

UDP [295]. Additionally, MRS2578 reduced both UDP and toxin-induced NFκB

dependent IL-8 release in an epithelial cell line [296]. Morioka et al. attribute

UTP-induced NFκB dependent CCL2 release in microglia to P2Y6 because it was

inhibited by MRS2578 (5 µM) [297], and Riegel et al. also found MRS2578 to

inhibit both basal and TNF-α induced NFκB activity in endothelial HMEC cells

[239]. Similarly, MRS2578 inhibits the poly(I:C) (TLR agonist) induced CXCL10

expression in mouse intestinal epithelial cells (IEC). MRS2578 was not able to

have this effect in P2Y6 KO IEC, showing that in this instance, this is dependent

on P2Y6 expression [271].

In the PHC system, MRS2578 induced the differential expression of many thou-

sands of genes, and often in the same direction as UDP-βS where genes are recip-

rocally differentially expressed. This does not fit with the classical model of ag-

onist/antagonist behaviour, and draws into question the specificity of MRS2578.

Both UDP-βS and MRS2578 reduce inflammatory mediators and cytokines, in op-

position to the effect of IL-1β and as such, the role of P2Y6 is not entirely clear.
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As discussed above, it is unlikely that there is receptor desensitisation from the

six hour chronic exposure. The fact that MRS2578 had an effect alone would

also suggest that there is constitutive activity that can be inhibited at basal lev-

els, although the lack of change in initial FURA-2 fluorescence with incubation

with MRS2578, prior to UDP stimulation, does not support this (Fig. 3.11D). It

is clear that MRS2578 does block the UDP-elicited calcium response, and there

are likely to be functional effects of this. It also seems likely that MRS2578 has

P2Y6-independent effects and it therefore becomes difficult to distinguish be-

tween these without a knockout model. There are, however, some genes that

are reciprocally differentially expressed in opposing directions by UDP-βS and

MRS2578 which may indicate that the effect is P2Y6-dependent. One example

is HES7 in non-IL-1β stimulated cells, which is upregulated with MRS2578 and

downregulated with UDP-βS. HES7 is a bHLH (basic helix loop helix) transcrip-

tion factor that is itself regulated by the Notch pathway. It negatively regulates

transcription of target genes and may be involved in hypertrophy and chondro-

genesis [298]. In IL-1 stimulated cells, MESP2 is differentially regulated, going

down with UDP and up with MRS2578, which is the same direction as HES7.

MESP2 is a direct target of HES7, and produces oscillations in expression during

somite development [299]. MESP2 is another bHLH transcription factor that is

required for normal somite formation in the developing embryo [300]. The in-

volvement of these genes in development may also be relevant to OA, as notch

signalling has been shown to regulate a number of key genes like MMP13 [301].

Also reciprocally regulated in stimulated cells is NKILA, which encodes an NFκB

long non-coding RNA. It has been shown to interact with and suppress the translo-

cation of NFκB dimers to the nucleus [302]. Its transcription goes up with UDP

and down with MRS2578, which contradicts initial findings that MRS2578 in-

hibits NFκB activation, as reduced NKILA expression would reduce its inhibi-

tion. However, NKILA is only one facet of NFκB regulation and may not have

that large of an effect on overall activation. ITGA2B is also reciprocally regulated

in stimulated cells, which codes for integrin α2β1. Integrins are important re-

ceptors for chondrocytes to interact with the ECM, and integrin α2β1 has been

shown to influence how a chondrocyte can respond to mechanical stress, MMP
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expression and proliferation [303].

5.3.5 Next Steps

There are a number of experiments that would be able to provide further evi-

dence as to how P2Y6 affects chondrocyte phenotype. Initially, this would be to

increase n numbers to provide more statistical power to allow for accurate detec-

tion of false positives by the Benjamini-Hochberg method. It would also be use-

ful to repeat this experiment in undiseased chondrocytes and/or better stratified

OA chondrocytes that were grouped according to histological or other quantita-

tive measures of disease. It may also be useful to align each donor group with the

expression of P2Y6 to understand to what extend P2Y6 is overexpressed and how

that affects the phenotypic outcome. As well as this, refinement of the time period

and concentration of MRS2578 and UDP could also be useful. This would involve

doing a time course experiment, ideally every hour up to the six hour mark and

possibly up to 24 hours. Testing a concentration above and below those tested

here would also help to establish whether these effects had dose dependency. On

the goal of trying to infer the specificity of MRS2578, the use of a P2Y6 knockout

cell line or primary cell would illuminate which of these effects are P2Y6 depen-

dent and which are not. Without this, there cannot be a conclusive answer, only

inferences and assumptions.
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Chapter 6

Discussion

6.1 Methods Development

Immortalised cell lines are so often used in in vitro research because of their

unlimited proliferative potential, relatively stable phenotype and accessibility.

Three were used here - SW1353, C28/I2 and ATDC5. ATDC5 are more commonly

used to model the pre-differentiated chondrocyte phenotype, whilst SW1353 and

C28/I2 are used to model the differentiated, but non-hypertrophic chondrocyte.

SW1353 originate from a chondrosarcoma, so are neoplastic in type, whereas

C28/I2 are non-neoplastic costal chondrocytes that have been immortalised with

an SV40 large T antigen expression construct. There are numerous examples in

the literature of where they have been used to model primary chondrocytes, de-

tailing how they are similar and distinct, often pertaining to their response to

IL-1β.

Initially, the expression of purinergic receptors by primary chondrocytes and two

cell lines was investigated and found to be relatively similar with the exception

of a few receptors. This indicated that the cell lines were a good model in this

respect for primary chondrocytes. However, progress was halted when it was

discovered that neither SW1353 nor C28/I2 mounted a UDP nor ATP elicited cal-

cium response despite mRNA expression of many purinergic receptors. Steps

were taken to eliminate the chance that it was a technical fault with the assay.

This included plating the cells at different densities, using probenecid to reduce

efflux of the dye from cells, using multiple batches of nucleotides, asking a col-
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league to complete the assay and in C28/I2, trying to re-differentiate the phe-

notype using agarose culture to no avail. An ATP elicited calcium response is

robust across many cell types and is often used as a positive control for calcium

signalling, even where purinergic signalling isn’t the focus. Efforts were made to

try and understand why SW1353 lacked this response to any nucleotide. It was

concluded that they contain the cellular machinery to mount a calcium response,

namely by having intracellular calcium stores. It is possible that it is as a result of

a lack of sufficient expression and/or the receptor does not get trafficked to the

cell surface, but no definite explanation was discovered. It is also puzzling that

neither cell line, SW1353 nor C28/I2, which are very different in origin, have a

nucleotide elicited calcium response, especially when primary chondrocytes do.

This is an important finding for the both the purinergic research field, but also the

chondrocyte research field, as any processes relating to calcium signalling will not

be modelled very well in these cell lines.

Another area where there was substantial method development was in the CRISPR-

Cas9 knockout of P2Y6 in the ATDC5 cell line. The main outcome from this de-

velopment is the understanding that ATDC5, in this instance, were very resistant

to transfection of large cargo, both plasmid and protein. Others have used large

plasmids and other cargo in ATDC5 with success, including the exact plasmid

that was used here [304], so there is no clear explanation as to why it did not

work. A more robust method of delivering Cas9 stably into the genome using

a lentivirus did produce a Cas9-expressing cell line. Deconvolution algorithms

also suggested that transient transfection of synthetic guide RNAs did produce

indels successfully, despite the lack of isolation of a true knockout. Unfortunately,

this method was not able to be developed any further but use of other strategies

to deliver the guide RNAs (such as small plasmids) and other clonal isolation

strategies (e.g. FACS) may have led to successful isolation of a knockout clone.
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6.2 What functional effect does P2Y6 have on chon-

drocyte phenotype?

OA is a highly debilitating disease with poor treatment options, despite its high

prevalence. It is characterised by joint pain, reduced mobility, thinned cartilage

and underlying bone changes. It often results in surgical replacement of the joint,

which is costly and results in a long recovery period. To this end, it is important

that more efficacious and disease slowing or modifying treatments for OA are

found. The aim of this project was to understand how any purinergic receptors

may influence chondrocyte phenotype with a view to better understanding their

role in OA pathophysiology. Initial analysis of existing transcriptomic datasets

comparing facets of OA vs normal chondrocyte expression revealed that P2Y6 is

more highly expressed by OA chondrocytes compared to normal. Changes in ex-

pression during disease states is an indication that its signalling is important in

the pathophysiology.

The endogenous ligand for P2Y6 is UDP, with UTP and ADP also having activ-

ity at this receptor, albeit with lower potency [305]. Whilst the source of ATP,

as the universal energy molecule, is clear in the extracellular milieu, the origins

of UTP/UDP are more complex. Extracellular UTP concentrations (1-5nM) have

been measured to be about one third of that of extracellular ATP, and it has been

postulated that there is constitutive release to counteract the constant metabolism

by ectonucleotidases [306]. It has also shown to be released from cells as a result

of mechanical stimulation [307], and potentially via pannexin channels in a simi-

lar way to ATP [125]. Theoretically, UDP can be released from a cell in this form,

or can be released as UTP and metabolised to UDP outside the cell. UTP and UDP

are involved in the glycogen metabolic pathway. UDP-glucose is formed from the

activity of UDP-glucose pyrophosphorylase from UTP and glucose 1-phosphate.

Glycogen is then synthesised from UDP-glucose by glycogen synthase, releasing

UDP from the reaction [308].

This body of work cannot provide a conclusive answer as to why P2Y6 is over-

expressed, how it might affect or contribute to the osteoarthritic phenotype or

whether it is a useful avenue with which to pursue further research. However,
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there are some key findings. Assuming that all effects mediated by MRS2578 are

mediated through the inhibition of P2Y6, it was found that there is constitutive

P2Y6 signalling in chondrocytes, it contributes to the IL-1 response and is neces-

sary for the induction of MMPs in response to IL-1. MRS2578 inhibited the IL-1

stimulated induction of MMP13, MMP1 and MMP3 mRNA in primary human

chondrocytes, as well as SW1353 cells in a dose dependent manner, which was

also seen at the protein level. The lack of agonism in this experiment suggests that

there is constitutive P2Y6 activity for which to inhibit, alluding to a stable con-

centration of UDP in the extracellular space. Moreover, this inhibition suggests

that P2Y6 signalling is required for IL-1 signalling, potentially involving NFκB,

as MMP expression levels were brought down to baseline levels with MRS2578.

However, P2Y6 agonism was not able to induce IL-1 responses robustly, which

may mean that the P2Y6 downstream signalling is a prerequisite for IL-1 sig-

nalling but only acts in this way. For example, one hypothesis might be that intra-

cellular calcium transients downstream of P2Y6 are required for NFκB signalling,

but the NFκB activation is the rate-limiting step and so more P2Y6 signalling does

not transduce this any further. These data elude to P2Y6 being pro-inflammatory

and may explain why it is over-expressed. In OA chondrocytes, the IL-1 pathway

(amongst others) is more highly activated and so if P2Y6 signalling is required for

this, that would explain why it is more highly expressed. However, interestingly,

IL-1 stimulation itself seemed to negatively regulate P2Y6 mRNA expression in

PHC, which would not fit with this hypothesis, and also does not correlate with

the data suggesting it is over-expressed in OA, where IL-1 concentrations are

higher.

As well as being over-expressed in OA, there was increased P2Y6 transcript ex-

pressed towards the end of the 21-day ATDC5 chondrogenesis time course, sug-

gesting that it is regulated in this process and might have functional signalling

effects. MRS2578, at low concentrations, inhibited markers of chondrogenesis in

these cells, including mRNA expression of ECM components such as collagen II

as well as Alcian Blue staining of proteoglycans. These data suggest that P2Y6

signalling may also be important to the regulatory processes in chondrogenesis.

Owing to the similarities between some of the pathophysiological changes that
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occur in OA to the events of chondrogenesis, it would follow that P2Y6 may be

involved in the tight regulation of the processes facilitating both these phenotypic

changes. For example, MMP-13 is expressed both in OA, where it pathologically

degrades the matrix, and during terminal differentiation and chondrocyte hyper-

trophy, where it degrades the matrix to allow for neovascularisation and calcifica-

tion. If P2Y6 does in fact regulate the expression of MMPs, it makes sense that this

regulation would occur both in an inflammatory setting and in chondrogenesis.

Calcium signalling has been shown to be important in chondrogenesis, specifi-

cally oscillations in ATP and calcium signals being a prerequisite for prechondro-

genic condensation [309]. Modulation of calcium signalling, downstream from

P2Y6, may be the mechanism by which these effects are mediated. Repeating this

experiment with a calcium chelator, such as BAPTA, would provide insights into

the role of calcium signalling, albeit not specific to P2Y6. More work would be

needed to understand exactly how this signalling from P2Y6 would affect this

change, with the use of a knockout cell line or mouse.

Alongside use of the P2Y6 inhibitor MRS2578, UDP-βS (a non-hydrolysable ana-

logue) was used to agonise the receptor. The use of a non-hydrolysable analogue

ensures that it is not metabolised to other nucleotides that can activate other

purinergic receptors, but also to ensure that the agonist is present in the media

long enough to activate the receptor. UDP-βS has shown to have higher potency

at P2Y6 compared to unmodified UDP and there is no evidence of off-target ef-

fects [253]. RNAseq was used to understand globally how P2Y6 agonism and

antagonism affected gene expression in both inflammatory (IL-1β stimulated)

and basal environments. This revealed that UDP-βS induced a reduction in the

transcription of a number of genes that mediate inflammation, such as cytokines

and elements of the NFκB pathway, and would have an anti-inflammatory ef-

fect in vivo. This chondroprotective role would work to reduce inflammation in

the joint, as reduced transcription of cytokines would lead to less secretion and

subsequently reduced activation of inflammatory cascades that catalyse ECM de-

struction and recruit other immune cells. This effect of P2Y6 may be mediated by

STAT6, as less phosphorylated protein was detected following UDP-βS stimula-

tion in PHC. STAT6 is commonly activated by IL-4 and IL-13, which have been
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shown to have chondroprotective effects in reducing the effects of inflammatory

cytokines. It is possible that there is cross-talk and/or dependence between these

two pathways. Whilst there is a disconnect between IL-4 and P2Y6 both having

the same anti-inflammatory effect whilst either inducing or reducing the phos-

phorylation of STAT6, respectively, this is preliminary data and provides a start-

ing point for further investigation.

6.3 Is MRS2578 a reliable tool?

Figure 6.1: Structure of MRS2578

MRS2578 is the most commonly used selective P2Y6 antagonist in the field,

and is, at present, the only commercially available antagonist in the UK. It is a

diisothiocyanate that was first described in 2004 by Mamedova et al., [235]. It

was described as insurmountable, meaning that the maximal agonist response is

depressed and is thought to be semi-irreversible (i.e. it releases from the receptor

slowly). It was also described to be specific to P2Y6 with no activity at P2Y4 or

P2Y11 and around 20% inhibition at P2Y1. It was also tested in both the context

of pharmacological (IP3 accumulation) and functional effects (reversal of UDP

induced protection against cell death in P2Y6 expressing 1321N1 cells). Some of

the effects of MRS2578 in this body of work call into question whether it is al-

ways mediating these effects through inhibition of P2Y6. Firstly, it significantly

inhibited the IL-1 induction of MMP13, MMP3 and MMP1 in PHC, down to basal

levels at a concentration of 10µM, albeit a concentration that is much higher than

the EC50 of 37nM, but a concentration commonly used in the literature at which

it is claimed to have specific effects. This inhibition would suggest that there is

constitutive P2Y6 activity for which to inhibit. Theoretically, this makes sense

as there is likely to be maintenance of an extracellular concentration of UDP, as

has been shown with UTP and ATP [306], however this is not supported by the
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lack of change of intracellular calcium concentrations when PHC were incubated

with MRS2578 prior to being stimulated with UDP. Moreover, MRS2578, again at

10µM, inhibited the UDP-elicited calcium response, but also the ATP and ADP

response. It is possible that the concentration is too high, and that a lower con-

centration would have maintained the inhibition of the UDP response but lost

the inhibition of the ATP and ADP response. It is also possible that some of the

activity of ATP and ADP is attributed to P2Y6. ADP is a partial agonist of P2Y6,

and ATP could be metabolised very rapidly by ecotnucleotidases to have activity

at P2Y6, however the extent of inhibition (71% and 78% for ATP and ADP, re-

spectively) would suggest that this is not the case. It would be expected that the

percentage of ATP and ADP signalling that would be facilitated by P2Y6 would

be smaller, with P2X or other P2Y receptors being the predominant responders.

Furthermore, in many cases, the effects of MRS2578 were not able to be reversed

by agonists of P2Y6 and so do not fit the classical model of agonist/antagonist be-

haviour. UDP-βS was not able to reverse or induce the inhibition of IL-1 induced

MMP expression, despite changes to experimental conditions, such as reducing

stimulating concentrations of IL-1 or the concentration of UDP-βS. This was also

seen in the sequencing data. Not only was MRS2578 far more potent than the ag-

onist, there was differential expression of many more fold genes in the MRS2578

group compared to the UDP-βS group. Moreover, where there was reciprocal dif-

ferential expression between these groups, they were often in the same direction

of change. MRS2578 also catalysed effects that were very diverse, such as cel-

lular metabolism, mitochondrially encoded enzyme genes and serine/threonine

kinase activity, according to GO term analysis - whereas none of these GO terms

were returned from analysis of the DEG list from the UDP-βS group. This might

lead to the conclusion that MRS2578 was having P2Y6 independent effects, even

at 5µM. When P2Y6 expression was knocked-down using an siRNA and the in-

hibition of IL-1 induced MMP expression was tested, there was no difference

between the knockdown and control cell groups. Whilst this might be due to

insufficient knockdown, there was not even a small difference, indicating that

the response is not dependent on the level of P2Y6 expression. Nevertheless,

there are some data suggesting that MRS2578 does require P2Y6 to elicit its ef-
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fects. From the literature, Salem et al., showed that in their intestinal epithelial

cells, MRS2578 activity on CXCL10 induction was absent in cells lacking P2Y6

[271]. In addition, the ability of MRS2578 to inhibit IL-1 induced MMP expres-

sion was tested in parental/non-expressing and P2Y6 expressing 1321N1 astro-

cytoma cells. Similarly, MRS2578 was only able to significantly exert this effect in

the P2Y6 expressing cells. As such, these data provides convincing evidence that

MRS2578 is a useful and specific tool, but further exploration would be required

to understand why some of the effects of MRS2578 do not fit with the classical

model of agonism and antagonism. The use of a P2Y6 knockout cell line would

be able to definitively answer these reseearch questions.

6.4 Future Directions

There are lots of next steps that would follow on from this body of work. Initially,

being able to link P2Y6 signalling to STAT6 would be useful in showing that it is

a direct cause and effect. This would involve initially using a western blot or

ELISA to verify the findings of the multiplex array. Verification of the RNAseq

findings would also be useful to increase n numbers and/or better stratify donors

in their histological scoring and/or P2Y6 expression. This would provide more

statistical power and would allow the Benjamini-Hochberg method to remove

false positives. Exploring the dynamics of the UDP-βS/STAT6 response, includ-

ing assessing whether it is dose dependent and the time frame within which it

occurs, would shed light on its robustness. Then, to try and understand what

specifically downstream is causing this effect - such as calcium signalling, which

could be interrogated with the use of thapsigargin to deplete calcium stores, or

another facet like PKC or calmodulin kinase. Inhibitors of these proteins could

help to determine if they are needed for and therefore involved in the response.

The functional outcomes of STAT6 in chondrocytes could also be interrogated

through knockdown or overexpression and assessing the effects on chondrocyte

phenotype. Should these data continue to highlight the anti-inflammatory ef-

fects of UDP-βS, moving to an in vivo model whereby the effect of UDP-βS as an

intra-articular or intraperitoneal injection on outcomes of DMM surgery would
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be interesting to understand whether the impact of reduced cytokine expression

would be able to improve pain, histological or mobility outcomes.

What would also be important to know for the field and to help interpret results

using MRS2578 in this body of work would be to use a P2Y6 knockout cell line to

understand whether the effects of this antagonist are truly as a result of inhibition

of P2Y6. If I were to continue my attempts to use CRISPR-Cas9 to knockout P2Y6

in the ATDC5 cell line, it would be pertinent to validate Cas9 protein expression

in the transduced cells to ensure successful transcription of the integrated gene.

Optimisation of the transfection of guide RNAs would also be useful, as well as

a more precise method to clonally dilute cells. This could be through the use of

cloning rings in a 100mm dish, FACS or a single cell sorter and seeder specifically

designed for this purpose. Using a validated antibody would also help to ensure

that detection of P2Y6 protein was robust. With a knockout cell line, assessing

the ability of MRS2578 to inhibit the IL-1 induction of MMPs in the knockout

and expressing cells would allow an assessment of its specificity in this cell line.

Moreover, using RNAseq to get a global picture of gene expression changes in

response to MRS2578 in the knockout cells would help to understand the effects

that are mediated by P2Y6 and those that aren’t. Being able to use another in-

hibitor of P2Y6, such as TIM-38 [310], would add confidence to any data seen

with MRS2578 if the effects were similar.

In summary, this project has provided an initial exploration of the expres-

sion and functional role of P2Y6 in chondrocyte biology. Initially, understanding

its expression levels in existing datasets revealed it to be more highly expressed

in osteoarthritic chondrocytes compared to normal. There was then exploration

of the utility of two chondrocyte cell lines for purinergic signalling research, and

functional effects of P2Y6 were determined using MRS2578, a specific P2Y6 antag-

onist. This highlighted that MRS2578 is able to fully inhibit the IL-1β induction of

MMP expression. This work also revealed the anti-inflammatory effects of UDP-

βS by RNA sequencing data and called into question the utility of MRS2578 as a

specific antagonist based on its potency and lack of classical agonist/antagonist

behaviour. Moreover, work to optimize a CRISPR/Cas9 protocol in ATDC5 cells

was undertaken.
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Chapter 8

Appendix

8.1 Primer Sequences

Table 8.1: Mouse qPCR Primers SYBR. Primers 1-6 Taken from [311].

Gene Sequence (5’ → 3’) Amplicon Size

β-ACTIN F: CTTGGGTATGGAATCCTGTGG
R: GTACTTGCGCTCAGGAGGAG 214

AGGRECAN F: GGTCACTGTTACCGCCACTT
R: GCCAGATCATCACCACACAG 280

COL2A1 F: GGCTCCCAGAACATCACCTA
R: GCCCCACTTACCAGTGTGTT 186

COL10A1 F: ATGCCCGTGTCTGCTTTTAC
R: TGAGTCCCTTTCACATGCAC 182

SOX9 F: AATCTCCTGGACCCCTTCAT
R: TCCTCGCTCTCCTTCTTCAG 194

RUNX2 F: GCCGGGAATGATGAGAACTA
R: GGACCGTCCACTGTCACTTT 200

P2RY6 F: GGCAACCCCACGATCTCTTA
R: AAACACATTGCAGCCAGTGC 100

ADORA2B F: CCATGCAGCTAGAGACGCAA
R: TTGGTGGGGGTCTGTAATGC 130

BDKRB1 F: GGCAGCTTCTGATCTGGTGT
R: GTCACTTCCAAAGGGCCAGT 88

NOD2 F: TCTGGAGGTTTGGCTTCGAG
R: TCACAACAAGAGTCTGGCGT 85

IL6 F: GTCCTTCCTACCCCAATTTCCA
R: TGGTCTTGGTCCTTAGCCAC 79

CCL8 F: TCCAGTCACCTGCTGCTTTC
R: ACCCTGCTTGGTCTGGAAAA 124

CXCL2 F: GCTGTCCCTCAACGGAAGAA
R: CAGGTACGATCCAGGCTTCC 72
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Table 8.2: ATDC5 CRISPR sequencing primers

Gene Sequence (5’ → 3’) Amplicon Size

Plasmid Seq Primers F: CTCTCCGAGCATAGGAAAGG
R: GATGACCGTGAGGGCCATAC 630

RNP Seq Primers F: GAAAGAACGGGGTTGCCAGT
R: CTGTCTTGGTGATGTGGAAA 872

Cas9 Genomic DNA Primers F: GACAATCTGACCAAGGCCGA
R: CTTCCGGAAATCGGACACCA 213
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Table 8.3: Human SYBR qPCR Primers. Taken from [312].

Gene Sequence (5’ → 3’) Amplicon Size

A1 F: CTTCTTTGTGTGGGTGCT
R: CTGCTTGCGGATTAGGTAG 79

A2A F: CCCAGAGGTGACATTTGAC
R: GCAGCCAGAGAGTGAAAG 87

A2B F: TCAGTAGTAGGCTCCAAG
R: ACCATAAACAAGGCAGAC 133

A3 F: AAAGGCTGGGTATCGGCTGT
R: AAGGAGGCAAACGGGAGAAG 134

P2X1 F: ATCTGTGCTCTCCGATGT
R: AGTTCAGCCGAGGAATTG 98

P2X2 F: TGGGACTGTGACCTGGACCT
R: ACCTGAAGTTGTAGCCTGACGAG 106

P2X3 F: CATCCTGCTCAACTTCCT
R: TTCAGCGTAGTCTCATTCA 78

P2X4 F: CCTTCCCAACATCACCACTAC
R: GTCCTGCGTTCTCCACTATT 107

P2X5 F: TGAATTGCCTCTGCTTACGTT
R: TCCGTCCTGATGACCCCA 197

P2X6 F: CTTCTCTGGTGCTGTGAT
R: GGGATAGGGAGGTGGATTA 82

P2X7 F: GCCACAACTACACCACGAGA
R: GCCCATTATTCCGCCCTGA 161

P2Y1 F: GAATCTCCAAACACCTCTCTG
R: GAAAGCAAACCCAAACAAGC 175

P2Y2 F: CTGGTAGCGAGAACACTAAGG
R: GCACAAGTCCTGGTCCTCTA 98

P2Y4 F: GTGGAGCTGGACTGTTGGTT
R: ATAGGGTTGGGGCGTTAAGG 106

P2Y6 F: AAACCATGCGGAGAATTAGAG
R: AGAAGGGGCTGAAGAAATAGTT 100

P2Y11 F: GACTGGAGACGCAAGAACA
R: CCTTGGCGACAGAAGACA 100

P2Y12 F: GTAAGAACGAGGGGTGTAGG
R: GGTTTGGCTCAGGGTGTAAG 132

P2Y13 F: GCCGACTTGATAATGACACT
R: TATGAGCCCTAACAGCACGAT 150

P2Y14 F: TAGCCGCAACATATTCAGCATCG
R: GCAGCAGATAGTAGCAGAGTGA 165
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8.2 Proteomic Arrays

Figure 8.1: Array Maps. Taken from Raybiotech.com.
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Figure 8.2: Phosphorylated Protein Pathway Arrays
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A. Taken from Raybiotech.com

B

Figure 8.3: Cytokine Arrays
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